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Abstract

Zinc Oxide has emerged from an unspectacular past in the field of electronics to become 
one of the most widely researched materials for future devices. Here we investigate the 
growth and electrical properties of semiconducting ZnO nanowires for future application in 
the field of Nano-Devices and present a solution to control the behaviour of the electrical 
contacts.

ZnO nanowires (NWs) from initial growth experimentation and optimisation have been 
thoroughly characterised both structurally and electrically. Structural characterisation 
revealed the high quality of nanowires from vapour phase and hydrothermal growth that 
translated to similar measurements of nanowire resistivity. We have confirmed the results 
of atomic resolution dark field imaging with simulations that no Au catalyst contaminates 
ZnO nanowires, which makes the material more desirable than Silicon or GaAs. Within the 
limits of the dark field imaging the interface of the catalyst particle and the nanowire is 
abrupt, clean and intimate, with no Au diffusion, interfacial layers or roughness. Electron 
microscopy reveals the Au has an epitaxial relationship with the ZnO and is solid during 
growth. Using fabrication and contamination free nanoprobe measurements (four-probe 
scanning tunnelling microscope) in vacuum a transition from rectifying to Ohmic is 
dependent on contact size and not the materials or structural variations. We have shown 
this with the application of the nanoprobe on free standing as-grown catalysed ZnO 
nanowires. Using the most common nanowire growth methods the structure has been 
thoroughly characterised to allow the interpretation of electrical measurements of 
resistivity and Au end contacts.

A regime of size dependent contacts to ZnO nanowires provides the necessary knowledge 
and requirements to fabricate ZnO nanowire devices with controlled properties and 
function. This is a major hurdle for nanodevices overcome without complicated or difficult 
processing steps. A nanodevice can be fabricated from a substrate, with contacts, in one- 
step and with tailored interface properties by controlling the catalyst particle size.
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Figure 45. a) Schematic diagram of a dedicated aberration-corrected STEM with the electron source at the 
bottom and the detectors at the top, reproduced 255. b) diagram depicting the beam-sample interaction in a
STEM and the dual process of HAADF imaging and EELS analysis, reproduced207....................................................  118
Figure 46. Atomic resolution high angle annular dark field image of a ZnO nanowire and the interface with the
Au catalyst particle..................................................................................................................................................................... 120
Figure 47. Concept behind a through-focal series used for 'sectioning' of the crystal lattice to identify single
atom impurities. Reproduced140............................................................................................................................................. 121
Figure 48. The SuperSTEM II microscope is housed in a purpose built facility in Daresbury with vibration
isolation to ensure the best resolution is achieved........................................................................................................... 123
Figure 49. Example of the simulated HAADF image calculated by the QSTEM software and the line profile 
indicating the increase in image intensity with one Au atom located at the centre of a 7nm thick ZnO slab... 125 
Figure 50. Schematic diagram of the four-probe electrical measurement technique which can be applied for
measuring resistivity. Reproduced256.................................................................................................................................... 126
Figure 51. Circuit diagram of an n-type semiconductor contacted by two electrodes and the band diagram 
which depicts one contact in forward bias and the other in reverse bias. The voltage drop across the two
contacts and the semiconductor all contribute to the measured voltage................................................................... 127
Figure 52. Diagrams depicting the current -  voltage characteristics of an ideal Ohmic contact and an Ideal
Schottky contact......................................................................................................................................................................... 128
Figure 53. a) Diagram depicting a 2-Probe measurement of low areal density vertical ZnO nanowires with Au 
tip. b) the nanoprobe in-situ SEM image of a two-probe measurement. One sample set had Au tips from the 
growth catalyst and the other had Au deposited onto bare non-catalysed nanowires. These measurements
were compared to nanowires with no Au tips as a reference.........................................................................................130
Figure 54. a) The nanoprobe system at Leeds University and the load lock where samples were mounted in a 
carousel and transferred into the main chamber with the transfer arm. b) The four probe tips mounted on the 
sample stage are controlled by fine- and coarse- piezo motors. The tips were etched and placed in the tip
holder and mounted into the carousel for transfer into the main chamber............................................................... 132
Figure 55. In-situ SEM top-down image of a Four-probe measurement on a ZnO NW with the Nanoprobe. The
bright regions on the substrate are Au tracks used for locating the tips vertically on the sample........................ 133
Figure 56. In-situ SEM images taken at 50,000x magnification depicting the difference between, a) DC etched 
tips and, b) AC etched tips which improve the ability to measure NWs less than 50nm diameter significantly
reducing damage, the scale bar for both images is 1pm..................................................................................................133
Figure 57. The DC etching apparatus used at Leeds University, the Tungsten wire is under DC current which is
applied across the wire and the electrolytic solution which slowly etches the wire.................................................134
Figure 58. a) Current-Voltage graph depicting four-probe measurements and the corresponding outer probe 
measurement for a non-catalysed NW, the 1st and 4th probe measurements correspond to probe positioning 
on the nanowire. The 4th measurement had the inner probes closer together, b) an l-V measurement depicting
an Ohmic linear l-V graph of a side-to-side two-probe measurement across a nanowire.......................................135
Figure 59. Images depicting the process of identifying a catalyst tipped NW and two-probe measurement, left- 
to-right fashion from the top-left, a) the NW with a 'bright' Au particle on the top facet is identified by SEM 
and BSE. b) the same NW is then identified in the Nanoprobe and the probe tips are brought in to test the 
contacts side-to-side across the NW. c) one probe is then raised above the NW and lowered onto the Au 
particle using a small applied bias and real-time current monitoring, once contact is achieved an l-V sweep is 
taken. The probe is then physically raised and lowered in similar fashion to repeat the measurement several 
times, d) probes are then removed and the catalyst particle is identified on top of the N W ................................137
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Figure 60. Growth diminishes away from the source, a) the cooler region (~12cm from source centre of 
Experiment 35) along with a large amount of Au provided NWs of various lengths, mostly with Au particles at 
the tip. The sprawling base growth makes these ideal for electrical measurements on free standing NWs, 
however, b) a large number of Au nanoparticles were located on the undulating base growth. The base crystal
growth provided electrical connection to ground on insulating substrates like sapphire........................................141
Figure 61. SEM images depicting the change in NWs as the amount of Au catalyst was reduced, a) Long growth 
times with a thick (6nm) Au catalyst layer at low temperatures gave very long NWs (Exp. 35) with distinct Au 
tips as shown in b) a BSE image, c) less Au (4nm) produced smaller nanoparticles to initiate growth and then 
subsequently thinner NWs (Exp. 34), maintaining a low vapour pressure resulted in a high aspect ratio, d) 
growing for a short time produced NWs « 2 0n m  diameter, although they did not have time to grow as long.
........................................................................................................................................................................................................ 142
Figure 62. SEM images depicting the critical influence of growth time. With all other parameters the same, a) 
Experiment 32 of growth time 30mins had very thin NWs just beginning to grow, b) Experiment 30 with only 
5mins extra growth had NWs that are still thin but overall the growth is larger, c) and the fine wires sprout up,
d) using more Au (~6nm ) results in large Au particles and generally thicker N W s.................................................. 144
Figure 63. a) High vapour pressure very near the source created thicker NWs with few Au tips and a substantial 
base growth layer (Experiment 23), b) simply by turning the sample to face upward reduced the base growth 
and individual NWs grew from the substrate, c) reducing the amount of Au gives excellent NWs but with very 
extensive walls Experiment 11, and, d) BSE image of Experiment 12 showed very little Au present on the 
nanowalls or the NWs that suggested at least in the latter stages of the experiment catalytic growth was not
the dominant mechanism (2nm Au catalyst layer).............................................................................................................145
Figure 64. The influence of the substrate on NW tilt, a) c-plane sapphire provided NWs tilted at 51.8° to the 
substrate consistent with the crystallographic misalignment of the substrate for NW growth, b) however this is 
easily overcome by using a lattice matched substrate such as GaN which provided vertically aligned NWs in
high density arrays, these NWs though did not have Au particles at the tip, from experiment 7 ......................... 147
Figure 65. Drawing depicting the major influences on the catalysed growth product and the typical features
that are displayed....................................................................................................................................................................... 148
Figure 66. a) BSE image of Experiment 35 which showed the catalyst particle at various stages of dismount 
from the (0001) top facet of the NW. b) thin initial layers of Au catalyst provided more uniform arrays ideal for 
device fabrication, however there was no Au present on the NW tips which maybe a hindrance for contact
formation...................................................................................................................................................................................... 149
Figure 67. a) Experiment 211 produced excellent NWs over a large area, similar experiments however do not 
always produce this quality, b) Experiment 198 showing equally good NWs of uniform length ~7(im  and
uniform diameter lOOnm......................................................................................................................................................... 150
Figure 68. a) Low density vertical NWs allow good probe access along a cleaved edge, the NWs are long and 
vertical however other structures are evident that can interfere with measurements, it was difficult to avoid 
growing these when aiming for low density NWs by the catalyst-free method, b) the high density of growth in
cooler regions and the tapering effect that can cause NWs to merge together........................................................ 151
Figure 69. a) Crystal overgrowth occurred when the precipitation of ZnO increased, shown here is the effect of 
an increase of source material to lg , NWs were of excellent quality, very long but many had grown in thickness 
rapidly due to the additional flux of ZnO with many NWs diameter 300nm. b) Growth in the cooler regions 
(~500°C) formed tapered NWs, increasing the pressure chamber also caused structures to grow in a three- 
dimensional sense merging together, shown here at the sample edge of Experiment 207 grown at pressure
2.8mbar......................................................................................................................................................................................... 152
Figure 70. a) Experiment 199 produced some excellent nanowires but only in small patches which allowed the 
inspection of the NW root, we can see here the hexagonal growth pattern of the crystal which developed into 
a NW, the NW may have sprouted when conditions in the chamber reached the correct balance, b) When high 
quality arrays of NWs grew the base growth was always a thick and uniform layer which did not appear to be 
formed of isolated crystallites and instead was one continuous layer from which NWs grew, the relationship 
with good NW growth suggested this layer is epitaxial. These NWs have had metal deposited on top of the
NWs that grew from a solution seed layer on Si-Cr-W substrate................................................................................... 154
Figure 71. a) Nicely aligned and very uniform NW array, grown using a solution derived seed layer on Si-Cr-W 
substrate, experiment 179. b) A thick base growth developed on the seed layers which was topped by dense
NWs, the tungsten layer is also displayed on top of the Chromium and Silicon substrate......................................155
Figure 72. a) SEM image which shows the best NWs achieved with buffer layer-seed layer combination with 
~20nm Al and ~20nm  ZnO plasma Ar-ion deposited with the inclusion of 10% 0 2 during ZnO deposition and
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post deposition lhour anneal in air at 700°C. b) After annealing the PVD seed layer, large crystallites formed
but the random orientation was difficult to control, this determined the alignment of the N W s....................... 156
Figure 73. a) Excellent alignment was regularly achieved with the NWs located in the screw fixing region, many 
attempts were made to uncover the secrets of this but no attempt produced NWs of this quality over a large 
area, b) The cross-sectional SEM image shows a similar area, the base growth is substantial but growth quickly 
disappears suggesting some local roughening of the surface, this thick base growth always occurred with high
quality well aligned catalyst-free NWs.................................................................................................................................. 157
Figure 74. a) BSE image of a lOnm evaporated Au contact on ZnO NWs, the well aligned NW shows very little 
Au on the side whilst the tilted NW displays Au coating the uppermost faces, b) A deposition of 20nm Au on 
perfectly aligned NWs gives a substantial Au pad on top of the NW but still leaves some side deposition
highlighted by the backscatter image.................................................................................................................................... 158
Figure 75. a) The SEM image shows very long catalyst-free NWs with small metal particles at the tips. The 
metal was deposited by PVD, b) with closer inspection the metal can be seen to form a spherical particle on 
the NW tip and also to create a fluffy coating on the NW  sides, this deposition was measured by SEM to be 
170nm on planar Si. c) Increasing the deposition amount to approximately 500nm planar equivalent creates 
large particles at the NW tip which start to merge, d) Further deposition forms a complete film across the
NWs................................................................................................................................................................................................ 159
Figure 76. a) 0001 lattice planes of a non-catalysed NW with single crystal defect free quality, b) a lattice image 

of a hydrothermal NW with the (0001) lattice and the (lOlo) lattice aligned onto zone axis [ l2 1 o ] ................. 163

Figure 77. a) Bright field image of Non-catalysed NWs with uniform diameter, fringes from the thickness 
variation at the NW edges and overlapping NWs can be seen, b) Hydrothermal NWs with uniform diameter but 
considerable roughness/corrugation variation, strain contrast can be seen in the middle NW and the top NW is
close to the Bragg angle............................................................................................................................................................ 164
Figure 78. a) Indexed diffraction pattern showing the ZnO NW was single crystal with 0001 growth direction 
giving a hexagonal cross-section as previously seen in SEM images, b) the 0001 planes labelled on the TEM
lattice image.................................................................................................................................................................................164

Figure 79. a) Lattice image of a ZnO NW with beam parallel to planes of the [ 2200]  zone axis, b) diffraction

pattern showing the zone axis configuration and the absence of the 0001 reflection.............................................165
Figure 80. a) Lattice image of catalysed sample 16 NW with a Au catalyst particle showing the (0001) lattice 
planes and abrupt interface, b) Diffraction pattern showing the zone axis, lattice spacing and growth direction
as the non-catalysed sample....................................................................................................................................................165
Figure 81. a) Lattice image of a ZnO Nanobelt with a different growth direction to the NWs. b) diffraction
pattern confirming the structure............................................................................................................................................ 166
Figure 82. a) lattice image of a hydrothermally grown NW showing considerable surface roughness but the 
lattice is unbroken to the surface, b) diffraction pattern indicating the [0001] growth direction and
crystallographic equivalence to the other N W s................................................................................................................. 166
Figure 83 HAADF-STEM images at lOOkV of a catalysed ZnO NW located on a major zone axis, a) a thin NW is 
located overhanging the carbon film, b) a 35nm wide scan of the wire reveals the (0002) lattice planes, c) a 
20nm scan with a 5nm scale bar revealed the individual Zn atomic columns in the (0002) planes, d) a lOnm 
wide HAADF scan distinctly revealed the Zn atoms of the NW on the zone axis, e) high-resolution HAADF image 
of the individual Zn atomic columns of a [0001] orientated ZnO NW, the resolution allowed direct measurment
of the atomic column spacing..................................................................................................................................................168
Figure 84. a) Wurtzite structure of ZnO. b) lattice structure facing the side facet of the Wurtzite structure of a 

[0001] grown ZnO NW looking down the [o lio ]  zone axis equivalent to the HAADF image, the horizontal axis

is the equivalent of the a-axis in this image. The wurtzite crystal images were generated by the Diamond
software........................................................................................................................................................................................ 169
Figure 85. a) HAADF image under-focus on a nano-cluster below the NW, with a Z-number far greater than the 
ZnO NW appearing bright and with some crystalline structure, b) over-focus condition showing the intensity 
and structure of the foreign atom cluster was lost and the sensitivity to the focal point showed the necessity of
focal sectioning........................................................................................................................................................................... 170
Figure 86. a) TEM lattice image of the deposited Au cap, average pad thickness of the sample was 12nm, Au 
particles were seen on the NW side, b) a 20nm Au deposition with an average pad thickness of 19nm, the 
meniscus effect was very apparent as the Au deposition increased, c) image showing the polycrystalline nature 
of the Au cap................................................................................................................................................................................ 171

17



Figure 87. a) Lattice image of a single crystal catalyst Au particle tip on ZnO NW with a growth meniscus and
neck, b) ZnO NWs with catalyst particles of various sizes in various positions on the NW s................................... 172
Figure 88. a) Lattice image showing the disordered growth meniscus at the edge of the Au particle, b) planes of
various orientations in the Au particle suggested in this case the particle was polycrystalline............................. 173
Figure 89. a) Low magnification HAADF image of two non-catalysed NWs capped by a 20nm Au deposition, b) 
HAADF image of the Au cap and distinct Au clusters on the NW side facets, both images showed clearly the 
high Z-number clusters coated the sides of the NWs but they did not form a continuous layer, c) HAADF image 
of a catalysed NW with a bright high Z-number Au particle, the very abrupt interface with the NW and no Au 
on the sides, d) high magnifcation HAADF image achieving close to the best resolution of the microscope... 174
Figure 90. a) EDX spectra of the catalysed ZnO NW crystal, b) EDX spectra of the Au catalytic particle 176
Figure 91. a) Bright-field image of a 30nm diameter NW and the Au catalyst tip, the intimate relationship was 
evident but the interface region suffered from phase interference especially with two crystal orientations 
(displayed in the inset) of the Au particle which confused the image, b) corresponding HAADF image at higher
magnification showed the (0001) of ZnO and a polycrystalline Au with a crystallite displaying { i l l } ................ 177
Figure 92. High magnification HAADF images of the NW tip interface, a) two different orientations of Au are 
seen in the catalyst particle the interface is abrupt with no interfacial layer, b) magnifying further shows the
individual atoms of Zn next to the abrupt Au interface...................................................................................................178
Figure 93. Graph showing the line intensity profile across the Zn columns to the abrupt Au interface and 
particle. The equal intensity of Zn atoms indicated the average Z-number of each column was the same and
high Z-number impurities such as Au were not present...................................................................................................178

Figure 94. On axis through-focal series. HAADF images of a ZnO NW oriented on the [o lio ]  zone axis and the

ZnO-Au interface starting with focus on the NW centre through to the overfocus condition 15nm above. No
bright spots were seen in the ZnO matrix near the interface or in the bulk................................................................179
Figure 95. Off axis through focus series. HAADF though focus images of a ZnO NW tilted away from channelling
conditions.....................................................................................................................................................................................180
Figure 96. a) HAADF image of a ZnO NW grown without Au catalyst and, b) HAADF image of a ZnO NW grown 

with Au catalyst. Both images were recorded in identical conditions, with both NWs oriented on the [o lio ]

zone axis........................................................................................................................................................................................181
Figure 97. a) bright-field image with phase contrast of the uninterrupted lattice planes of the Au particle joined 
to the ZnO NW. b) corresponding HAADF image highlighting the compositional difference and single crystal
quality of both the tip and the NW ........................................................................................................................................ 182
Figure 98. a) Raw HAADF image of two overlapping NWs with bright spots apparent in the image, b) Bandpass 
filter of image enhances the spots of greater Z-number although in this case this is unlikely to be Au and more
likely beam damage of the overlapping NW ........................................................................................................................183
Figure 99. a) Unfiltered raw image showing the bright beam damage more clearly, b) line profile from the 
edge of the NW along the (0001) lattice plane and the distinct jump in intensity of the bright spot, also of note 
is the approximate linear increase of the intensity along the side facet of the NW and the increasing intensity
relationship with thickness...................................................................................................................................................... 184
Figure 100. HAADF image simulations of a slab 7nm thick, with one Au impurity atom placed at a) the entrance
surface, b) middle and c) exit surface of the slab...............................................................................................................186
Figure 101 HAADF image simulations of a slab 14nm thick, with one Au impurity atom is placed at a) the 
entrance surface, b) 3.5 nm from the entrance surface, c) in the middle of the slab, d) 10.5nm from the
entrance surface and, e) at the exit surface of the slab....................................................................................................187
Figure 102. a) Bright field span of sample Cat 34-3 and the lumpy nature of the base ZnO growth, b) Cat 36-3
the base growth segments and adjoining NWs are all one crystal with no obvious boundaries............................188
Figure 103 a, Au particles on sample Cat 34-3 with the bottom particle embedded in the ZnO and moire fringes 
from the overlapping crystalline materials, b, the corrresponding HAADF image of the same Au particle, c, EDX
linescan of the particle and the Au element intensity, location identified by blue line in HAADF image 189
Figure 104. a) Lattice image looks at first like a boundary in the ZnO but the lattice planes continue 
uninterrupted across the entire ZnO layer of Cat 36-3. b) enlarged section of the ZnO lattice image showing a 
heavily faulted region with edge dislocations similar to this throughout the base growth of each sample, c) EDX 
linescan indicated in the lattice image across the interfacial layer, the blue Zinc line and red Aluminium line
indicate more diffusion of the Zn into the Al20 3.................................................................................................................189
Figure 105. a) lattice image of a boundary within the interfacial layer of two different phases, b) corresponding 
EDX map shows yellow zinc diffusing more on the left side of the boundary.............................................................190
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Figure 106. a) Cropped FIB cross-section bright field image of Experiment 34 sample 3. b) cross-section of
Experiment 36 sample 3 and, c) sample 4, all the scales bars are lu m ........................................................................ 191
Figure 107. a) Graph of six four-probe measurements on a non-catalysed NW of diameter 86nm. The inner 
probe separation is measured from in-situ SEM images and the error bars represent the uncertainty of these 
measurements i.e. the width of the probes in the SEM image. A linear fit is applied passing through zero 
obeying Ohm's law and no contact resistance. The gradient scaled by the cross-sectional area of the NW gives 
the resistivity 0.08ftcm. b) graph showing individual measurements, blue data depicts the first in the series of 
the six four-probe measurements (blue circle in a)), black data the fourth measurement in the four probe l-V
series (black circle in a)) and the red data is the two-probe l-V of the outer source tips........................................ 195
Figure 108. a) In-situ SEM image of a non-catalysed NW indicating the position of the line profile, b) the line
profile taken at 50% of the maximum gray value intensity............................................................................................. 196
Figure 109. Resistivity plot against NW diameter showing the multiple separation 4-probe measurement of 16 
Catalysed, 14 Non-Catalysed and 10 hydrothermal NWs. The y-error bars indicate the standard error of the 
least squares linear fit and the x-error bars ±2.5nm  are omitted for clarity. The graph shows an increasing
resitivity with decreasing diameter for all NW growth methods................................................................................... 197
Figure 110. a) Diagram depicting the surface depletion resulting from trapped carrier electrons at the surface 
mid-band energy levels associated with surface states and defects, reproduced18, b) The radial band bending 
effect on a NW of surface trap states that occur as a result of Oxygen adsorption to dangling bonds and defect
sites, c) Binding energy of Oxygen indicating loosely and tightly bound species....................................................... 200
Figure 111. a) Effective conduction diameter of a NW embedded in dielectric plotted against surface trap state 
density and n-type doping density, reproduced18, b) Diagram depicting the radial depletion of a nanowire by 
the surface interface trap states when embedded in a dielectric, the effect of the Si02 interface is proposed to
be negligible on Deff................................................................................................................................................................... 204
Figure 112. a) Resistance against separation graph of Hydrothermal NW showing a spread of data points 
around an Ohm's law fit average resistivity of 0.015 Ohm.cm, fit gradient resistivity of 0.016 Ohmcm and fit 
error of 0.0015 Ohm.cm. b) Resistance separation graph of a non-catalysed NW with increasing resistivity as 
the probe separation is decreased due to carbon deposition the average resistivity is 0.124 Ohm.cm the fit 
gradient resistivity of 0.113 Ohm.cm and fitting error of 0.007 Ohm.cm. c) Catalysed NW with increasing 
resistivity and average resistivity of 0.040 Ohm.cm, fit gradient resistivity of 0.034 Ohm.cm with fitting error of
0.0031 Ohm.cm.......................................................................................................................................................................... 205
Figure 113. Backscatter electron image at 45° of the actual NWs measured in two-probe experiments with 
distinct Au particle tips. A large aspect ratio is evident for all NWs measured in the two-probe configuration
made possible by precise control of the probe tips...........................................................................................................207
Figure 114. Series of In-situ SEM images of sample non-catalysed 216a, a two-probe measurement of a bare 
non-catalysed NW and the corresponding l-V measurements, a) Firstly the probes are placed on the side, b) 
once good contacts are established one tip is placed on top and, c) then the tip is placed again on the side. The 
l-V graphs indicate in each instance a low-resistance contact is formed between the NW and both tips, the
current scale is micro-amps. Measurements like these are highly dependent on clean probe tips......................208
Figure 115. Current-Voltage sweeps in two-probe configuration, a), b) and c) correspond to catalyst-free NWs 
with Au contacts of thickness 52nm, 35nm and 19nm on NWs of diameter llO nm , 95nm and 92nm  
respectively. Nearly linear l-V were measured for all deposited contact thicknesses on NWs of diameters 40- 
300nm. Current data can only be compared qualitatively due to the difficulty in positioning the probe tips on
the NW side below the interface in the top-down SEM view, and characterising the interface size....................209
Figure 116. The concept of a deposited Au contact presents the problem of thinning of the metal at the top 
facet edges. Under the reverse bias condition electrons maybe presented with a substantial barrier formed by 
Au-ZnO. Electrons seeking the path of least resistance find the barrier can be penetrated with enhanced 
tunnelling due to the local metal nano particle size and disordered agglomerate form of the deposited Au 
especially near the edges. These effects distort the contact size to much less than the characteristic length 
scale of the system, in this case the NW diameter. This allows tunnelling even with heavy deposition of Au on
the top facet................................................................................................................................................................................ 210
Figure 117. Current-Voltage sweeps in the two-probe configuration, a), b) and c) correspond to catalysed NWs 
of diameter 73, 79 and 73nm with particles of diameter of 59nm, 47nm and 37nm respectively as depicted by 
the scaled 3-D drawings. Current data can only be compared qualitatively due to the difficulty in positioning 
the probe tips on the NW side below the interface in the top-down SEM view, and characterising the interface
size................................................................................................................................................................................................. 213
Figure 118. a) Plot of the natural log of the current density J against the forward bias voltage V for each contact 
of Figure 115 and Figure 117, the rectifying contact of Figure 117a is the only curve to display a linear region
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between 0.1-0.3V which is used with Thermionic Emission theory to estimate the barrier height by 
extrapolating to the y-axis. b) Forward bias current density plotted on a log-scale to show the much greater 
magnitude of current density on the two 'small' catalyst particle contacts. The deposited and 'large' Au particle 
contacts have very similar current density although the nature of the contacts varies the shape of the curve.
........................................................................................................................................................................................................215
Figure 119. Graph showing the diameter dependence of Ge NWs. As the diameter decreases the zero bias 
conductance density increases and the contact becomes a less ideal exponential fit shown by the increasing
ideality factor n for a generic temperature dependent exponential form, inset. Reproduced19............................ 218
Figure 120. a) Modelled contributions to the zero bias differential conductance of tunnelling and thermionic 
emission. For a diode of radius less than lOOnm the tunnelling regime is substantial, b) The numerically 
calculated FWHM of the depletion region of several nanosized contacts on a planar
semiconductor.Reproduced60................................................................................................................................................. 221
Figure 121. Plot of the characteristic length scale of a diode with a radius below which the barrier FWHM 
(barrier width) no longer depends on the carrier concentration. Instead, independently the size and 
morphology of the contact forms a 'thin' barrier of FWHM equivalent to diode radius (Figure 120b) and 
tunnelling then becomes a substantial transport process. This concept is applied in this graph to ZnO for the
bulk value of the dielectric constant and a measured value for lOOnm diameter ZnO NWs..................................222
Figure 122 Schematic diagram depicting the combination of depletion from surface effects and the metal
contact of catalysed a)-c), and, d) Au deposited catalyst free NWs..............................................................................224
Figure 123. Diagram depicting the model used to approximate the parabolic depletion width of small contacts.
....................................................................................................................................................................................................... 227
Figure 124. The Graph shows the low bias experimental current voltage measurement of the 59nm Au contact 
(red dots) and the corresponding optimised fit for a trapezoidal depletion region approximation. The depletion 
shape provided the necessary current to match the data when applying Thermionic Field Emission and Field 
Emission as the dominant transport mechanisms through the barrier that has a large Schottky barrier height.
....................................................................................................................................................................................................... 232
Figure 125. Graph showing the low bias experimental current voltage measurement of the 47nm Au contact 
(red dots) and the corresponding optimised fit for a trapezoidal depletion region approximation. This depletion 
shape provides the necessary current when applying Thermionic Field Emission and Field Emission as the 
dominant transport mechanisms and the change from trapezoidal to triangular shape represents the large
increase in conductivity of the contact below the characteristic length scale when edge effects increase 233
Figure 126. Graph showing the low bias experimental current voltage measurement of the 37nm Au contact 
(red dots) and the corresponding optimised fit for a trapezoidal depletion region approximation. The transition 
to pure Ohmic behaviour is a result of the reduced depletion size which encourages more tunnelling across the
contact.......................................................................................................................................................................................... 234
Figure 127. The band diagram for a highly doped n+ region near the interface for an n-type contact. The Fermi 
level is below the conduction band but tunnelling can still occur due to the extreme band bending near the
interface, the potential barrier becomes virtually transparent to tunnelling current.............................................. 240
Figure 128. End-bonded model for Ge NWs in the presence of strong Fermi-level pinning which fixes the 
barrier to 0.59ev regardless of contact or NW size. The contact covers the entire NW diameter and when the is 
decreased the combined effect with surface states increases the depletion width along the NW. Reproduced19.
....................................................................................................................................................................................................... 241
Figure 129. a) Small-bias conductance density of the deposited ZnO-Au contacts against Au contact diameter, 
the graph shows a similar relationship to Figure 13. b) the major difference however is the current density of 
the Catalysed NWs increases in similar manner but independent of a change in NW diameter with the two
smallest contacts on NWs of diameter 79nm and 73nm..................................................................................................242
Figure 130. a) The conductance density of the deposited contacts with a surface related estimated fit 
proportional to the inverse of the diameter, a similar fit has been used to explain surface related electron-hole 
recombination in Ge NWs21 however this could also apply to surface leakage from the contact and NW  
bypassing the potential barrier in reverse bias which provides more Ohmic like conduction199 and, b) a linear 
like increase of conductance with diameter........................................................................................................................243
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Definitions and Abbreviations

0 Diameter R resistance
A Area, amps seem Standard cubic centimetre
a Diode radius T Temperature
A Angstrom T r Vertical resolution limit

A** Modified Richardson Constant V Voltage
Cc Chromatic Aberration coefficient Va Applied Voltage
Cs Spherical aberration coefficient v bi Built-in Voltage
d Diameter, interplanar spacing V d Diffusion potential

Deff Effective conductive diameter Vs Surface potential
e, q Electron charge W Depletion Width

Eo Incident energy Z Atomic Number
Eo Tunnelling Parameter a Convergence angle, a-plane

Eoo Tunnelling parameter P Collection angle
Ec Conduction band minimum energy A (|) Phase shift
Ef Fermi level energy £o Permittivity of free space

Efs Fermi energy level in semiconductor £ sr Semiconductor Relative 
permittivity

Eg Energy bandgap 0 Scattering angle
Ev Valence band maximum energy 0B Bragg Angle
h Planck's constant X Mean free path
h Reduced Planck's constant ? Fermi-level relative to CBM

hkil Miller indices p Resistivity
I Current a Scattering cross-section

J Total Current Density T recombination lifetime
Jfe Field emission current density 4>o Charge neutrality Level
Jms Current density from metal to 

semiconductor
o b Barrier height

Jr Recombination current density O e Effective barrier height
JrO Zero bias recombination current density O m Metal Work Function
Js Saturation current density Os Surface energy barrier height

jcnst Constant Saturation current Xs Semiconductor electronegativity
Jsm Current density from semiconductor to 

metal
n Ohm

Jt e Thermionic emission current density
Jt f e Thermionic field emission current density

k Boltzmann constant
L separation
lc Characteristic Length Scale

m e Electron mass
mr Relative electron mass

n Ideality factor
n+ High n-type carrier concentration
N d Doping Density
ni Intrinsic carrier concentration
Nt Density of trap states
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AC Alternating Current
ADF Annular Dark Field
AFM Atomic Force Microscopy
BF Bright Field
BSE Backscatter Electron
CBED Convergent Beam Electron 

Diffraction
CBM Conduction Band Minimum
CCD Charge couple device
CPI Catalyst Particle Interface
CVD Chemical Vapour Deposition
DC Direct Current
Dl De-ionised
DoF Depth of Field
EDX Energy Dispersive X-ray 

spectroscopy
EELS Electron Energy Loss Spectroscopy
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Chapter 1

1 Introduction

Nanotechnology presents the possibility of novel devices that are vastly superior to current 

electronic devices, for example, Spintronics can provide memory devices that take 

advantage of the magnetic moment of single electrons. In terms of electronic devices 

electrons are the smallest element of electric charge that produce the current in present 

day devices. However the transfer of this charge is still not fully understood and is highly 

dependent on the material properties and the device structure as a whole, including most 

importantly the electrical contacts. To enhance the properties of materials single crystals 

can provide highly reproducible, predictable and superior properties to other material 

forms. Nanotechnology looks to combine the materials of highest quality that are enhanced 

when of a nanoscale size and incorporate them into high performance applications. Crystals 

require precise growth environments to produce the defect free qualities that are important 

and the properties that are required. Amongst these single crystal materials ZnO has 

emerged from an unspectacular past in the field of electronics to become one of the most 

widely researched materials for future devices. Here we investigate the growth and 

electrical properties of semiconducting ZnO nanowires (NWs) for future application in the 

field of Nano-Devices and present a solution to control the behaviour of the electrical 

contacts. These terms are now explained in full.

1.1 Nanotechnology
Nanotechnology is a very diverse field and definitions vary, from a broad description of 

working at the nanoscale, or exploiting materials with a nanoscale dimension, to

Nano-technology' mainly consists of the processing of separation, consolidation, and 

deformation of materials by one atom or by one molecule. 1,1

Sections of most sciences have undergone a rebranding as Nanotechnology, a good example 

is Colloid Science which has been studied for centuries, Perrin in 1909 provided 

experimental support for the kinetic theory of matter by producing small quantities of 

monodisperse gums.2 Recent interest in Nanotechnology has breathed new life into these
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Sciences and made them fashionable once again. Other advances are very much a product 

of Nanotechnology, such as Buckminster fullerenes initially synthesised in 1985 for which 

Harold W. Kroto, Robert F. Curl and Richard E. Smalley were awarded the 1996 Nobel prize 

in Chemistry.3 The origin of another wonder fullerene carbon molecule known as nanotubes 

stretches as far back as 1952 in Russia4 but nanotechnology has embraced this modern 

material which exhibits extraordinary electronic and mechanical properties. There is great 

interest in incorporating nanostructures into nanoscale electronics and nanotubes are 

already incorporated into macro-scale products to improve strength and electrical 

conductivity.

1.2 Single crystals and nanotechnology
Bio-nanotechnology, nanomedicine, colloids, materials and semiconductor devices are 

important fields within nanotechnology; all use single crystals which are amongst the most 

crucial of building blocks for enhanced performance. Devices which can take advantage of 

single crystals provide properties much improved on those of poly-crystalline or amorphous 

materials, nanotechnology takes this a step further and uses single crystals of nanometre 

scale.

A single crystal can be large, metres in length, or small and measured in nanometres 

invisible to the naked eye. The fundamental characteristic is the atomic lattice is continuous 

or unbroken throughout. This distinguishes polycrystalline materials which consist of many 

small crystals called crystallites segmented by many grain boundaries. The dissimilar atomic 

bonding at the boundaries and misalignment of the overall lattice can have severely 

detrimental effects on physical and electrical properties.5 Amorphous materials have no 

long range atomic order, a common example is glass.

Single crystals of an appreciable size however are difficult and time consuming to produce 

with highly controlled laboratory-like conditions required to produce defect free crystals.5 

However, as high quality crystals provide very well defined properties industry has produced 

large dislocation free commercial crystals of Silicon and GaAs for decades and they are the 

basis for solid-state electronics6.

Much of the high purity processing is the cornerstone of the semiconductor industry which 

controls the enhanced electrical properties with addition of atomic impurities. Control at



the atomic and nanoscale is standard fabrication procedure in modern devices using planar 

structures. However the future requires small nanometre sized crystals which are readily 

produced and sometimes consist of only a few atomic layers7, but the properties are far 

more difficult to measure and tailor.

1.3 Growing crystals

Crystal growth has three main processes categorised6 according to the phase changes that 

take place:

• Solid growth, solid-solid transitions

• Melt growth, liquid-solid transitions

• Vapour growth, gas-solid transitions

Solid growth such as annealing or sintering is less common and growth from the melt 

includes processes such as directional freezing and crystal pulling. Vapour phase growth can 

be categorised as sublimation, vapour transport or gas phase reactions.6

Sublimation occurs for some materials which is a transition from solid to vapour and back 

again solely due to temperature changes with no intermediate liquid. This is similar to 

vapour phase growth except a carrier gas transports the vapour to the growth site. Gas- 

phase growth occurs as a direct precipitation from chemical reactions of vapour species, the 

by-product of a chemical reaction and the atmospheric conditions.6

Figure 1. Czochralski m ethod  o f growing large single Silicon crystals. R eproduced8.

Silicon crystal growth is the most well established industrial process producing vast 

quantities of large crystals of 300mm diameter and metres in length. The boules are cut 

along specific crystal planes by a saw and polished into thin wafers ready for device
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fabrication. The crystals are generally grown by the Czochralski method, or crystal pulling 

method, a type of melt growth (Figure l ) .8

1.4 Incorporating single crystals into devices
Single crystals are typically used as the main components in electronic and electro­

mechanical devices. A common example is quartz which is used in piezoelectric applications 

as resonators for timing, frequency control and frequency selection9. Metals are also grown 

as single crystals, improving strength for applications such as turbine blades. The electronic 

industry mainstay of Silicon is grown, processed and then incorporated as part of many 

devices.

It is sometimes desirable or required to grow single crystals in situ as part of the device, 

such as organic thin film semiconductors initiated by growth nucleation sites specifically 

chosen to pattern individual single crystals.10 These examples highlight two different 

assembly processes which involve single crystals, bottom-up and top-down.

In many instances high quality, high-performance semiconductor devices such as field-effect 

transistors (FET) require only very small single crystals11, to realise performance 

enhancement the crystal size is decreasing. The technology is now close to a fundamental 

size limit which is a major reason for the great amount of research focussed on nanoscale 

structures as device alternatives.

1.5 Semiconductor devices and nanostructures
Semiconductor devices are traditionally thought of as planar devices incorporating 

heterostructures of semiconductor layers. The combination of these layers can be used to 

fabricate devices such as lasers and transistors, a common example are those devices that 

rely on electric-field effects on the conduction properties of the material. To improve the 

speed and performance of electronic components the fundamental device structures such 

as FETs have to be scaled down to incorporate more devices into smaller and smaller areas. 

Lasers are required to function at smaller and smaller wavelengths to increase the 

information that can be packed onto storage mediums. These expressions of Moore's law 

are the driving forces behind nanotechnology research as nanostructures with dimensions 

as small as one atom, such as graphene7, or tens of nanometres, quantum dots12, 

nanotubes13 and NWs14 can all potentially provide major advances. However the properties
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of these new materials are very different from the known bulk material equivalent, with the 

measurement and characterisation of properties still continuing.

Planar devices have material properties that can be tailored specifically for the device 

requirements, such as precise doping of silicon from p-type to n-type. These well-defined 

properties then allow repeatable electrical contacts to be formed over relatively large 

surface areas which average out interface irregularities. However, on the nanoscale in 

structures as small as lOnm individual dopant and impurity atoms become far more

influential15-17, along with the surface properties18 and the very small electrical contacts19-
21

1.6 Research intensity of Nanostructures
Research into nanostructures includes many materials such as Carbon, Si, GaAs, InAs, ZnO, 

GaN, ZnSe, and Ge and so on. Carbon is the most widely studied due to the tremendous 

properties that are theoretically predicted for the single crystal carbon structures such as 

buckyballs and nanotubes. Among the many semiconductor compounds Zinc Oxide (ZnO) 

has one of the most diverse ranges of nanostructure growth morphologies including 

nanocombs, nanosprings, NWs, nanorods, nanobelts, nanotubes, nanocages and nano- 

tetrapods.22,23 A variety of methods have been used to grow these single crystals but vapour 

transport24 and hydrothermal25 methods are most common for synthesising widely 

researched one dimensional structures such as NWs.5

One-dimensional structures have been at the forefront of nano-crystal research activity. 

These structures raise the possibility of investigating fundamental phenomena in low­

dimensional systems, for example Ohm's law which can even apply at the atomic scale26, 

and to take advantage of the enhanced properties such as much reduced resistivity and 

metal-like current capacity26 or piezoelectric coupling27. Carbon nanotubes are a prime 

example alongside ZnO NWs of the incredible possibilities these building blocks provide.28,29

1.7 ZnO Nanowires
A Zinc Oxide NW is essentially a defect-free individual single crystal which at present is 

incorporated into prototype research based devices either using single NWs30 or vertically 

aligned arrays31. Manipulating and positioning single NWs in order to fabricate useful
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devices is difficult, requiring multiple difficult fabrication steps which are very time 

consuming.

Vertical arrays of NWs have the advantage that the bottom-up design philosophy can be 

followed with NWs grown straight onto device ready substrates. Vertical arrays of NWs are 

important for enhanced devices such as light emitting diodes31, field emitters32-34, photon 

detectors35 and piezoelectric coupling devices36. The most important materials for NW  

arrays to be compatible with are Silicon and metallic conducting layers which have a very 

large crystallographic mismatch with ZnO.

1.8 Methods of ZnO nanowire growth
Several very different methods exist for ZnO nanostructure growth with the main focus of 

research concentrated on vapour phase37 and hydrothermal reactions38. Other less popular 

methods include electrodeposition, sol-gel and polymer assisted growth.23

Vapour phase growth often uses either the generation of Zinc (Zn) vapour by evaporation of 

ZnO/Zn source powders or the chemical reaction of precursor gases. Carbothermal 

reduction of ZnO powder and subsequent catalysed vapour liquid solid (VLS) growth is 

amongst the most popular of techniques due to the relative simplicity of the setup.5 VLS and 

also catalyst-free vapour solid growth (VS) most crucially provide a means to grow high 

quality vertical arrays of NWs on 'large' area substrates without exposing the product to 

solutions which may alter the surface properties.

1.9 Properties of ZnO
ZnO has recently emerged as a viable material for many device applications due to unique 

properties such as a direct band gap of 3.37eV and an extremely large exciton binding 

energy of 60 m eV 5,39 that allows near-band-edge exciton emission at room temperature. 

ZnO is very resistant to high energy radiation and provides many wet etch options which can 

aid device fabrication and compatibility with other materials. Nanotechnology also seeks 

materials that provide novel biomedical devices and ZnO can provide biocompatible electro­

mechanical coupling and functionalised sensing for many of these applications.40 Very 

simple growth technology of high quality ZnO results in cheaper devices compared to similar 

semiconductors such as GaN.5
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ZnO is naturally an n-type semiconductor but the origin of this intrinsic doping is still 

debated. The natural electron doping carrier concentrations of up to 1021cm'3 are usually 

attributed to deviations in the stoichiometry, Oxygen vacancies and Zn interstitials, or 

hydrogen incorporation. The bulk resistivity of ZnO is high at 59800ftcm but with intentional 

doping thin films can exhibit resistivity as low as 10'4ncm.5,41 Permanent P-type doping has 

proved more difficult and is one major drawback of ZnO although recent advances in 

nanostructures display good possibilites.36,42

Hydrothermal, vapour phase and Czochralski (crystal pulling) methods are all successfully 

used for ZnO bulk crystal growth.5 For research and device purposes ZnO thin films have 

received much attention using numerous growth methods of Radio Frequency (RF) 

magnetron sputtering, molecular beam epitaxy, pulsed laser deposition and chemical 

vapour deposition all of which can provide single crystal films.

1.10 ZnO Nanowire properties
The one dimensional morphology of NWs and the properties of ZnO provide significant 

advantages in applications such as room temperature UV lasing43, gas or chemical sensing44 

and field effect transistors45. The less common property of high electromechanical 

piezoelectric coupling of ZnO NWs present applications in transducers, actuators and 

sensors amongst others 46 The reason for this diverse range of applications using ZnO 

nanostructures is much improved over bulk and macro-scale ZnO due to the enhanced 

function.

1.10.1 Mechanical properties
The mechanical properties of nanostructures are difficult to assess due to the problems in 

applying testing methods, such as bending for the Young's modulus. However some 

techniques such as Atomic Force microscopy (AFM) allow the manipulation of individual 

structures, or the use of electric fields to induce bending due to the piezoelectric properties 

of ZnO.23 The enhanced piezoelectric response of the NWs due to the defect free crystal 

lattice allows the application to electro-mechanically coupled devices such as 

nanogenerators.29'47 However these improved properties are greatly influenced by the 

surface properties, effects are most apparent for NWs much less than 01OOnm, which
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results in a Young's modulus much greater than the bulk, the surface dominates this 

improvement.48

Figure 2. A U H V  O m icron N anoprobe system sim ilar to  the  one used fo r m easurem ents. The fou r probe tips shown are  

located on th e  m ain stage in the  hem ispherical cham ber. This e qu ipm en t allows m easurem ent o f nano m etre  sized 

structures in a controlled atm osphere free  from  env ironm enta l effects w ith  n ano m etre  precision o f probe tip  m ovem ent.

1.10.2 Electrical properties
Electrical properties of nanostructures are equally difficult to assess with one favoured 

technique of FET fabrication using lithography which allows measurement of the 

transconductance and calculation of the NW mobility and carrier concentration49, typically 

with field effect electron mobility of 80cm2/Vs at concentrations of 1017-1018cm 3.18,23 

However, the charge associated with the surface acts much like a FET gate effect on the bulk 

electrical properties of the NWs influencing the carrier density of the material.18 This surface 

effect is increased due to the large surface-to-volume ratio of quasi-one dimensional 

nanostructures. Analysing and quantifying the surface effect and divulging the bulk 

properties is very difficult which is expressed in the "eight" orders of magnitude in 

measured resistivity (10 3-105flcm) for ZnO NWs across recent literature.50

Bulk property measurements of ZnO NWs use various techniques, in most of these an 

unknown error arises from the intermediate processing steps which interfere with the NW 

surface, for example e-beam lithography or Focussed Ion beam deposition.41,51 One 

technique bypasses the 'fabrication' process and allows direct measurements of as-grown
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NWs, a Scanning Tunnelling microscope (STM) with four-independent moveable tips, known 

as the Nanoprobe, which is housed in UHV (Figure 2). Only one reported measurement by 

Lin et al has been performed with a similar system on ZnO NWs with a resistivity value of

0.25flcm .52 Here we complete a comprehensive dataset of four probe measurements on 40 

NWs of different growth methods, results are discussed in Chapter 7.

Nanotechnology and Nanoelectronics can produce high performance devices from lasers53 

to electro-mechanical actuators29 but they are highly reliant on the electrical contacts19. The 

contacts need to be investigated along with the material properties of the nanostructures to 

take full advantage of the enhanced properties. Electrical contacts are dependent on the 

materials used and the interface structural quality21,54'55 which are yet to be fully 

understood or controlled especially at the nanoscale. The fundamental concepts behind 

electrical contacts are introduced in Chapter 2 and Chapter 7 reveals the nanoprobe 

measurements of ZnO NWs that isolate the contact behaviour formed by Au on the NW tips.

1.10.3 Electrical contacts
Electrical contacts formed to nanostructures have to overcome the inherent small contact 

area. For planar and macro-scale devices interface inhomogeneity's are averaged out over 

the large contact area which allows established fabrication techniques to repeatedly form 

contacts for devices. However, as NWs maybe as small as lOnm diameter, or smaller for 

nanotubes, the contact area is limited even when deposited on the structure side. The 

typical schemes for ZnO, Ohmic contacts of Ti/Au and Al, or Au, Ag and Pt for rectifying 

contacts have all been applied to ZnO NWs with some success.5,29,36,56'57 AT the typical sizes 

studied here (diameter <100nm) the contact behaviour becomes dependent on the NW  

diameter21 and not only on the metal and semiconductor properties. The scale of the 

structures can also lead to single dopant or impurity atoms altering the potential energy 

landscape at the contact interface16. Today electrical contacts on planar devices are still 

proving difficult to theoretically predict; nanosized contacts may prove to be an even 

greater challenge.

Although there is well established theory for Schottky barriers55(these concepts are 

explained further in chapter 2), deviations are mostly nanoscale effects such as edge current 

crowding, barrier inhomogeneity, impurities and surface adsorbates which all have 

substantial influence. For nanoscale systems these effects become even more dominant
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when the surface, bulk and contact properties all become one entwined system19,21,54 and 

all are highly dependent on preparation methods. A prime example to ease these 

fabrication difficulties is the catalyst particle that resides on top of vapour phase grown NWs 

which provides individual ready-made contacts to the NW tips, the array as a whole can use 

the growth substrate as a back contact. Here we have a bottom-up semiconductor device 

complete with contacts, although little is known about the electrical behaviour of the metal- 

NW interface and the NW-substrate interface.

A major hurdle is the difficulty in approaching and contacting the free standing vertical NWs 

<100nm diameter and measuring only the catalyst particle interface. One study achieved 

this with a probe tip installed in a Scanning Electron Microscope (SEM) and found the Au 

catalyst interface to Ge NWs21 to become more conductive as the NW diameter reduces 

below 50nm. However it is also known the Au catalyst particle on ZnO NWs can vary 

considerably in size independently from the size of the NW58 but this anomaly has not been 

considered in theoretical or experimental analysis of NW contacts. Here we consider this 

behaviour through growth experiments (Chapter 5), structural analysis at an atomic level 

(Chapter 6) then building on this knowledge, electrically through measurement and theory 

(Chapter 7). The range in proportions of catalyst particle an NW diameter is applicable to 

many NW materials during high temperature growth, for example GaAs59. Formation of 

metallic nanodots or nanocontacts on planar substrates results in less than ideal Schottky 

behaviour and this effect becomes more dramatic as the scale is reduced. Tunnelling, edge 

effects, and leakage currents all can contribute to deteriorate the rectifying barrier.60-63

Investigations here aim to complete our understanding of Au-NW contacts in the regime 

where the contact is smaller than the NW diameter (Chapter 6 for TEM analysis). This was 

achieved by initially tailoring the growth procedure to produce NWs suitable for devices or 

electrical measurement of individual NWs. Atomic analysis was then conducted using 

advanced transmission electron microscopy techniques to examine the bulk and interface 

structure to confidently allow the correct analysis of the electrical measurements. 

Nanoprobe experiments initially revealed the true 'bulk' NW resistivity (Chapter7), over a 

range of diameters from 40nm to 160nm, comparing NWs of different growth methods. Au 

contact properties were then measured with the nanoprobe over a range of Au catalyst 

particle sizes from 37-59nm and compared to Au contacts deposited onto catalyst-free
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vapour-solid grown NWs. The results that are fully discussed in Chapter 7 have significant 

impact on many devices currently being investigated for the future electronics market.

1.11 Scope
This thesis spans many techniques which combine in a thorough investigation of Vapour 

Phase ZnO NWs grown with and without Au catalyst and those grown by a hydrothermal 

method (Chapter 5). The structural properties were examined at atomic levels (Chapter 6) 

and bulk electrical properties measured, together they allowed the analysis and modelling 

of the first measurements comparing ZnO NWs with fabricated and as-grown catalyst Au 

contacts (Chapter 7). The results reveal behaviour which depends directly on the nanometre 

size of the contacts and the NWs. Measurements were performed with Transmission 

Electron Microscopy (TEM), high resolution Scanning Transmission Electron Microscopy 

(STEM)15 and the most comprehensive use of the Nanoprobe64 on NWs.

To correctly characterise and interpret the contact measurements it was necessary to relate 

NW growth phenomena to detailed Electron Microscopy inspection of the NWs and the 

electrical interfaces. Possibilities such as Au diffusion into the NW, large variations in 

properties across growth methods, and crystallographic defects can all greatly affect the 

mechanisms attributed to the results. Therefore great care was taken to analyse the NWs 

down to the atomic level before narrowing the applicable theories and refining traditional 

models.

1.11.1 NW growth
To compare NWs across growth methods ZnO NWs were grown by carbothermal Chemical 

Vapour Deposition (CVD) and high-pressure high-temperature hydrothermal processes. The 

techniques are described in Chapter 4 and the results are shown in Chapter 5. Vapour-phase 

methods were used with and without a metal catalyst, the products were compared and 

then NW structures tailored for the measurement experiments, in particular to obtain:

•  Vertically aligned high quality defect free NWs

•  Density control to allow probe access

•  As-grown Au catalyst particle and post-growth fabricated electrical contacts

•  NWs suitable for high resolution electron microscopy analysis
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1.11.2 Electron Microscopy
Electron microscopy was used to characterise individual NWs and cross-section samples of 

NW arrays from the optimum growth experiments. Individual NWs were transferred to 

suitable support grids for TEM and STEM analysis as discussed in Chapter 4.

TEM analysis studied the composition and crystallographic properties of the individual NWs 

both for defects, crystal orientation and the interface formed by the Au contacts. These 

results (Chapter 6) formed the preliminary work for high resolution STEM which aimed to:

•  Identify any Au incorporation into catalysed ZnO NWs

•  Study the interface with the catalyst particle at an atomic level to reveal any 

interface diffusion, interfacial layers, abruptness and crystallographic relationships

•  Compare results to NWs grown without catalyst

•  Ensure accurate imaging and interpretation of results with simulations of individual 

Au atoms within the ZnO matrix performed with the QSTEM simulation suite65

1.11.3 Nanoprobe
Firstly the nanoprobe was employed to extensively study the bulk electrical conduction 

properties of NWs grown by the vapour phase techniques, with and without Au catalyst, and 

those grown by the solution based method. A comprehensive set of multiple four-probe 

measurements on individual ZnO NWs is presented in Chapter 7 which allows comparison of 

electrical properties across growth methods and NW size. Using the detailed electron 

microscopy it was possible to confidently apply appropriate theories to the four probe bulk 

measurements and the two-probe measurements taken of as-grown and deposited Au 

contacts on vertical free standing NWs. The main aspects of the work are:

•  Multiple Four probe measurements on a total of 40 NWs of Catalysed, Catalyst-free, 

and Hydrothermal growth methods

•  Two-probe current voltage measurements of the local Au-ZnO N W interface

•  Modelling of the contact behaviour combining well established theory of Schottky 

contacts with nanoscale effects to determine the interface transport properties
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1.12 Objectives, results and achievements
The main objectives of the work were:

•  Vapour phase NWs with and without catalyst for device fabrication, dense vertical 

arrays of long NWs on electronic device compatible substrates with a top contact

•  Vapour phase NWs with as-grown and fabricated Au contacts for free-standing 

electrical measurements, low density NWs orthogonal to the substrate with 

identifiable contacts

•  Thorough crystallographic and compositional characterisation of Vapour phase and 

hydrothermal NWs, with and without Au contacts

•  Atomic compositional analysis of Au catalysed NWs to reveal Au impurities and 

inspect the structure of the interface

•  Refine the known electrical conductivity properties of ZnO NWs and compare various 

growth methods and analyse the effect of morphology

• Refine our understanding of electrical contacts to NWs and analyse relationships 

with NW diameter, contact thickness and contact diameter

The main results were the equivalence electrically of NWs from different growth methods 

with bulk properties that are dominated by the surface, the Au catalysed NW contact 

behaviour, from Ohmic to rectifying, can be controlled by the contact size. The main 

achievements of this research are summarised below:

•  High quality, high density vertical NW arrays on a range of conducting substrates

•  Fabricated top contacts either individually to each NW or one complete layer formed 

to the entire array

•  Density control of vertical Au catalysed NWs with the ability to choose whether Au 

catalyst particles were present on the NW tips

•  Thorough TEM and EDX characterisation of Vapour phase and hydrothermal NWs 

which revealed single crystal defect free NWs

• TEM analysis of as-grown and fabricated Au contacts

•  Atomic resolution STEM analysis which reveals no Au impurities within the NWs and 

an abrupt interface with the catalyst particle providing an intimate contact

35



•  STEM analysis was justified by multislice simulations which reveal contrast increases 

of up to 20% from one Au impurity within ZnO -  this result makes ZnO different from 

most Au catalyst-assisted semiconductor NWs which can suffer from substantial Au 

incorporation

•  Successful application of the Nanoprobe technique to NWs as thin as diameter 40nm 

with multiple four probe resistivity measurements on each NW at different 

separations, in total 40 NWs were measured, this is the largest known dataset for 

any nanostructure using the Nanoprobe, results show the resistivity is diameter 

dependent increasing as the NWs become thinner, the three growth methods 

produce equivalent NWs and the magnitude of resistivity can vary by 2 orders of 

magnitude due to the shifting balance of doping and surface properties

•  Fabricated Au contacts on vertical vapour phase NWs with Au thickness from 10- 

60nm are dominated by an Ohmic surface conduction mechanism which produces 

linear, near Ohmic l-V characteristics regardless of NW size, free standing NWs were 

measured by the two-probe technique using the Nanoprobe

•  Similar experiments of Au catalysed NWs with distinct Au particles on the top facet 

show contact size dependent transport behaviour, contacts above 50nm are 

rectifying, as the particle reduces to below 40nm the contact becomes Ohmic 

because a contact size-reduced depletion region leads to transport dominated by 

edge tunnelling
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Chapter 2

2 M aterial properties and Fundamental Concepts

This chapter introduces the fundamental concepts that are crucial to the experiments 

carried out.

a) The production of NWs is crystal growth and is expressed by the science of 

Crystallography. This subject defines specific crystal structures which determine the 

properties of a material and provides insight into the rules governing crystal growth. 

The aim of single crystal growth is a perfect crystal which is free from defects. When 

crystal growth is considered as the building up of a structure one atom at a time we 

can start to appreciate the complexity of the subject and the difficulty in controlling 

the process. This is relevant to the results presented of NW Growth (Chapter 5) and 

Electron Microscopy Analysis (Chapter 6).

b) The crystals grown are analysed by electron microscopy (Chapter 6), in particular 

transmission electron microscopy which is governed by fundamental laws of physics. 

The electrons which traverse through the crystalline material undergo specific 

deflections which can reveal many details of the sample.

c) The electrical measurements and all electrical devices rely on electrical contacts 

(Chapter 7). We must form electrical contacts to the NWs in order to measure their 

properties. Therefore this chapter also details the background of metal- 

semiconductor contacts.

2.1 Crystalline ZnO: properties and growth

A large amount of the recent interest in ZnO is due to the large exciton binding energy of 

60meV which promises to allow efficient room temperature emitters and very low threshold 

lasers.53 Spintronics is also a modern application of ZnO due to the possibility of 

ferromagnetism at room temperature5 which has been shown with Mn doping66. A large 

piezoelectric coupling coefficient of ZnO has also led to great interest in energy harvesting 

applications.29 All of these properties and possibilities are rooted in the crystal structure of 

the NWs.
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The properties of bulk ZnO that are of interest to the materials investigated in this thesis are 

listed below, in particular for wurtzite structure ZnO:

Physical property Electrical Property

Lattice constants5,23 a=3.25A c=0.52lA Relative dielectric 

constant23

8.66

Density23 5.606g/cm3 Band gap5,23 3.3-3.4 eV direct

Melting 2248 K Intrinsic carrier <106 cm'3

Temperature5,23 Concentration23

Young's Modulus5 111.2 GPa Exciton Binding

5,23energy '

60 meV

Thermal -1 .3  W/mK Electron relative 0.24

Conductivity5 effective mass23,67 

Hole relative 

effective mass23 

Richardson 

constant68,69

0.59

32xl04 A /m 2K2

2.1.1 Crystal Structure
Zinc Oxide is an inorganic ll-VI semiconductor compound of Zinc and Oxygen which 

crystallises into three possible structures, wurtzite, zinc blende and rock salt. The wurtzite 

structure is a hexagonal crystal with two interpenetrating hexagonal close packed (HCP) 

sub-lattices one of each atom with four like atoms forming a tetrahedron. This structure 

results in each anion surrounded by four cations and vice versa, see Figure 3. The cubic 

forms of ZnO are the zinc blende structure and the rarely observed rock salt structure.5,67

Under normal ambient conditions the thermodynamically stable phase is wurtzite which is 

used for most applications. The wurtzite unit cell due to the symmetry of the hexagonal 

arrangement is defined by two lattice constants a and c, as shown in Figure 4, the third 

lattice constant in the basal plane is equal to a. Wurtzite ZnO belongs to point group 6mm 

or C6v and space group C|v or P63mc. The lattice constants a=3.252A and c=5.213A with
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ratio c/a~1.6 is close to the ideal wurtzite structure of ratio 1.633.5

Figure 3. The w u rtz ite  structure displays the  diatom ic close packed layers

Figure 4 shows the structure consists of triangularly arranged atoms which alternate as 

diatomic close-packed (0001) planes. The stacking sequence of the (0001) plane is 

AoBbAaBo in the (0001) direction and possesses no inversion symmetry which is the source 

of the crystallographic polarity. The crystal is Zn polarity when the bonds are along the c 

direction from cation Zn2+ to anion O2 and the bonding is largely ionic.5,70 This indicates the 

direction of the bonds in (0001) wurtzite basal planes differ from those of (0001).5,67

Zn

Zn

7.n
Zn Zn

Figure 4. Schem atic representation o f the w u rtz ite  ZnO structure w ith  lattice constants a in the  basal plane and c in 

the  basal d irection. The u param eter is the  bond length or nearest neighbour distance b divided by c. a and 3 are the  

bond angles 109 .47 ° in an ideal crystal. Reproduced 5.

The lack of inversion symmetry and polarisation of the bonds results in the piezo- and pyro­

electric properties. The polar surfaces of ZnO, most commonly the (0001), are an important 

feature of the typical growth structures possible with ZnO. The polar planes terminate in 

positive Zn lattice sites (0001) and the other in negative O sites (0001) creating charged 

surfaces. This results in a normal dipole moment and spontaneous polarisation along the c-
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axis as well as divergence in surface energy. The divergence in surface energy can induce in 

some materials massive surface reconstruction or faceting to maintain a stable structure. 

However, ZnO ±(0001) polar surfaces are exceptions being atomically flat or with single 

atomic steps. Examination on the atomic level by detailed Scanning Tunnelling Microscopy 

(STM) studies revealed 0 islands on the Zn terminated plane.71 The stability of the (0001) 

polar surface makes growth along [0001] desirable.5,72

(0001)

{0111}

{0110}

(0001)
Figure 5. G row th  habit o f an ideal ZnO crystal. Reproduced

ZnO exhibits three fast growth directions (2 ll0 ) ,  (0110) and ±[0001] which compete in 

the growth environment. The dominant direction and crystal morphology are determined by 

the relative surface activity of each crystal facet. In the correctly balanced conditions, after 

an initial period of nucleation and growth, the structure will develop into a well-defined 3-D 

object with low index crystallographic faces. Structures tend to maximize the { 2 l l0 }  and 

{0110} facets as these are non-polar with lower surface energy than the {0001} facets.

This produces the well-known NW crystal morphology which is an elongated hexagonal 

shape growing along [0001] (Figure 5).5'72 Nanobelts are a prime example of a structure 

dominated by the polar {0001} facets and thus exhibit strong deformation to minimise the 

polar surface area which can result in nanorings and nanohelixes as the structure attempts 

to interface the two polar surfaces.46,73

2.1.2 Lattice match
To grow crystals from the gas phase a target substrate is usually necessary. The substrate 

provides a preferable nucleation site for growth which is the seed of the structure. This is 

the most crucial stage in the growth development and is largely influenced by the substrate. 

Usually a substrate with similar crystal structure to the desired product is used, however in 

some instances this is not possible for compatibility reasons, e.g. high temperature growth,
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Silicon based devices. A large crystal lattice mismatch of the desired growth with the 

substrate results in a high strain energy which is unstable. To reduce the system energy 

lower strain growth forms develop and the original structure and morphology is lost. ZnO 

NWs are the product of the [0001] fast growth direction, however when using poorly 

matched substrates such as Si the NW growth is not the boundary with lowest energy. This 

can cause NWs to lose coherence with the substrate and point in random directions or 

produce entirely different structures.35

The ZnO wurtzite crystal structure and cubic Silicon inevitably creates a large lattice 

mismatch which makes high quality NW growth difficult. To eliminate the lattice mismatch 

growth has been extensively studied on hexagonal substrates such as GaN with 1.8% 

mismatch and SiC with 3.5%.5 GaN has a wurtzite crystal structure like ZnO and very similar 

lattice constants which make it a much better choice for vertically aligned growth on a 

conductive substrate which is suitable for electronic devices, rather than Silicon or metals.23

Silicon on the other hand is very cheap, recyclable, abundant and one of the most important 

semiconductors. When using Silicon the influence of the substrate structure on the resultant 

growth must be removed. This allows the desirable properties of Silicon, such as well- 

defined doping, to be used in conjunction with the NWs.

2.1.3 Silicon substrate for ZnO NW growth
The atomic structure of silicon is displayed by the diamond cubic lattice structure with each 

silicon atom having four bonds to each of its four nearest neighbours. This forms the 

tetrahedral relationship shown by the dark spheres in Figure 6.74,75

(001)

(lOO)

Figure 6. Face-centred unit cell o f Silicon (R eproduced8) and the  M ille r indices fo r th re e  im p o rtan t planes o f a cubic 

crystal. Reproduced250.
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The lattice constant of Silicon is the cube side length a=0.543nm shown in Figure 6.5 The 

three most important planes of low miller indices associated with cubic crystals are shown 

in Figure 6. This cubic system is also relevant to metals such as Au, W, Nb and Cr used as 

substrates in growth experiments.

Lattice mismatch is a simple calculation comparing the two lattice constants of each unit 

cell,

mismatch = (a^  ~ a-ŝ t-e- x 100
^substrate

where aZno and a SUbstrate are respectively the lattice constants of ZnO and the substrate. ZnO 

NWs grown on Silicon are generally tilted with dramatically longer growth in a diagonal 

direction; this is consistent with incoherent fast growth directions.5,35

2.1.4 Sapphire substrate for ZnO NW growth
The epitaxial growth of ZnO on sapphire substrates has been widely investigated both on 

the a-plane and c-plane of sapphire as it is inexpensive compared to GaN and SiC. The 

atomic structure of sapphire is displayed by the structure of Chromium sesquioxide Cr20 3 

with two molecules in the rhombohedral unit cell, four A l3+ions and six O2- ions, Figure 7. 

Rhombohedra can be considered as a cube stretched along one diagonal and having six 

identical faces and when viewed from above the three fold symmetry becomes apparent. 

From the Bravais lattice rhombohedral unit cell it is difficult to visualise the larger hexagonal 

unit cell which contains 12 Al and 18 0 atoms which is more appropriate for comparison to 

ZnO.76

Figure 7. The rhom bohedra! unit cell o f Sapphire (A l20 3) and th e  larger hexagonal unit cell
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The rhombohedral unreconstructed cell of sapphire (Figure 8a) viewed along the [0001] 

direction is the basal c-plane perspective. The oxygen anion positions can be approximated 

so they form a hexagonal closed packed lattice with a=4.757A and c=12.983A.77 The planes 

and directions of the hexagonal unit cell are also shown (Figure 8b). The unit cell consists of 

six close-packed (0001) planes of O anions sandwiching 12 planes of Al cations occupying 

two thirds of the octahedral interstices with a slight shift along the c-axis. The crystal has 

largely ionic bonding and the (0001) surfaces are oxygen terminated. All common planes 

employed for epitaxy are non-polar including (0001).

C plane

Figure 8. a) Basal c-plane perspective o f the sapphire unreconstructed rhom bohedral unit cell. R eproduced7 . b) Sapphire  

hexagonal un it cell showing the  relevant directions and planes. R eproduced78.

Sapphire substrates are commonly used for the epitaxial growth of ZnO primarily on the 

(0001) basal c-plane and the (1120) a-plane. The large c-plane lattice mismatch even after 

reducing by a 30° in-plane rotation is ~18% and ZnO films display a large proportion of 

mosaicity, high residual carrier concentrations and low mobility.5 The rotation occurs for the 

ZnO axis relative to the Sapphire axis to reduce the induced strain. In the idealised case 

ZnO[1120] || [1120]AI2O3 but due to preferential bonding of Zn to sapphire O in-plane 

rotation domains are seen and the ZnO m-plane (lO lO ) normal aligns with the normal of 

the sapphire a-plane (1120) shown in Figure 9.5,79 These problems are eliminated by 

growing the films on the a-plane such that ZnO(OOOl) || (1120)AI2O3 and ZnO(1120) || 

[0001]AI20 3.1819

The a lattice parameter of ZnO relates by nearly exactly a factor of four to the sapphire c- 

axis, giving a mismatch of 0.08%.37 Therefore ZnO NWs can grow epitaxially from the 

(1120) a-plane and display very good vertical alignment. The mismatch can be calculated 

with sapphire c =  12.99A and ZnO a =  3.252A multiplied by a factor of four. In comparison
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ZnO [1010] 

Sapphire [1120]

  ZnO

----------Sapphire

Figure 9. Schematic diagram of the resulting epitaxial relationship of ZnO (0 0 0 1 ) grown on Sapphire (0 00 1 ). Reproduced5.

the mismatch of the sapphire c-plane to ZnO c-plane can be calculated with a =

ZnO and a = 4.757A for sapphire ~32% before the in-plane rotation.5

ZnO [1210]

Sapphire [1100]

A

3.252A for

The problems associated with poorly matched substrates can affect the properties of the 

NWs displayed by a reduction of buckling and mechanical strength.81 Sapphire is an 

insulating material which is not appropriate for many electronic devices therefore growth 

has been extensively studied on better matching substrates such as GaN. Also ZnO itself has 

been used as a buffer layer on sapphire and silicon to provide an exact lattice matched 

substrate to ensure alignment of the epitaxial growth of NWs.81-83

2.1.5 Buffering ZnO growth from the substrate
ZnO used as a buffer layer can provide an exact lattice matched substrate to ensure 

alignment of the epitaxial growth of nanorods or NWs.84'85 To buffer the crystal growth from 

the substrate a very thin seed layer or much more substantial buffer layer can be formed 

depending on application and growth method. A seed layer aims to deposit a thin (~10nm) 

layer of very small ZnO crystallites which can physically align the (0001) planes with the flat 

substrate regardless of crystallinity.83 A buffer layer aims to form a much thicker film 

(>50nm) again c-axis orientated but some crystalline relationship may exist at the substrate- 

layer interface. Seed layers are usually preferred for hydrothermal nanorod growth81 with 

easy patterning and vertical growth on any substrate86. Regardless of the growth method 

used the product must be inspected for crystallographic structure and quality, this cannot 

be assumed.
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2.2 Crystallographic analysis
There are a number of ways to inspect the structure of crystals which use electrons or x- 

rays. The most common methods are X-ray Diffraction (XRD) and Transmission Electron 

Microscopy (TEM). XRD is most useful for analysing bulk or powder samples, such as thin 

films. In this instance x-rays directed at the sample interact with the crystal structure and 

the diffracted x-rays are detected. TEM is only useful for 'thin' samples usually <100nm  

thickness which can be suspended on a small grid which makes it very applicable for 

studying nanostructures.

TEM is very appealing as the sample is directly imaged and displayed on a screen during 

analysis and the sample can be rotated to align features and crystal planes with the beam. 

The image is formed after the electron beam passes through the sample and some electrons 

interact with the crystal lattice. These interactions determine the image that is formed with 

the post-specimen optics defining the electrons that are collected. Interactions and 

scattering are extremely complex and a brief introduction is provided here.

2.2.1 Transmitted Electrons
Electrons incident on a thin sample can undergo one of three major interactions87:

1. Pass straight through the sample undeflected and with no energy loss

2. Pass through the sample and be deflected by the specimen lattice with no energy 

loss, this is known as elastically scattered

3. Lose a significant amount of energy and probably deflected from its original 

trajectory, known as inelastically scattered, which can result in a secondary emission 

such as secondary electrons or x-rays

The unscattered electrons are separated from those that are scattered by more than a 

selected angle defined by the objective aperture. The objective aperture is inserted into the 

back focal plane and is a key component to forming an image in a TEM. The three limits on 

TEM resolution (diffraction, spherical aberrations and chromatic aberrations) are all highly 

dependent on the objective aperture angular size. For normal imaging the objective 

aperture is chosen as a compromise to balance these effects and to allow the assumption 

that no energy is lost by the collected electrons. For lattice images of crystalline materials a

45



large aperture allows phase contrast where the diffracted beam and unperturbed beam 

interfere revealing the fine structure of the atomic lattice.87,88

The number of unscattered electrons dictates the brightness and so thicker or dense heavy 

element regions appear darker. The electrons are scattered over an angular range 

depending on the mass and density of the sample. Crystalline materials diffract the 

electrons in well-defined particular directions and cancel in others. Most of the scattered 

electrons will travel in specific directions at twice the Bragg angle 0 B. The intensity and 

direction of unscattered and diffracted electrons is dependent on the orientation of the 

crystal presented to the beam and the thickness of the sample. The undeflected electrons 

makeup the bright field image while the scattered or diffracted electrons are the dark field

iw t^ /rn  87,88image.

2.2.2 Scattering of the electron beam
Electron scattering occurs when the primary electron beam interacts with the specimen. 

Scattering can occur with virtually no energy loss, elastic scattering, or with a significant 

measureable loss, inelastic scattering. The probability of a scattering event is usually 

expressed as a scattering cross-section a, or mean free path X. The scattering cross-section 

is the area which scattering particles present to the incoming electron. The mean free path 

is the average distance between scattering events.88-90

One scattering event whilst passing through the sample is termed single-, more than one is 

plural-, and many is multiple-scattering. Electrons that have not been scattered or 

singularly-scattered are of most interest in TEM/STEM analysis and imaging. For most TEM 

analysis the mean free path is roughly equal to the sample thickness.89,90

Elastic scattering occurs with a deflection to the electrons path but with no detectable 

energy change. This Rutherford scattering is from Coulombic interaction with a specimen 

atom and results in an intense forward peaked energy distribution such that an electron 

beam with incident energy E0 has probability of being scattered through an angle 0 of

p(0)oc
Ejsin 0

Scattering by a single atom occurs according to this equation. As the beam energy increases 

scattering to higher angles decreases which is important for diffraction and dark-field
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analysis as well as the contrast of bright-field imaging. The specimen itself also dictates the 

number and type of scattering events that occur.89,90

Inelastic scattering occurs with some appreciable energy loss and possibly some change in 

direction. These energy losses are the basis for a number of analytical techniques such as 

Electron Energy-loss Spectroscopy (EELS) and Energy Dispersive X-ray spectroscopy 

(EDX).88,90

2.2.3 Diffraction of electrons
Diffraction patterns are the spatial variation in electrons after scattering events on passing 

through the specimen. The pattern gives information about the arrangement of atoms 

within the sample. Elastically scattered electrons are the major contributor to the signal of 

diffraction patterns. However in a specimen of many atoms there is strong interaction of 

scattered electrons from different atoms and so the atomic arrangement dictates the 

pattern. This pattern is regular for crystalline materials which we consider here and is a 

measure of the crystal structure. Diffraction is described by Bragg's law.88,90

2.2.4 The Bragg Angle
Bragg's law describes the distribution of scattered electron waves that are in phase. The 

waves in phase will lead to a strong local electron beam. Waves out of phase will not 

reinforce and may cancel. The primary electron beam interacts with the sample and if the 

path lengths of the scattered electrons differ by an integral number of wavelengths n they 

will be in phase. This leads to the relation 2dsin0=nA, where d is the interplanar/column 

spacing of the atoms and can be expressed in Miller indices, n is the order of diffraction for 

which only the first order is usually considered and 0 is the Bragg angle. The Bragg angle is 

the angle of scatter relative to the lattice column at which constructive interference of 

diffracted electrons from successive lattice planes occurs, it is not the divergence angle 

emerging relative to the sample. To gain the most crystallographic information the sample is 

aligned with the beam near parallel to the lattice planes of interest i.e. crystallographically 

on-axis. 0 is usually very small and sin0~0 and in practice only the planes near parallel to 

the beam will show strong diffraction. This simplifies diffraction patterns greatly, however, 

the accuracy of lattice measurements using this condition is only within a few degrees as 

diffraction can occur at up to five degrees from the Bragg angle.90
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Figure 10. Diagram depicting the  Bragg angle and the  electrons in itially in phase undergo d iffe re n t in teractions and m ay  

suffer a phase change and e ither constructively or destructively in terfe re  which depends on the  in terp lan ar spacing and 

w avelength  o f the  beam . The spacing b etw een  d iffe ren t atom ic planes and atom s affects the  phase change and can 

provide in form ation on this arrangem ent. R eproduced251.

2.2.5 The reciprocal lattice
From geometric considerations the electron diffracted through the angle of 20 will be a 

distance r from the unperturbed trajectory on the TEM image with roc i / d .  The constant of 

proportionality is the camera constant which is dependent on camera length allowing d to 

be calculated directly from diffraction patterns. The digital diffraction images produced by a 

modern TEM generally are expressed in terms of the reciprocal lattice which gives the 

spacing as l / d  and units nm 1. The reciprocal lattice provides a powerful way of 

constructing a scaled diffraction image of a unit cell section by expressing the dimensions of 

the structure in the reciprocal form. Or alternatively a diffraction pattern of a single crystal 

specimen is the equivalent of a magnified planar section through the reciprocal lattice 

normal to the beam direction.88,90

2.2.6 Diffraction Patterns
In the case of single crystal materials the perfect planar structure diffracts electrons at 

repeating separations from which the exact formation of the unit cell can be calculated. 

Polycrystalline materials may feature diffraction patterns from several grains of different 

orientations and so the pattern can form rings. Certain planes in crystalline materials diffract 

in such a way that destructive interference will occur, these are forbidden reflections and do 

not usually appear in diffraction patterns. Diffraction patterns can be gained from very small 

regions of the specimen which allows individual grains or nanostructures to be analysed.89,90

Diffraction of electrons is used to identify defects within crystalline specimens. Crystal 

planes parallel to the beam will diffract most strongly and those tilted to the beam will not
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diffract as much and appear brighter in the image. Buckled or strained samples will for this 

reason show dark regions or contours and subsequent fringes. Defects have various contrast 

mechanisms in bright and dark field images and are discussed with the TEM image 

analysis.87,89,90 The high quality NWs produced with the aid of the aforementioned 

techniques allowed further electrical analysis.

2.3 Metal-semiconductor contacts

Electrical devices and measurements are entirely dependent on the behaviour of the 

electrical contacts formed. The contact formed at the NW tip with the top Au contact is of 

fundamental importance for array devices and not limited to ZnO NWs. The behaviour of a 

contact is a result of the interface formed between the metal and the semiconductor 

surfaces and material properties.

Metal-semiconductor contacts have great importance in direct current and microwave 

applications and in analysis of fundamental physical properties and so have been extensively 

studied.68 Figure 11 shows the energy band diagrams of an ideal metal-semiconductor 

interface. A built-in voltage Vbi appears at any interface of two materials with different work 

functions/electron affinities where <J)m and <j)s are the work functions of the metal and 

semiconductor respectively, and Xs is the electron affinity of the semiconductor. The mobile 

electrons in each material have different potential energies and redistribute around the 

junction to bring equilibrium. For these two interfacing materials the energy bands are 

offset at the junction (Ec and Ev denote the potential energy of the semiconductor 

conduction band minimum and valence band maximum). Both the built in voltage at the 

junction and the resulting band offset are related directly to the potential energy barrier 

formed which is a material constant, 4>b see Figure 11a. Therefore, metal-semiconductor 

interfaces are classified as heterojunctions in qualitative terms although this is usually used 

to refer to a junction between two different semiconductors.75

Schottky assumed the shape of the potential barrier is determined by a uniform space 

charge due to ionised impurities, this conforms fairly well to practice. For this reason, metal- 

semiconductor contacts are usually referred to as Schottky barriers and those with 

intentional rectifying behaviour as Schottky diodes. The impurities can be dopants or 

stoichiometric variations, for n-type semiconductors shallow donors provide the charge
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carriers.55
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Figure 11. Band diagram s showing fo r an n-type sem iconductor a m eta l-sem iconductor contact, in clockwise order, a) 
therm al equilib rium , b) reverse bias and c) fo rw ard  bias. R eproduced252.

There are two main categories of metal-semiconductor contacts, rectifying contacts known 

as Schottky diodes and low resistance Ohmic contacts, depending on characteristics of the 

interface. Schottky diodes are similar in l-V characteristics to a P-N junction but differ as 

they operate with a single carrier (majority) type. Ohmic contacts have linear l-V 

characteristics.75,91 Discussion here is centred around the majority charge carriers of 

electrons due to the n-type characteristics of ZnO.

Figure 11a shows the metal to n-type semiconductor contact in thermal equilibrium where 

the barrier for the electron on the metal side is 4)b and on the semiconductor side is V bi. This 

simplified model represents the ideal case with no surface states affecting the interface 

charge equilibrium. There is charge redistribution when the metal and semiconductor are 

brought together with electrons passing from the semiconductor into the metal. This leaves
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a negative charge on the metal surface and positive charge in the semiconductor (Figure 

11a). Uncompensated donors in the semiconductor leave a space-charge known as a 

depletion region known which extends a distance W from the junction and is represented by 

the upward band bending in the diagrams. It is evident the barrier height relative to the 

Fermi level (EFS and EFM for semiconductor or metal respectively) must be (J>b =(j)m -%  where

cj)m is the metal work function and x is the semiconductor electron affinity, this is known as 

the Schottky-Mott theory.55

Applying a negative voltage V to the metal with respect to the semiconductor (positive 

voltage to semiconductor) lowers the Fermi level of the semiconductor below the metal 

Fermi Level Figure l ib ,  increasing the potential across the contact and extending the 

depletion region. Both of these effects increase the electric field at the contact. Electrons 

from the semiconductor are prevented from moving through the contact due to the 

increased energy barrier in the depletion layer.75,91

The forward bias is shown in Figure 11c, applying a positive bias to the metal raises the 

semiconductor Fermi level. This reduces the barrier for electrons on the semiconductor side. 

In all situations the barrier height to electrons on the metal side is constant if ignoring image 

force lowering, tunnelling, interface states and interfacial variations. The decrease in electric 

field across the contact in forward bias occurs only in the semiconductor interface region 

due to the much greater resistance of the depletion region and the semiconductor material 

compared to the metal.75,91
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Figure 12. Typical rectifying l-V characteristics o f a nanostructure showing the  high current in fo rw ard  bias and m inim al 

current in reverse until the barrier is overcom e and the  breakdow n voltage is reached. R eproduced239.
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The result of the much greater resistance to electrons from the semiconductor in reverse 

bias gives much less current across the contact and produces rectifying l-V characteristics, 

Figure 12. The depletion region that is constant at zero bias extends further into the 

semiconductor with increasing reverse bias and contracts under forward bias which 

compensates the positive charge near the interface. The remaining positive charge in all bias 

cases is the space charge depicted by the upward band bending in Figure 11. In the zero-bias 

condition depletion regions can extend up to micrometres into the semiconductor which 

dramatically reduces its conductivity.75'91

Ideal surfaces have surface states where the crystal lattice is terminated. Surface states can 

result in energy states within the bandgap which are drawn from the valence or conduction 

band reducing the density within these bands. These states must be filled by electrons if the 

surface is to remain electrically neutral. Below this neutral level the states are donor- 

like(positive when empty) and above acceptor-like (negative when filled).55 These surface 

states can be thought of as the free dangling bonds at the surface due to unpaired electrons 

which can act as a donor giving up its electron or as an acceptor and accept an electron.55 

Due to these inner-band states the surface can act as a trap removing carriers from the bulk, 

Figure 11a.92 Dangling bonds, surface defects and adsorbed ions can all cause energy levels 

in the band gap and when these are filled the result can be surface depletion or 

accumulation.93 The presence of these states and surface charge can result in Fermi-level 

pinning which can greatly affect contact barrier formation which no longer is determined by 

the metal and semiconductor work functions.94

2.3.1 Fermi-Level pinning
Negative charge trapped at the semiconductor surface must be balanced by a positive 

charge in the space charge region. The surface charge is defined by the position of EFS with

regards to the surface charge neutrality level <|>0. The charge neutrality level is the level to 

which surface states need to be filled with electrons to render the surface neutral. Surface 

states are assumed to be filled up to EFS, in the 'absolute-zero' approximation. At zero bias

the Fermi level in the semiconductor EFS coincides with the Fermi level of the metal and is

constant throughout the barrier region. When the charge neutrality is below the Fermi level 

the surface states must hold a net negative charge which increases the built-in voltage,
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increases the barrier height and depletion width. When (|)0 is above the Fermi level the 

surface states hold a net positive charge decreasing (j)b and V bj (see Figure 13) The occupancy 

of the surface states creates a dipole with an image charge in the metal. As the surface 

states are occupied further the effect on V bi increases and drags EFS towards (|)0 and when the 

density of states is high enough they become approximately equal.95 In this situation the 

Fermi level is constant throughout the semiconductor and band bending at the surface is 

due to surface states inducing charge redistribution. The barrier height then becomes 

approximately

4>b « Eg -  4>0

where Eg the semiconductor band gap, and the barrier is pinned by the high density of 

surface states.55 EFS is pinned to (j)0 , and the barrier has become independent of the metal.

In simple terms if the density of surface states is high enough they have an overriding 

influence on the band bending and the barrier formed. Energy states can also occur due to 

the union of the metal and semiconductor and are known as interface states that can 

similarly pin the barrier.

a Vacuum 
Level

Figure 13. The diagram  a) depicts th e  free  sem iconductor surface w ith  surface states filled up to  <)>0 th a t induces a 

read justm ent o f charge and surface band bending, b) the  barrier height <J>b and built in voltage V bl can be determ in ed  

before  an in terface is fo rm ed  w ith  the  m eta l a lthough fu rth e r  ad justm ent o f charge due to  in terface  states can affect  
this.

2.3.2 Depletion Width
The potential barrier induces a region in the semiconductor depleted of n-type charge 

carriers. In conventional diodes the width of the barrier is expressed as

eV,
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Where £sr is the relative permittivity of the semiconductor, e0 the permittivity of vacuum, Vbi 

is the built in voltage, q the charge of an electron and Nd the doping concentration. qVbj is 

the energy between the conduction band minimum in the semiconductor bulk and the 

barrier maximum i.e. a measure of band bending at zero bias. The depletion width is 

normally discussed for a Schottky barrier in terms of the zero-bias width, used from here 

onwards unless stated as 'bias-dependent'.

2.3.3 Conduction mechanisms across a Schottky barrier
There are four mechanisms, described below, for charge carriers to traverse the barrier and 

must satisfy the total current density of electrons from semiconductor to metal

j =  j - j
sm ms

The barrier from the metal side is constant and the current density from metal to 

semiconductor Jms is included as a thermally excited contribution to provide zero current at 

zero bias, although under forward bias the dominant electron flow is from semiconductor to 

metal.

Therm ionic emission  - electrons are thermally excited to an increased energy and they 

can surmount the barrier. The current density can be expressed by the saturation current 

and the current from applied forward bias

J =  A  *  * T 2e x p (—q<|>b /  kT )[ex p (q V  /  kT) - 1 ]

In reality the barrier height determined from experimental data must be considered an 

effective barrier height <J)e and thermionic emission requires a fitting parameter known as 

the ideality factor n. In such cases we have

j  =  A  *  * T 2e x p (—q<|>e /  kT )ex p (q V  /  n k T ) [ l—exp (—q V  /  kT)]

Where T is the temperature, q is the electron charge, k is the Boltzmann constant, A**is the 

modified Richardson constant and n is the ideality factor which can be used for diodes 

exhibiting non-ideal thermionic emission i.e. n> l. Values of n deviating from unity can 

indicate a variety of reasons for non-uniform behaviour such as bias dependence of the
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barrier height, image force lowering, barrier inhomogeneities, tunnelling and interfacial 

layers. The calculated barrier height must be considered as the 'effective barrier height' and 

not the true interface potential difference. The divergence from the ideal is especially 

prominent in the case of spatially confined contacts or with interfacial variations such as 

defects. The modified Richardson constant takes into consideration the effective mass of 

electrons in the semiconductor. A** can be calculated however it is not always a well- 

defined quantity and maybe more appropriately measured from J-V characteristics over a 

range of temperatures.

Tunnelling  -  electrons in the conduction band at energy levels below the top of the barrier 

quantum-mechanically tunnel when the depletion width is small. Figure 14 depicts the 

energies at which the two-categories of tunnelling occur, other influences such as indirect 

tunnelling and scattering are not considered. Tunnelling that occurs at raised temperatures 

so that most electrons tunnel at energies above the Fermi level, (Em) above the conduction 

band minimum, is known as Thermionic Field Emission (TFE). Padovani and Stratton96 

derived expressions for TFE combined with the normalisation of Crowell and Rideout97, 

beyond that of simple barrier lowering, for the forward bias the general tunnelling term is of 

the form

The important terms in the expression are discussed in more detail in Chapter 7 with the 

data analysis for clarity. However  ̂is the semiconductor Fermi-level and the important

is the electron mass in the semiconductor and the permittivity of ZnO is £Zno, the value Eqo is

where E0 =  E^ coth
n F
— — and the saturation current for the particular tunnelling 

v kT

mechanism, in this case TFE is

j  A"Tqexp(qi; /  kTKnE^ (i|>b -  V + iQ}1/2 ^  ( _ ^ + ? ) '

kcoshlqEjd/kT) 6><P̂  E„ ,

tunnelling parameter E^ = —  —  is dependent on the donor concentration Nd, m
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very iimportant in the TFE term.

Thermionic Field 
Emission

Field Emission

Figure 14. Energy band diagram  o f a fo rw ard  biased Schottky barrier indicating th e  energies a t which Therm ion ic Field 

Emission and Field Emission occur through the  barrier.

Field Emission -  this process takes place generally when the depletion region is very 

narrow and is important for degenerate semiconductors where the Fermi level EFs is located 

in the conduction band is positive as in Figure 14). Padovani and Stratton96 derived 

expressions with relatively simple terms which are readily applied. In forward bias the field 

emission generally applies at low temperatures96, although the form can still be applied with 

highly doped semiconductors68 or large electric fields both of which induce very narrow 

depletion regions. The expression by Padovani and Stratton used in the general tunnelling 

form is

v l---- 1-exp
K ^-00  J v k-r;

Where

27tqA*TE00exp(-(|)b/E00)

M v l
TikT , , f i - v ]sin ln{2

i  ^ j |_2qE00 I  % J

TFE and FE are both tunnelling terms and require the semiconductor Fermi level to be in the 

conduction band or very near to it. TFE applies at raised temperatures when the majority of 

the electrons in the conduction band (CB) are at energy levels above the band minimum.

The terms for TFE and FE assume a Gaussian distribution of electrons centred either at the
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Fermi-level, in the case of FE, or at a greater thermally excited energy (TFE). We can still 

assume a large quantity of electrons reside near the CBM under ambient conditions and are 

available for tunnelling by FE if the depletion region is very narrow.

E0o and the ratio qE^ / kT provide criteria for determining the tunnelling transport

mechanism. E0o can be considered as the diffusion potential such that the transmission 

probability of an electron at the CB minimum at the depletion edge is exp(-l) (—37%). For 

qE0 o /k T » l field emission dominates, when qE0 o/kT~l thermionic field emission is 

appropriate and E0  is used as the tunnelling parameter and in the final case qE0o /k T « l  

thermionic emission characterises the transport mechanism . 5 5  A more specific criteria is 

qE^ /  kT >2 .7  for an Ohmic tunnelling contact, then E0 wE^ (only 1% error) and Js for TFE

begins to break down as cosh(qE0 0  /kT ) becomes large and we must turn to field emission. 9 8

R ecom bination in  the space charge reg ion  - recombination in the depletion region 

originates from mid-bandgap energy levels and can increase with surface defect states. The 

term is described as

Jr =  Jr0 {e x p (q V /2 k T )-l}

where Jr0 = q n jW /2 x r . A large depletion region, a large intrinsic carrier concentration n„ or 

a small recombination lifetime x all increase recombination. Recombination is most 

important with large barriers at low temperatures and at low bias. Recombination in the 

neutral region generally occurs as hole injection in semiconductors with small bandgaps and 

is not considered further here.

2.3.4 Important Notes for Au contacts on ZnO
The contacts experimentally investigated in this work were Au catalyst particles at the tip of 

NWs and compared to evaporated Au on catalyst-free NWs. A Schottky barrier is usually 

formed between Au and ZnO with planar contacts typically with barrier heights of 0.6-0.7eV  

and ideality factors 1.05-1.6.5 High quality contacts are highly dependent on the preparation 

methods which usually involve fabrication in vacuum. The main reasons for divergence of 

interface behaviour from 'ideal' thermionic emission are due to interfacial layers, tunnelling, 

surface states, contaminants and diffusion of the metal into the semiconductor. Contacts 

formed on the Oxygen terminated (0 0 0 1 ) can also exhibit lower barrier heights because the
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surface polarity and surface states are different to Zn terminated (0001). High donor density 

levels can also have a major impact on tunnelling increasing transmission though the barrier 

by compressing the depletion region. The carrier concentration of ZnO NWs varies between 

1 0 17 cm' 3 and 1 0 1 8  cm' 3 within an array sample and across growth methods . 1 8

58



Chapter 3

3 Literature Review

3.1 Zinc Oxide (ZnO)
ZnO has been of interest mostly due to the n-type electrical properties and its strong 

piezoelectric response. It is a semiconductor compound which is most commonly grown in 

the wurtzite structure. Industrial applications take advantage particularly of the direct 

bandgap in the near ultraviolet and the piezoelectric properties . 5 The greatest use of ZnO is 

in particle form as a material additive in paints, ointments, sealants, plastics, cements and 

ceramics which take advantage of the high refractive index, high thermal conductivity and 

broad UV protection. More recently, ZnO NWs have received much attention in the field of 

Nanotechnology.

3.2 NW growth methods
ZnO NWs are single crystals and can be grown by various methods which all require precise 

control of the reactants and the growth conditions. Crystal growth can among others occur 

by reactionary methods such as Metal Organic Vapour Phase Epitaxy (MOVPE) or physical 

deposition methods such as Molecular Beam Epitaxy (MBE). The most common methods for 

NW growth are vapour phase methods2 4 ,3 7 ,4 3  and solution based hydrothermal growth". 

Although template assisted growth is possible this is generally not useful for upright arrays 

of NWs. The objective here and for many devices is to grow NWs orthogonal to a 

surface. 2 9 ,3 6 ,5 3 ,1 0 0  Vapour phase and hydrothermal techniques can provide relatively simple 

methods to achieve this. The process of growth however is very complicated at an atomic 

level and control of the refined growth environment is necessary. Even then in lab based 

facilities crystal growth is rarely precise.

Planar substrates allow the use of standard semiconductor processing techniques to create 

heterostructure formations and also incorporate NWs from lab-based methods. The 

combination of techniques allows fabrication of electrical and actuator devices taking 

advantage of the nano-enhanced properties, such as large surface area1 0 1  or increased 

elasticity102. Growing single crystal NWs in the desired morphology to fabricate devices
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requires a suitable crystallographic relationship with the substrate. In this sense a substrate 

of the same crystal structure and orientation as the desired NW is preferable. ZnO NWs of 

wurtzite structure grow along [0 0 0 1 ] and to aid this process hexagonal substrates such as 

AI2 O3 or GaN are commonly used. Sapphire cut on the a-plane provides an epitaxial 

relationship of ZnO(OOOl) II (1120)AI2 O3 and with c-plane GaN ZnO(0001)||(0001)GaN which 

are ideal for the alignment of the growing crystal.

3.3 Vapour phase Growth methods
Vapour phase furnace growth is a common method due to the relative simplicity in 

experimental setup. The Chemical Vapour deposition (CVD) apparatus most commonly used 

is relatively simple compared to those of similar methods such as MOVPE which relies on 

chemical reactions at the substrate surface. A common method with CVD growth uses a 

tube furnace loaded with a ceramic tube through which controlled gases flow at a specific 

pressure. The ZnO NW precursors are a solid source of ZnO and Carbon catalyst. High 

furnace temperatures >900°C and the reaction of the carbon catalyst cause dissociation of 

the Zn and O, the Zn evaporates and the gas flow carries the vapour to the cooler region 

where it is deposited on the sample. However pinpointing the relationship of parameters on 

growth quality is not always obvious and infrequently exact. To appreciate this we need to 

look at NWs as crystal growth, where atom by atom the structure is developed and any 

slight deviation in conditions greatly affects this balance. Growth investigated here occurs 

by Vapour phase transport initiated via a catalytic or nucleation process usually known 

respectively as the Vapour liquid solid (VLS) or Vapour-solid (VS) process. Both methods can 

produce high quality nanostructures, in this case NWs, and are mainly distinguished by the 

local growth temperature and the use of a metal catalyst.

3.3.1 Vapour-Liquid-Solid Growth
The Vapour Liquid Solid (VLS) mechanism of NW growth was first proposed by Wagner and 

Ellis in 196414 who produced silicon "whiskers" of lOOnm diameter and this technique still 

commands full attention at the forefront of science and nanotechnology24,43'103-105. The VLS 

method (Figure 15) is now widely used in the growth of one dimensional nanostructures 

mainly using inorganic semi-conductor materials such as Si, Ge, GaN, GaAs, ZnS, CdSe and 

oxides like ZnO and MgO . 1 0 6  Among these GaN, ZnO, GaAs and CdSe have received much
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attention due to their direct band gaps which are attractive for optical and optoelectronic 

applications.

metal
catalysts

k

alloy 
liquid

vapor

i
alloying nucUation

II

e s s nanowire

1

111 growth

Figure 15. Diagram  show ing th e  basic steps in nanow ire  grow th by the  VLS m echanism . The m eta l catalyst acts as a 

preferentia l site to  cap ture  vapour from  th e  grow th atm osphere which alloys w ith  th e  m eta l catalyst. The alloy particle is 

liquid because the  eutectic  te m p e ra tu re  can be significantly low er than the  pure m eta l m elting  point. W ith in  th e  alloy  

particle the  concentration o f the  source e lem en t builds until it becom es saturated and precip ita tion occurs a t the  substrate  

in terface which in itiates crystal nucleation. Further supply o f the  source vapour continues this process and a crystal grows. 
Reproduced2b3.

Relating the initial description given by Wagner and Ellis the metal catalyst on the substrate 

melts at high temperatures forming nano-droplets or clusters.22 These droplets are 

governed by the thermodynamic limit on radius of metal liquid clusters at high 

temperature37 which is defined as

R -  2 g LVVL 
mm RTIns

Where aLv is the liquid-vapour surface free energy, VL is the molar volume of liquid, and s is 

the vapour phase supersaturation.

In particular for ZnO NWs, Zn and C0/C02 vapour is produced by carbothermal reduction of 

the ZnO source and carried in the gas flow, in this case A r/02, to the reaction site.24 The 

carbothermal reduction of ZnO uses graphite and high temperatures to initiate the reaction 

of the oxygen which allows evaporation of Zn. This reaction occurs at a much lower 

temperature (~900°C) than the ZnO decomposition temperature. The Vapour-Liquid-Solid 

transition occurs when the vapours condense on the catalyst surface and form an alloy
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droplet, an alloy of the metal catalyst and source material. The catalyst alloy liquid 

eventually becomes supersaturated with the elemental source species which forms on the 

liquid surface and precipitates out, see Figure 16a.107

NW growth initially occurs at the solid substrate -  liquid interface where ZnO precipitates 

following oxidation107 and crystal nucleation. The continuation of this process causes the 

alloy droplet to escape the surface on top of the growing NW. The growth may continue as 

long as the tip continues to catalyse growth and the reactants are available.35 After the 

growth and cooling the NW typically has a solid alloy particle at the tip. This particle on the 

wire tip was until recently used to identify the growth solely as the VLS process. The VLS 

method produces high quality single crystal NWs of very uniform diameter which can be as 

thin as lOnm and with length > lpm .106

ZnO nanowire

Si substrate

Figure 16. a) In-situ TE M  images o f the  V apour Liquid Solid (VLS) nucleation process and subsequent grow th  o f a Ge 

N W . In itially the  Au particle is solid, then  as the  te m p era tu re  increases the  partic le alloys w ith  Ge and m elts, fu rth er  

condensation o f Ge allows the  N W  to  grow . Scale bar 20nm , reproduced253, b) TEM  im age o f a ZnO nanow ire  grow ing  

from  a ZnO seed partic le by the  V apour Solid m echanism . The im age shows th e  tilted  angle o f th e  g row th  due to  the  

m ism atch w ith  the  Si substrate, rep ro duced120.

3.3.2 Catalyst Free growth
ZnO NW growth without a specific catalyst occurs at temperatures much lower than 

catalysed growth, typically the growth sample is located in the temperature range 

~600°C.36,108-110 The growth is induced by a process of crystal nucleation on the intended 

substrate via a vapour solid mechanism. This can be encouraged by providing preferential 

nucleation points on the substrate, achieved either by surface roughness111 or by a crystal 

seed layer36,83,112. A seed layer is made up of relatively small crystallites of the same 

composition as the desired growth, Figure 16b. The all-important functionality of the layer is 

to provide the crystallographic basis for subsequent growth and act as a buffer to any
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substrate mismatch113-115. This requires the seed layer to be crystallographically orientated 

in such a way to produce the desired growth crystal orientation, morphology and 

alignment. 1 1 6  Seed layers tend to be composed of small crystallites <30nm diameter and 

generally produce a rough film on the substrate. 8 3  Therefore it is likely nucleation is initiated 

with both elements of roughness assisted- and seeded- growth. High quality p-type NW 

arrays for device fabrication were grown by Lu et al including a phosphor source in the 

growth precursors with similar solution based drop-cast seeding method to the one used 

here . 3 6

Catalysed and vapour solid modes compete during catalyst-assisted vapour phase growth of 

NWs . 1 1 7 1 1 8  The balance is governed by the temperature and Zn supersaturation in the 

growth atmosphere . 1 1 9  VS growth usually dominates at higher vapour saturation which 

requires higher temperatures to evaporate more Zn than is necessary for catalysed growth. 

Metal catalysts are often undesirable and so seeded or 'self- catalysed' growth models 

propose growth nucleation can occur due to the condensation of Zn and Zn suboxides. 1 1 9 - 1 2 1  

Zinc vapours may at lower temperatures condense on the surface and quickly oxidise 

leading to a segregation of ZnO and a self-catalysed growth process. 1 2 1 ,1 2 2

High Zn vapour saturation and high oxygen concentrations aid the evaporation and 

subsequent oxidation of Zn vapour without the catalytic effect of a metal tip. However 

catalysed growth is complicated by the dual processes of catalysed and VS competing at the 

same time. Although VS NWs can be distinguished by the lack of growth tips . 1 1 9

Using ZnO powder as the source requires high source temperatures to reach the saturation 

required for metal catalysed growth >900°C. A much higher source temperature >1050°C is 

required for VS growth with low substrate temperatures 500-600°C.36,121 High quality NWs 

are produced by both growth modes, however growing without a catalyst removes the 

additional metal which may contaminate or interfere with the NW array properties. Even 

when using a catalyst the VS mode still contributes particularly to the NW diameter and the 

growth that forms as a base layer. 5 8 ,1 1 7 ,1 1 9

3.3.3 Defects in NW growth
Mismatch with the substrate can induce strain in the growing crystal leading to 

misalignment and defects . 2 2  The relationship with the substrate greatly affects the crystal
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quality in the layers immediately adjacent1 2 3  which can lead to defects such as stacking 

faults and dislocations within the base layer growth that is present with most NW arrays. 1 2 4  

Even the small mismatch of ZnO with GaN can lead to in-plane compressive strain which 

affects the epitaxial growth of the ZnO layers and NWs . 1 2 3 ,1 2 4  Crystal Defects within the NWs 

may greatly impact the properties, possibly dominating over the desired qualities. However, 

the defects formed in the base layer are not thought to transmit to the NWs which are 

generally observed to be defect free37'123, although with crystal growth this cannot be taken 

for granted and we investigate this with cross-sectional TEM in Chapter 6 .

3.4 Problematic features of Catalysed NW growth
The interaction of the dissimilar catalyst metal and the semiconductor NW material is 

complex and leads to some undesirable features of the growth method, these are briefly 

discussed below and investigated in full by experimentation, in Chapter 5 and by microscopy 

analysis in Chapter 6 .

3.4.1 Locating the Au particle
Catalysed growth depends on the relationship between the Au particle that captures the 

source vapour and precipitating out ZnO in the form of a NW. There is not a simple 

relationship however between the particle and the NW size, with large variations 

occurring. 5 8 1 1 7 ,1 2 5  Large diameter NWs can be found with very small Au particles on the tip, 

and in many cases the Au particle can be found falling off the top facet or even on the NW 

side. 5 8  Au particles can be found on the NW stems, roots and on the base growth. The role 

these particles play in the growth and the relationship with NW nucleation is unclear. 

However Kodombaka et al used in-situ TEM growth of Si NWs grown by the VLS method to 

show the Au particle decreases in size as growth proceeds and the speed of growth is 

independent of NW diameter, eventually the Au droplet disappears due to diffusion 

processes. 1 2 6  Therefore it was necessary here to pinpoint the catalyst particle and the 

relationship with the NW before selecting electrical and microscopy analysis samples. 

Secondary Electron Microscopy (SEM) and Backscatter Electron (BSE) imaging provided the 

means to locate the Au particle (Chapter 5). This was especially important for electrical 

measurements which investigated the electrical relationship between the catalyst particle 

and the (0001) growth facet (Chapter 7).
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3.4.2 Vapour-Liquid-Solid and Vapour-Solid-Solid growth
The validity of the VLS model1 4  has been debated recently for many semiconductor-metal

growth schemes1 2 7  because the basis of the VLS mechanism revolves around eutectic 

melting of the system formed by alloying of the metal and semiconductor. 1 2 7  Au-Si is the 

model case where the alloying in the catalyst particle can drive the melting temperature 

down to temperatures as low as 363°C. Increasing the temperature and locally increasing 

the source vapour concentration (i.e. from the gas phase) creates an imbalance in 

concentration gradients and the alloy becomes unstable and precipitates Si. 1 2 7

The VLS mechanism has been used to describe the growth of many nanostructures. 

However, recent evidence of growth of nano-materials including Ge128, ZnO125, GaN129, 

ZnSe1 3 0  and others have been shown to occur with solid catalyst particles well below the 

eutectic melting points. In particular for ZnO NWs there is thought to be no alloying of Zn 

and the Au particle and as such no eutectic melting . 1 2 5  For pure Au the melting of a 33nm 

nanoparticle can only occur when the temperature reaches 1031°C (bulk 1064°C).125,131 This 

is far higher than the local growth temperature during ZnO NW growth which is usually 800- 

900°C for catalysed growth. The growth mode has therefore in some instances been 

labelled Vapour-Solid-Solid (VSS). In this process the catalyst particle is solid throughout and 

no alloying or bulk melting occurs. However as high temperatures near the melting point of 

the metal are involved there may be a surface liquid layer on the particle which can result in 

surface diffusion of Zn and the growth of a crystal. 1 2 5 ,1 3 2  For VSS growth to be possible an 

epitaxial relationship between the solid particle and growing crystal is vital. 5 8 ,1 0 3 ,1 2 5

An important process for VSS growth is lateral propagation of ledges at the catalyst-NW  

interface, this phenomena has been observed in real-time TEM of growing Si NWs . 1 0 3  The 

steps nucleate at the NW edge and are driven by the diffusion of the vapour species around 

the catalyst surface along the concentration gradient which is relieved at the NW interface. 

This process also occurs with VLS catalysis, albeit with longer periods between ledge 

nucleation which precedes very rapid propagation, a result of a large concentration build up 

in the liquid alloy droplet. 1 0 5  Catalyst particles provide excellent control over the growth 

however which was optimised by Wen et al to switch from VLS to VSS and grow a Ge 

interface at the tip of a Si NW with 'near atomic' abruptness, this overcomes the usual 

broad composition gradient when using catalytic growth to form NW heterostructures . 1 0 5
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The quality of the interface between ZnO NW and the Au particle has not been studied 

although a solid Au particle was revealed by Kirkham et al.125 Atomic scale analysis is 

conducted here to reveal the crystallographic relationship of the ZnO NW and the catalyst 

particle and whether any interfacial layers, alloying or metal diffusion occurs. This would 

greatly affect the electrical properties of the interface and so here the role of the Au catalyst 

and the interface with the ZnO NW are examined in detail by Transmission Electron 

Microscopy (TEM) and high resolution Scanning Transmission Electron Microscopy (STEM) in 

Chapter 6.

3.4.3 Au catalyst incorporation in NWs
High temperatures provide kinetic energy to atoms increasing the atomic vibrations which 

can cause diffusion of one material into the other at interfaces of dissimilar materials. For 

Silicon NW growth this has been investigated extensively and revealed a high solubility of Au 

within Si NWs.15,105,133,134 These stray atoms, within structures that might only be 50 atoms 

across, may drastically alter the properties by creating deep level gap states which trap 

charge carriers.135 Impurities have also been found in Au catalysed GaAs136 and InAs137 NWs. 

The Au atoms are most frequently found at defect sites within the bulk of the Si NWs133 but 

can also decorate the surface134.

Figure 17. a ) A b erra tio n  corrected atom ic  resolution HAADF im age o f Au atom s (bright dots in tw o  vertical lines) 
located a t p lanar defects w ith in  a Si N W  (background horizontal atom ic rows), scale bar 5nm , rep ro duced133, b) Local 

Electrode A tom  probe tom ography  o f an InAs N W  w ith  a Au catalyst particle on top , the  im age shows th e  in terface is 

abrupt but th e re  is diffusion o f Au (yellow ) in to th e  N W  bulk, rep ro duced137.
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Two very modern techniques have been pioneered recently which allow the detection of 

single impurity atoms within a host structure. The advent of spherical-aberration corrected 

Scanning Transmission Electron Microscopy (STEM) allows the atomic resolution of High 

Angle Dark Field Imaging (HAADF) . 1 3 8 - 1 4 0  Large Z-number atoms strongly scatter the 

incoming electron beam creating more imaging intensity, this technique is ideal for imaging 

single Au atoms within lower Z-number host materials (Figure 17a) and a number of "tricks' 

can allow detection in more demanding materials such as GaAs136. Atom probe tomography 

uses the extremely sensitive nature of mass spectrometry to detect single atoms 

evaporated from a NW (Figure 17b). The structure of the NW is digitally reconstructed atom 

by atom with time of flight calculations1 4 1  and the atomic composition of a NW is 

achieved. 1 5 ' 1 3 7

These studies highlight the complex interplay between the catalyst particle and NW  

interface. The near interface behaviour and catalyst diffusion dynamics in ZnO NWs has not 

been investigated so it was necessary here to further our understanding of the structure 

and allow accurate electrical characterisation. The catalyst behaviour was studied by 

aberration corrected STEM (Chapter 6 ) to reveal the true structure and quality of the NWs 

and the interface formed with the catalyst particle.

3.5 Electrical properties of ZnO
The excitement that has surrounded ZnO for electronic devices is largely due to its large 

exciton binding energy of 60meV which has been applied to efficient room temperature 

emitters and very low threshold lasing applications. ZnO is a semiconductor with single 

crystals showing conductivities almost always greater than 1 0 '3 (ncm ) 1 and has a wide direct 

band gap of 3.3-3.4eV at room temperature . 5 ,1 4 2  Due to the large exciton binding energy 

and relatively easy crystal growth ZnO has many optoelectronic and electronic applications. 

Although the difficulty in obtaining high quality p-type conduction has held back many 

applications but recent advances are being made.

Undoped ZnO is an intrinsic n-type semiconductor with electron densities as high as 

10 2 1 cm - 3 . 5  The semiconductor doping is thought to be due to the presence of intrinsic or 

extrinsic defects usually attributed to native defects such as the Zn-on-0 antisite, the Zn 

interstitial and the 0  vacancy. 1 4 3  Alternatively, First principle studies based on density
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function calculations suggest hydrogen occurs in ZnO only in the positive charge state and is 

responsible for the n-type conduction. 1 4 4  Hydrogen is considered the most likely impurity 

due to its universal presence in and around growth processes and its high mobility in ZnO 

allows easy diffusion . 5 ,1 4 5  The origin of the n-type conductivity is still debated but the 

necessity to divulge this information is apparent in the difference between commercially 

available undoped bulk ZnO with resistivity as high as 105 ncm 4 1 ,1 4 6  and ZnO NWs often in 

the range of 0.019-0.1511cm41,51.

P-type doping of ZnO NWs is required for many nanodevices. Synthesis of p-type ZnO has 

proved to be very difficult but high quality p-type NWs have recently been achieved . 4 2 ,1 4 7  P- 

type NWs doped with phosphorus were grown by Xiang et al on a-plane sapphire, although 

the p-type conductance was only stable for two months . 4 2

More recently p-type NWs have been grown by Yuan et al via the VLS method and were 

doped with nitrogen from a N20  source during growth . 1 4 7  Before p-type doping the n-type 

NWs had an FET device derived electron concentration of 6 .1x l0 1 8cm'3, mobility of 19.5 

cm2/Vs and resistivity of 8 x l0 ' 3 flcm. When a small amount of nitrogen was introduced the 

electron concentration decreased to 8 .9x l0 1 7 cm'3, mobility to 0.39 cm2/Vs and resistivity 

2.9flcm. Increased nitrogen concentration during growth resulted in p-type NWs with hole 

field effect mobility of 10.5 cm2/Vs and a hole concentration of 1 .2x l0 1 8cm' 3 and a resistivity 

of 0.08ncm . The p-type NWs remained p-type for five months and during this time the hole 

concentration increased by one order of magnitude due to adsorption of 0  atoms on the 

surface, exposure to vacuum removed this additional hole concentration.

3.5.1 Measuring NW bulk conduction properties
The problems of measuring the properties of nanostructures was made evident in a recent 

review of resistivity measurements on ZnO NWs that revealed a spread of 8  orders of 

magnitude 10 ‘5  to 103 (1cm across the literature, Figure 18.50 The majority of the included 

measurements employed the four-probe technique and should have been free from contact 

resistance in the measured values, however the fabrication technique is the key to this 

spread.

Experiments using the lithographically patterned four-probe technique have shown 3 ZnO 

NWs to have a spread in resistivity of 0.019-0.15ficm.41 The patterning techniques such as
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e-beam lithography can suffer from unknown levels of carbon beam induced deposition and 

surface modification148 from resist contamination and exposure to harsh solvents93. These 

effects can temper surface states and shell depletion, pacifying surface effects which may 

alter the measured bulk properties17. Other patterning techniques using FIB149 also suffer 

from similar problems along with additional ion implantation and sample damage. The 

heavy ions typically Ga+ used for FIB patterning are a known n-type dopant of ZnO.150 

Recent attempts51,92 which measure a total of 4 NWs using FIB patterned electrodes gave 

values of 0.022-0.046Hcm which represent one four probe measurement on each NW.
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Figure 18. The spread in resistivity o f ZnO NW s across the  litera tu re , R eproduced50.The graph was produced by 

Schenkler e t al to  com pare the  black symbols th a t indicate m easurem ents from  a rev iew  o f the  lite ra tu re  and the w h ite  

sym bols indicate the ir ow n m easurem ents o f vapour phase NWs.

Hong et al attempted to characterise the electronic properties of vapour phase NWs grown 

with and without Au catalyst on different substrates by fabricating 327 FET devices.18 The 

growth techniques which produced corrugated surface NWs exhibited strong emission in 

the visible range due to an increase in surface defect trap states. The n-type carrier 

concentration on substrates similar to those used here ranged from 7.68xl017 to 

1.26xl018cm 3. The surface defects lead to a trapping of negative charge carriers which 

depletes the NW near the surface and reduces the effective conductive diameter of the NW. 

The extent of this effect depends on trap state density and initial doping concentration. 

Crucially the devices were coated with PMMA to remove the influence of water and air 

during measurements which may also have the effect of inducing or passivating surface 

states. The dramatic effect surface passivation can have on the measured NW properties
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was shown by coating a ZnO NW FET device with polyimide which increased the mobility 

from 75 c m 2/V s  to over 1000 c m 2/V s .151 in these fabricated device configurations with 

patterned contacts the ZnO surface is inevitably changed to a state that is far from its native 

as-grown condition.

There are many studies which look at the importance the surface of NWs has on the 

electrical properties for example:

•  Undoped Ge NWs are dominated by surface state hole accumulation17.

•  ZnO NWs are dominated by surface state induced depletion layers18, which can be 

altered by exposure to different atmospheres such as dry or humid air94. Exposure to 

ethanol releases the adsorbed Oxygen and frees trapped charge carriers increasing 

the conductivity93.

•  Surface states of InAs NWs have a capacitive effect in FET devices and the intrinsic 

properties can only be extracted by charge neutralising the surface or passivating the 

charged states . 1 5 2  Eliminating surface states through surface passivation creates a 

dramatic recovery of band edge emission153.

However the most complete study by Bjork et al revealed the balance between doping 

concentration, NW  size and resistivity of Si NWs . 1 5 4  The effect observed was a sharp 

increase of NW resistivity with decreasing NW diameter caused by deactivation of donor 

atoms due to the dielectric mismatch with the surroundings. This reduced carrier density to 

50% in the thinnest 15nm diameter NWs, see Figure 19. The interface states on the surface 

and trapped charge carriers in the native oxide reduce the conductive core to a diameter 

less than the physical size. The size of the conductive core is dependent on doping 

concentration which dictates the extent of surface depletion and the effect on resistivity. A 

contributing effect is the dielectric mismatch of the NW with the surrounding air which 

increases the donor ionisation energy of the phosphorus impurities. This effect was 

displayed by coating the NWs with a dielectric material (Al2 0 3) that reduced the dielectric 

mismatch and the charge trapping effect; this was shown not to be a result of surface defect 

passivation as the trap density is governed by the core-native oxide interface. There is little 

spread in the measured resistivity of each doping density other than the increase with 

decreasing diameter. The extent of the surface depletion has well-defined behaviour with
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the doping concentration which indicates similar trap densities for each NW. The NWs were 

measured by the four-point technique with electron-beam lithographically patterned 

contacts, contamination levels and the effect they may have on the Si NWs are unknown 

however the oxide layer may have buffered the NWs from this effect. The spread in NW 

resistivity for the 20nm diameter NWs was at least a factor of 30 across the doping range 

shown. The increase in resistivity isn't apparent above 30nm diameter which is partially an 

effect of high doping levels. The study however relies on calculations to estimate the NW 

doping concentration from the resistivity of the NWs greater than 30nm in diameter and no 

doping variations within a growth experiment is considered. The NWs grown by CVD were n- 

type doped with different proportions of gas precursor. Any variation in growth experiments 

may result in NWs of different doping densities from the same growth batch although this is 

ignored.
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Figure 19. The resistivity o f Si NW s increases w ith  decreasing d iam ete r; th e  onset of the  increase is m ore apparent in 

NW s of lo w er doping concentrations as the  surface dep letion  consum es m ore o f the  N W . The in terface and surface  

trap  states bind charge carriers and dep le te  the  N W  near the  surface; this induces band bending and a reduction o f the  

conductive core to  a size less than  the  physical d iam ete r. R eproduced154.

We show here the resistivity of ZnO NWs is a property determined by the extent of surface 

depletion and varies independently of controlled doping and growth method. This is 

possible with the use of the UHV nanoprobe to complete a comprehensive set of four-probe 

measurements with multiple measurements on each wire that are completely free from 

contact fabrication processing. The results are described in Chapter 7.

3.5.2 Nanoprobe measurement of NWs
Electrical measurements on nanostructures such as NWs41, Nanotubes and Tetrapods155 are 

extremely challenging due to their size and the problem of forming reliable electrical 

contacts. One method is to form electrical contacts using patterning lithography
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techniques5 1 ,9 2 ,1 5 6  and metals deposition. There are many examples of these techniques 

providing good electrical measurements of all morphologies and materials. However the 

technique itself introduces contamination and subjects the structure to multiple processing 

steps and exposure to harsh solvents. The surface dominated properties of the structures 

can be greatly altered by surface modification or passivation and possibly alter the 

resisitivity17. Patterned contacts on single structures are limited to the two-dimensional 

horizontal configuration. Other techniques such as C-AFM1 5 7  and nano-manipultors1 5 8  can 

provide electrical measurements but are essentially limited by the number of contacts.

A modern technique combines the precise fine piezo control of STM with the clean 

environment of UHV and the positional control of four independent probe tips control aided 

by in-situ SEM imaging. The Nanoprobe is a multi-probe STM technique which is essentially 

an STM with four independent probe tips and an in-situ SEM for real-time imaging. This 

allows four probe electrical measurements on structures as small as 30-40nm and even in a 

3-D configuration, for example free standing NWs. The only reported measurement using a 

nanoprobe on NWs revealed a resistivity of 0.25flcm which represents a single four-probe 

measurement of a ZnO NW . 5 2  The nanoprobe is used extensively in this thesis and the 

results are described in Chapter 7 that details the complete set of four-probe measurements 

of 40 ZnO NWs and further two-probe contact measurements of free-standing NWs.

3.6 Metal-semiconductor Contacts
Metal-semiconductor contacts are highly important in all semiconductor devices. This has 

led to intense theoretical and experimental research since before 1900. Although some of 

the theory, such as metal work function determining the Schottky barrier height, still does 

not fit experiment exactly the thermionic emission theory is well established and highly 

applicable to many planar contact systems. It wasn't until the work of Schottky1 5 9  and 

independently M ott1 6 0  that any headway was made with the theoretical analysis of 

experimental rectifying contacts. The models of drift and diffusion across the barrier were 

challenged by Bethe1 6 1  in 1942 with the theory of thermionic emission (TE) of electrons into 

the metal. However, Schottky made the assumption that a space charge region of ionised 

impurities at the interface between metal and semiconductor creates the potential energy 

barrier. This still conforms to observations to this day and so they became known as 

Schottky barriers. They are typically represented by an energy band diagram which takes a
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parabolic shape and the main characteristic is the electric current has an 'easy* direction 

when a negative bias is applied to the semiconductor. This raises the Fermi level with 

respect to the metal and electrons experience a much smaller barrier which is expressed by 

an exponential rise in current as the applied bias increases.

When TE does not provide an exact fit small deviations can be accommodated by an ideality 

factor which alters the exponential shape slowing the current increase with bias. Along with 

the Schottky barrier height the ideality factor is used to express the nature and quality of 

contacts, values close to one are achievable for vacuum formed contacts on clean surfaces. 

Deviation from TE can be due to a bias dependence or variation of the barrier height, and 

recombination of electrons and holes in the depletion region due to thermal generation of 

electron-hole pairs and defect states in the bandgap. Typical problems are barrier 

inhomogeneities, edge effects, interfacial defects and interfacial layers such as those 

formed by oxides. These oxide layers can even form in UHV conditions, the extent of this is 

difficult to predict, and even more so the effect on the final contact formed. Compositional 

characterisation of the deposited contact interface can be difficult to achieve and relate to 

the electrical characteristics. Regular symptoms of deviation from TE in l-V characteristics 

are reverse bias leakage, non-exponential forward bias, large zero-bias differential 

conductance and reverse bias breakdown. The main transport phenomena that can be 

attributed to these features is tunnelling where electrons quantum mechanically tunnel 

through 'thin' regions of the barrier. The curvature of the bands in the depletion region 

increases according to Poisson's equation in relation to carrier doping. At electron doping 

levels in n-type semiconductors greater than ~ 5 x l0 1 7 cm' 3 the barrier near the top becomes 

thin enough for tunnelling to occur. 5 5  The emission of electrons into the metal can occur at 

energies much lower than the barrier height when the barrier is thin which makes the 

contact more conductive.

The increased band bending that leads to tunnelling can be explained by increased 

semiconductor doping, high electric fields or low barrier heights and is usually theoretically 

described as Thermionic Field Emission (TFE) or Field Emission (FE). The accepted 

expressions for these terms which are still used today were derived by Padovani and 

Stratton in the seminal paper "Field and Thermionic-Field Emission in Schottky barriers" 

(1966)96. Field-emission is described at low temperatures where the overriding condition is
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the Fermi-level of the semiconductor must reside above the conduction band minimum 

(CBM). Tunnelling at the Fermi energy level is the main contribution to current i.e. no 

thermally excited electrons contribute. For the Fermi-level to reside above the CBM doping 

must be very high, and the semiconductor is then known as degenerate, typically of 

concentration >101 9 cm‘3 for Silicon, although it is less for materials with a lower effective 

electron mass. 5 5  Tunnelling near the CBM can occur if the barrier is extremely narrow. At 

higher temperatures which include thermally excited electrons tunnelling occurs at energy 

levels greater than the CBM and Fermi level, then tunnelling is known as thermionic field 

emission. TFE describes tunnelling at energy levels above the CBM and below the barrier 

height up to temperatures where TE dominates and electrons easily surmount the top of the 

barrier. The probability of tunnelling depends on the potential barrier formed and for large 

barrier heights the barrier must be very thin. This concept is used to form Ohmic contacts 

using a thin degenerately doped layer of the semiconductor at the interface which distorts 

the barrier and allows tunnelling of electrons from the semiconductor 'bulk' where the 

Fermi level maybe below the CBM . 1 6 2  Tunnelling can then occur with moderate 'bulk' 

doping and at moderate temperatures. In non-degenerately doped semiconductors not 

employing highly doped surface layers the Fermi level is below the CBM. Tunnelling is then 

possible at the next available energy states which occur at the CBM, with very thin barriers 

the mechanism then is both FE and TFE but not FE alone in the strict sense. 1 6 2  The extreme 

band bending necessary to allow this combination of FE and TFE can also occur due to high 

electric fields.

These theories are applicable to infinite planar contacts, and so the potential barrier is 

considered uniform and constant throughout. In reality most large contacts suffer from 

barrier inhomogeneities which have been described by Tung1 6 3 ,1 6 4  as patches of low 

Schottky barrier height where the interface structure may vary and create saddle points in 

the potential energy field. This altered field is considered to be the culprit of leakage 

currents and even singular patches can lead to large deviations of ideality factor.

However, spatially confined contacts, which is the case for the majority of semiconductor 

devices such as transistors, experience effects at the contact edge which crowd the field 

lines, this is known as edge effect. 1 6 5  The semiconductor experiences a larger electric field 

density in these edge regions which can be expressed by a reduction in barrier height6 3  or by
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a compression of the barrier width55. These effects are traditionally counteracted by using a 

guard ring such as a p-type layer under the edge of the metal contact which eliminates the 

high field and puts a reverse bias p-n junction in parallel with the Schottky barrier. 5 5 ,1 6 3  

Another method uses surface preparation to control surface charge, this can provide near 

ideal forward voltage characteristics and much greater reverse breakdown which highlights 

the influence of the surface at the contact edge . 1 6 5 ,1 6 6  However the edge effects can be 

accentuated in the case of surface accumulation which increases the field of the local 

depletion region, the accumulation of surface charge in an n-type semiconductor can be the 

result of positive surface charges. 1 6 5

Small contacts expose the semiconductor surface around the contact edge which may 

influence the l-V characteristics through surface leakage via surface states. The dangling 

bonds of the free semiconductor surface may contribute as an Ohmic like conduction path 

experimentally observed by Dickie1 6 7  when exposing the silicon surface to benzene and by 

Dupont-Ferrier1 6 8  by exposing ErSi2 contacts on clean Silicon to Oxygen during STS and l-V 

measurement. These effects become more crucial as the contacts are scaled down.

To examine these topics further we now look at experimental coTitacts to ZnO and then 

compare these to contacts to ZnO nanostructures before highlighting recent work which 

aims to uncover the secrets of nanocontacts to nanostructures.

3.6.1 Ohmic contacts on ZnO
An Ohmic contact is defined as having linear and symmetric l-V characteristics ideally with 

little parasitic resistance. Parasitic resistance or contact resistance is a major problem for 

electrical devices as this can lead to thermal stress and contact failure. Low contact 

resistance can be achieved with surface treatment to reduce the barrier height or increase 

the surface carrier concentration to allow increased tunnelling. Thermal annealing can 

induce surface roughness and structural degradation of the interface which is a possibility as 

high temperatures are impossible to avoid when growing NWs by vapour transport. This is 

investigated with electron microscopy in Chapter 6 . However non-alloyed low resistance 

contacts on ZnO have not been extensively studied until recently for potential applications 

in nanodevices and solar applications. 5

75



Al is common for Ohmic contacts which take advantage of the low barrier height of Al on 

ZnO and aided by Al acting as an n-type dopant. Non-alloyed Al and Al/Pt Ohmic contacts 

were formed on n-type ZnO with linear l-V characteristics and contact resistivity's of 8x10- 

4 flcm 2 and 1 .2 x l0 - 5 flcm 2 respectively. 1 6 9  The Pt overlay on Al resulted in a dramatic 

decrease in resistivity because it prevents a surface oxide layer. Ti/AI(170) provided an Ohmic 

barrier on undoped ZnO with contact resistivity as low as 9 x l0 ' 7 ncm 2 when annealed at 

300°C, while Ti/Au contacts1 7 1  on Al doped ZnO ( 2 x l0 1 8 cnrr3) with contact resistance of 

1 .2 x l0 - 5 ncm 2 showed thermal degradation at temperatures exceeding 300°C. Similar 

behaviour was seen with In contacts1 7 2  with contact resistance of 7 x l 0 1 ncm2. Ohmic 

contacts1 7 3  formed with Ru yielded a resistance of 2 .1 x l0 '3 flcm 2 which improved to 3.2x10' 

5 Hcm 2 after annealing at 700°C for 1 minute with no degradation seen. One common result 

of alloying or growth of an interface is unintentional doping of the ZnO in the near interface 

regions which locally increases carrier concentrations and narrows the depletion region.

Al was used to form Ohmic contacts1 7 4  with epitaxial ZnO film grown on sapphire. Another 

useful scheme for Ohmic contacts1 7 5  to ZnO bulk was used when depositing single layers of 

Ti(250A)/Au(1000A). The specific resistivity of 3 x l 0 4 ncm 2 increased when the contacts 

were annealed at temperatures exceeding 350°C. Voids exposing the underlying ZnO were 

seen at temperatures of 600°C, the Ti and Au formed intermetallic compounds and removed 

oxygen from the ZnO surface as the temperature increased. Unusually the surface polarity 

(0  or Zn terminated) had no influence on the contacts formed. Annealing of contacts 

highlights the effect of alloying, interfacial compounds and surface reconstruction on the 

contact properties; however this is difficult to assess on a nanometre scale. For planar 

contacts thin sections can be made using a focused ion beam for TEM cross sectional 

analysis to map interdiffusion of elements by EDX and examine the interface crystal 

structure, see Chapter 6  for an example of a NW array section. This option is not so 

applicable to small contacts which are difficult to isolate and section, we show in Chapter 6  

that NWs provide the ideal test beds to examine the entire interface structure and 

composition.

3.6.2 Schottky Barriers on ZnO
Mead reported1 7 6  in 1965 on various metals deposited by condensation on cleaved ZnO and 

measurements of potential barrier height showed the materials to behave as materials

76



without surface states. The measured barrier heights have a linear relationship with 

electronegativity, this is interpreted as an interface with no surface states within the band 

gap. Metals applicable for Ohmic contacts with low barrier heights are In, Al and Ti, Figure 

20. Metals on ZnO which form large barrier heights are Au, Ag, Pt and Pd and provide 

suitable Schottky barriers. For ionic semiconductor materials, e.g. ZnO which have little 

overlap between adjacent atoms, surface states can occur just above the valence band and 

just below the conduction band.177 When a metal is placed in intimate contact with the 

semiconductor the barrier height is very approximately proportional to the metal work
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Figure 20. Barriers heights o f various m etals deposited on ZnS, ZnSe, and ZnO. R eproduced176.

function, for example 5.3eV, 4.4eV, 5.7eV, 5.2eV and 4.5eV for Au, Ag, Pt, Pd and Cu 

respectively,176 which is displayed in Figure 20. For more covalent materials the barrier 

height is nearly independent of the metal.177 However Schottky barriers are not an exact 

science as shown by a selection of the literature.

One study which formed Schottky contacts178 by depositing Au on the (OOOl) plane of ZnO 

wafers were shown to improve significantly with plasma cleaning at 525°C of the ZnO 

surface prior to deposition. The plasma cleaning results in a highly ordered and 

stoichiometric surface. The improved Schottky barrier of height 0.6eV and ideality factor of

1.03 compared favourably to those prepared on the 'as received' wafer which exhibited 

large leakage currents and ideality factors greater than 2. A 40nm Ti layer was used as the 

back Ohmic contact on the (0001) surface.
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Liang et al made Schottky barriers formed with Ag evaporated onto ZnO film which 

produced a barrier height estimated at 0.84eV.174 Other results for Ag on ZnO (0 0 0 1 ) have 

shown values of barrier heights in the region of 0.65-0.69eV and ideality factors of 1.3-1.8 . 5  

Ag deposited on the (0 0 0 1 ) c-plane surface of hydrothermally grown single ZnO crystals 

was also shown to form Schottky contacts. 1 7 9  These interfaces typically showed signs of 

degradation after heating at temperatures as low as 100°C even in vacuum.

In comparison to the two previous examples Polyakov et al fabricated Au and Ag Schottky 

contacts formed on n-type ZnO (0001) that had SBH in the range of 0.65-0.7eV, ideality 

factors of 1.6-1.8 and saturation current densities for HCI cleaned surfaces of 10'5 Acm' 2 and 

those cleaned by solvents of 8 xlO"7Acm' 2 . 1 8 0  All contacts degraded with temperatures as 

low as 92°C.

Most Schottky contact materials for ZnO show an ideality factor much greater than one, this 

is thought to be due to tunnelling, increased surface conductivity and influence of deep 

level recombination centres . 5 Common metals for Schottky formation are Au, with barriers 

typically of 0.6-0.71 eV and ideality factor between 1.05-1.8, and Pt with large barrier 

heights greater than 0.7eV . 5

Although the interface of a ZnO NW and the Au catalyst is formed at high temperature a 

great advantage is that Au is inert and little reaction occurs with the 0 2 atmosphere which is 

required for ZnO growth. The actual characteristics of the NW-Au particle interface and any 

potential alloying are not at present known, we detail this interface at the atomic level with 

high resolution electron microscopy in Chapter 6 . The variability in contacts is largely due to 

the fabrication methods and the problems are summarised next.

3.7 Fabricating metal-semiconductor contacts
During fabrication, contacts are sometimes heat-treated to promote mechanical adhesion 

and alloying. Even at low temperatures ~  200°C metallurgical changes take place and 

contact layers can inter-diffuse and the interface becomes blurred and far from an abrupt 

metal-semiconductor contact. Rectifying contacts exhibit changes in l/V characteristics and 

Ohmic contacts vary in contact resistance. However, it can be difficult to correlate changes 

in l/V  behaviour with metallurgical changes. 5 5
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Barrier height can be controlled in a limited way by metal choice but this maybe constricted 

by other requirements such as thermal cycling or mechanical stress. The only precise way of 

producing a thin effective barrier is too produce a thin highly doped layer near the 

semiconductor surface by ion bombardment. For contact formation Semiconductor surfaces 

are required to be clean, the process usually requires vacuum and deposition of metals in 

UHV although a thin oxide can in some instances be accommodated. Exposure to air results 

in adsorption of atmospheric gases and reactions at the surface. 5 5  All of these issues are 

examined in the l-V characteristics of contacts to ZnO NWs in Chapter 7.

3.7.1 Contact layers to Nanowires
For device purposes contacts to entire NW arrays are required and these contacts are 

required to be Schottky or Ohmic depending on the application. Usually the substrate 

contact is required to be the large scale Ohmic back contact. However control over the top 

layer contact is more difficult due to the irregular formation of the NW forest. It was 

discussed above that introducing a highly doped n + region narrows the barrier width that 

allows increased current flow with reduced resistance. When doping is of a sufficient level, 

the barrier becomes almost transparent to electron tunnelling and the contact exhibits 

Ohmic behaviour. This concept was used by Ham et al to form an Ohmic contact with Al 

doped ZnO film deposited onto bare NW tips grown by MOCVD on a p+ substrate to form a 

p+-n junction for LED (Light Emitting Diode) emission purposes. 3 1  The device is shown in 

Figure 21.

The Al-doped ZnO film was characterised as being 400nm thick with a carrier concentration 

of 9 .7x l0 1 8 cm' 3 and an electron mobility of 6.9cm2/Vs and was deposited by radio frequency 

magnetron sputtering using a 3% Al (by weight) doped ZnO target. To complete the Ohmic 

contact Indium contacts were simply deposited on the Al doped ZnO film. It was shown that 

the Al doped film had the same hexagonal crystal structure as the ZnO NWs with both 

growing along the c-axis. The Al doped ZnO film was mostly deposited near the tips of the 

NWs which formed a good n-n+junctions with good interfacial contact and no crystal 

mismatch. The Fermi level of the Al doped film was close to the conduction band creating a 

thin barrier at the interface with the metal contacts. The perfect lattice match of the 

interfaces and low density of interfacial defects reduced the leakage current under reverse 

bias and increased carrier injection in forward bias compared to fabricated film based
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Figure 21. SEM im age show ing the  rT doped ZnO layer fo rm ed  to  the  top  o f a N W  array grow n on a p -type substrate. The  
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Top contact films are important for light emitting heterojunction devices such as lasers and 

LEDs. Taking advantage of new advances in p-type doping of ZnO NWs an electrically 

pumped waveguided laser device was fabricated using p-type NWs and a n-type substrate.53 

The film was grown by MBE and the NWs by CVD and the top contact was formed by 

sputtering ITO on to the NWs. However to prevent ITO deposition far down the NW sides 

and onto the n-type substrate PMMA was spin coated through the NWs before deposition. 

The diode device exhibited stable room temperature UV lasing.

Alternatively Yu et al used Pt to form a Schottky barrier on top of a dense Nanorod array.181 

The film of dense rods grown on SiC was used as a highly sensitive gas sensor in the reverse 

biased condition. Exposure to H2 gas modulated the carrier density and the reverse bias l-V 

characteristics. The model presented was based on a charged 'hemisphere on a post' which 

considered the metal on the nanorod tips as a charged hemisphere removed a distance 

from the substrate. This enhanced the electric field which influenced the reverse bias l-V 

characteristics with longer, thinner nanorods inducing greater electric fields and the device 

exhibited lower breakdown voltages.

For these multilayer heterojunction based devices they require a base contact, usually the 

substrate. This limits the possible materials to those which are similar in crystalline structure 

to ZnO, conducive to NW growth and of good electrical properties. However, it is a distinct 

possibility for insulating materials such as sapphire to rely on the base growth of the NWs as
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a conductive layer. This layer can form a large area back contact composed of ZnO and can 

be grown as film such as nanowalls1 8 2  or deposited as a buffer layer183.

However as discussed in section 3.3.3 the base layer can have many defects such as stacking 

faults and dislocations especially when there is a crystallographic mismatch with the 

substrate . 1 2 4  Also NWs grown with a catalyst may find many catalyst particles littered 

around the base growth which may cause substantial depletion of charge carriers. 5 8  To 

assess the possibility of using the base growth as a conductive layer we examine the 

structure and presence of Au catalyst in the base layer with cross-sectional electron 

microscopy in Chapter 6 .

3.7.2 Fabricated contacts to individual Nanowires
There are not many published examples which investigate contacts to the top of vertical 

free standing NWs. Those that do comprise of conducting AFM (CAFM) measurements of 

bare and metal deposited ZnO NWs, C-AFM measurements of NWs for piezoelectric output 

and single probe measurements of Ge NWs grown by Au catalyst. There are many examples 

of flat lying NW devices with patterned contacts particularly as nanostructure n-channel 

FETs which are now briefly discussed.

Schottky barriers were created by Lao et al with Au contacts deposited on ZnO nanobelts 

and ideality factors of ~ 3  were achieved . 1 8 4  The Nanobelt device was shown to have a 

current of 0.5[iA  at 1.5V, 100 times greater than seen with wet-synthesised nanorods on 

chrome and Au electrodes by Harnack et al185. The ideality factor of the nanorod devices 

again showed a large deviation of the ideality factor from unity. Asymmetric contact 

properties were cited to explain unusual characteristics attributable to an insulation layer 

between the electrode and semiconductor.

Niobium can form Ohmic contact to ZnO and was used by Cha et al for a single NW FET. 

Contacts were formed by sputtering and e-beam lithography lift-off of a 200nm Nb layer. 4 5  

With Niobium having a work function of 4.3eV compared to the electron affinity of 4.35eV 

of ZnO Cha et al fabricated two single ZnO NW FETs with near Ohmic contacts. The gate 

electrodes used the metal scheme of Chrome/Au deposited across the NW. Using the four- 

point method the resistivity of the NWs was found to be ~7.5ncm . The devices with the n- 

type NW channel operating in enhancement mode showed field effect mobility of 928
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cm2 /Vs. The NWs of diameter 60nm spanned the channel length ~ lp m . Field effect mobility 

values were all a factor of six or greater than the best reported ZnO NW FETs.

Heo et al showed Pt Schottky diodes patterned to MBE grown NWs had low ideality factors 

of 1.1 and very low reverse currents of 1 .5x lO '10A at -10V . 1 8 6  The Ohmic contacts on either 

end of the flat NW were fabricated by an e-beam lift-off scheme of Al/Pt/Au and annealed 

for lm in  at 300°C. The Pt/Au gate contact patterned across the NW was of 1pm width which 

created a Schottky contact of area ~10 6 nm2. Exposure to UV modulated the l-V to exhibit 

linear behaviour.

In the study of patterned Au as a Schottky barrier contact Das et al only achieved a SBH of 

0.4eV at 300K which was confirmed by X-ray Photo-Spectroscopy (XPS) studies. 1 8 7  The low 

barrier height was attributed to image force lowering, tunnelling, surface defects states, 

barrier inhomogeneities, Fermi level pinning, trap states and edge leakage due to high 

electric field at the contact periphery. UV photoelectron spectroscopy measurements 

revealed the Fermi-level was 0.2eV below the conduction band and tunnelling which is 

insensitive to temperature variations must have been a major factor even when the 

temperature was elevated to 523K. Ionised interface states were considered to be the major 

cause of Fermi-level pinning and the low Schottky barrier height. The ionised states at the 

interface may have originated from injected hot electrons but may also be a result of 

exposure to air during fabrication.

One study by Kim et al aimed to characterise the unwanted contact potential found at metal 

-  semiconductor NW interfaces. 5 7  Annealing a metal/semiconductor interface can reduce 

the contact resistance but this does not overcome oxide layers and differences in work 

function of the metal and semiconductor. By making four contacts of Ti(30nm)/Au(50nm) by 

e-beam lithography single ZnO NW FETs were fabricated and the l-V characteristics were 

recorded by two- and four- probe methods. The difference in the two- and four-probe 

measurements showed that the majority of voltage drop occurred at the Ti/ZnO contacts. 

Carrier mobility was estimated at 40cm2/Vs and concentration at 5 x l0 1 8 cm'3. The 

conductivity was shown to decrease with temperature, which is consistent with 

semiconductor materials, and displayed depletion mode characteristics. The four-probe 

method showed a linear relationship with temperature and an activation energy of 2.4meV
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whilst the two-probe method had an activation energy in the linear region of 27.6meV. The 

thermal energy at room temperature of 25meV was used to conclude the carriers were 

injected by thermionic emission. The larger activation energy of the two-probe 

measurements was attributable to the potential barrier between Ti/ZnO. At lower 

temperatures the transport mechanism changed from thermionic emission to tunnelling 

because the barrier height is insensitive to temperature variations. The low activation 

energy of the four-probe method indicated the Fermi level is just below the conduction 

band which provides the high conductivity and depletion mode behaviour.

These results show the complexity of forming good and reliable contacts to nanostructures. 

In the flat lying configuration contacts are formed across the side of the structure. This 

provides a relatively large contact area which is always desirable for a well-defined contact. 

This is not possible for free-standing contacts which are limited by the nanostructure cross 

sectional area. Measurement in this configuration is also far more demanding and relies on 

a good and isolated physical connection to the top contact, however the nanoprobe 

provides a solution to this problem (Chapter 7).

3.8 Ind iv idu a l contacts to free standing NWs

To realise the full potential of optoelectronic and electronic applications of ZnO Nanowires 

high quality contacts to vertical NW arrays are needed. Therefore, a number of studies have 

specifically investigated Schottky and Ohmic contacts to individual NWs.

One such study by Park et al (2003) fabricated metal contacts to ZnO NW arrays by simply 

evaporating the metal onto vertically aligned ZnO NWs.157'188 The NWs had been grown by 

catalyst free metal-organic vapour phase epitaxy (MOVPE) along the c-axis and thus had no
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Figure 22. Circuits showing the in terfaces o f th e  CAFM setup and po int contact to  N W  tip . R eproduced1” .
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catalyst tip. A ZnO buffer layer 20-30nm thick was deposited prior to growth to provide a 

conducting layer. The electrical properties of the NW-top contact were probed by CAFM 

with an Au conducting tip as shown in Figure 22.

The metal film thickness deposited on the ZnO NW tip (0001) surface was in the range of 10- 

15nm for Au and compared to a different scheme of Ti (10nm)/Au (5nm). The samples 

deposited with Ti/Au were annealed between 300-500°C for 30 seconds. The Au only layer 

interface appeared abrupt by TEM imaging; the Au was not structurally uniform or single 

crystalline due to the room temperature deposition. The Au crystallites were preferentially 

deposited on the top NW surface. The likely formation of titanium Oxides at the Ti/ZnO 

interface was used to argue for greater donor concentration near the junction. An n+ near 

interface region may form when an increased density of Oxygen vacancies are formed in the 

ZnO which lowers the contact resistivity. The process of oxidation is promoted by annealing 

and the contact resistivity is lower for greater annealing temperatures.56

The deposition of only Au formed a Schottky barrier with a reverse bias breakdown voltage 

of -8V and a leakage current. In comparison contacting a bare NW which exhibited -3V 

breakdown, see Figure 23. The Au coated CAFM tip with a work function 5.1eV formed a 

Schottky contact and had nonlinear and rectifying l-V characteristics. The built-in potentials 

of the NW-ZnO and Indium-ZnO were thought to be negligible, although as the current must 

pass from CAFM tip though the NW, base layer and the base contact the measured currents 

are very small (Figure 23). We suspect the results are dominated by the conduction process 

through the defective base layer.
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Figure 23. l-V  graph o f an Au coated CAFM tip  point contact, a) w ith  Au deposited on ZnO N W  and, b) l-V  curve o f an Au 

coated CAFM tip  po int contact on bare ZnO N W . R eproduced188.
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Park et al report the Schottky barrier was much improved by the Au deposited on the NW  

because there is little contact potential between the Au coated AFM tip and Au coated NW. 

However we can see from Figure 23a and b the current is an order of magnitude less for the 

coated NW than for a bare NW. The improved rectifying behaviour was stipulated to be due 

to a greater and more well-defined interface area, uniformly spreading the electric field. The 

ideality factor calculated was estimated at 7-9. We suggest the high ideality factor values 

were most likely due to the small contact with the AFM tip, multiple interfaces and the long 

conduction path that scatters charge carriers especially when the base layer maybe 

defective.

Similar experiments by Scrymgeour et al using CAFM with probe tips coated with Ti-Pt and 

conducting diamond were performed on bare ZnO Nanorods. 1 8 9  Both coatings gave non­

linear l-V characteristics i.e. non-Ohmic contact. To form Ohmic characteristics and 

appreciable currents (pA) the Nanorods were annealed in H2/N 2 gas, then coated with 

photoresist (PR) and the top NW facets were exposed by etching. 3nm Ti and 50nm Au were 

deposited to provide an Ohmic contact which increased the current by several orders of 

magnitude. Annealing the contacts creates a highly doped subsurface which provided good 

Ohmic contact i.e. an n+ layer. A strong piezoelectric response was correlated to the more 

resistive nanorods by compressing the NWs with the AFM tip. The photoresist and gas 

annealing processes alter the NW surface which in turn affects the electrical properties of 

the structure and the interfaces.

Measurements by C-AFM on as-grown arrays of ZnO NWs typically have small nano-ampere 

currents at bias up to 10V. A study by Shao et al(190) aimed to emulate the Nanogenerator 

experiments and devices which are discussed next. The Pt AFM tip on the bare NWs had 

Schottky behaviour of ideality factor 3 and only 15nA at IOV . 1 9 0  The convoluted effect of the 

multiple interfaces again results in the small currents and the non-ideal l-V characteristics 

were attributed to tunnelling through the point contact.

The most high profile devices that rely on individual top contacts to vertical ZnO NW arrays 

are the series of Nanogenerators developed by Wang's group at Georgia Institute of 

technology. The initial break through experiments did not categorically test the top contact 

but instead showed when the AFM tip traverses across the NW the deformation of the
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piezoe ectric crystal creates static charge.29 The charge is then compensated once the AFM 

tip reaches the negatively biased compressed side where the probe tip-NW Schottky barrier 

is in the forward bias condition and current can pass easily. The output was as great as - 

20mV per deflected NW.

Figure 24. The size o f Au catalyst particle size affects th e  p iezoelectric  bu ild -up o f charge and th e  o u tp u t to  th e  AFM  tip . A 

full particle which covers th e  en tire  face t leaks charge carriers and prevents th e  build -up o f la tera lly  separated static  

charge.

The Au catalyst particle on the top facet which was assumed to form a large Schottky barrier 

that can help or hinder the build-up of lateral electrostatic charge.29 The NWs of ~50nm 

diameter were shown to have a variety of Au catalyst particle sized tips. A large Au particle 

which covers the entire end facet leaks charge to the compressed side which destroys any 

potential build up. Therefore the Pt CAFM tip was proposed to work best on NWs without a 

Au tip or with a Au tip smaller than the NW diameter. These types of contacts allowed 

piezo-charge build up and an output was registered when the CAFM tip contacts the Au 

(Figure 24). The study provided evidence for the variation of Au catalyst particle size and 

location on the NW. The hemispherical Au does not often cover the entire end facet and 

some particles can be found on the sides of the NWs. The measurement method required 

the output to be measured via the base layer connected by silver paste to the AFM circuit.

The follow up device took advantage of NWs grown by vapour methods without a catalyst 

and included phosphorus source to create a p-type nanogenerator.36 The intention of the 

device was to create a positive potential output developed on the extended side of the NW 

(an n-type NW has negative charge carriers which screen the positive charge on the 

deflected side when physically deflected, a p-type NW has positive carriers which screen the 

negative compressed side191,192). This avoided the need for the tip to contact the 

compressed side which created maximum voltage spikes of 50-90mV. The Pt coated AFM tip 

provided the large Schottky barrier which is necessary for the charging process but without 

the Au catalyst.
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Modelling by Gao et al of the n-type Nanogenerator predicted a voltage output of 0.3V per 

NW . 1 9 1  The discrepancy with experiments is partially due to the very small contact area 

between the AFM probe and the NW which may have created a very high contact 

resistance. The measurements were conducted through the Au contact, NW base layer and 

the Ag paste contact to the base layer. This provides potential for charge scattering and the 

capacitance of the NW array system is far greater than the capacitance of a single NW, this 

consumes the majority of charges produced. The influence of the base layer on the 

measurement of the top contact is overcome here by the use of the nanoprobe in Chapter 

7.

The measurements discussed in the recent sections reveal non-ideal characteristics and 

provide some insight into the difficulties in contacting Nanostructures, especially in vertical 

arrays. The role between the catalyst particle that rides on top of the growing crystal is 

complex5 8 ,1 1 7  but provides the ability to produce desirable nanostructures such as NWs. The 

catalyst particle when residing on the NW tip also provides a readymade electrical contact, 

and for electrical devices this fabrication pitfall can be bypassed. However, characterisation 

of this interface is limited and the precise quality and electrical behaviour is unknown 

although it was suspected the interface properties are mostly dependent on the catalyst 

material and interface structure. To cover this we examine the interface with electron 

microscopy in Chapter 6 .T0  provide comparison, confidence and fabrication options in 

parallel we investigated NW growth without metal catalysts using post-growth metal 

contact deposition, Chapter 5. To gain further understanding of the small contacts to NWs 

it was necessary to consider appropriate models for nanoscale contacts. The majority of 

these models, until recently, were concerned with nanocontacts on planar substrates and 

we cover these next and apply the most appropriate results in Chapter 7.

3.9 Small contacts - experiment and models
Small contacts are often considered to suffer from large tunnelling currents, surface 

leakage, poor reverse bias characteristics, edge leakage and barrier inhomogeneity to 

explain the l-V characterises which are far from ideal and very different from the planar 

equivalent. These arguments have greater influence when the contacts decrease to below 

lOOnm diameter, in this regime, single dopants atom, structural and point defects, 

impurities and interfacial layers can drastically alter the potential barrier formed. A single
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barrier saddle point created in an inhomogeneous Schottky barrier can dominate the entire 

contact.

A Schottky contact is formed when a metal comes into contact with a semiconductor. The 

two features of this barrier that have an overriding influence on the current transport are 

the barrier height and the depletion region width. The value of the barrier height as 

discussed is not an exact science for most metal-semiconductor schemes however for 

certain clean and intimate contacts the barrier height is found within a range of values, 

typically 0.6-0.7eV for Au-ZnO, 5  and in the case of strong Fermi level pinning the SBH is well 

defined, 0.59eV for Au-Ge193. In these cases of large SBH the transport mechanism becomes 

dependent on the depletion width which for planar contacts is highly dependent on the 

semiconductor doping and SBH.

However as contacts are scaled down the contact size becomes the dominant factor on the 

extent of the depletion region. This relationship was explicitly modelled by Smit et al for 

small circular contact pads on planar substrates. 6 0  The Poisson equation was numerically 

solved for the contact shape and the transmission coefficient was obtained with a fully 

quantum mechanical calculation. Tunnelling was shown to become the dominant transport 

mechanism for contacts below a critical size. This was expressed by a depletion layer that no 

longer depends on material properties and scales with the contact as shown, Figure 25. The 

Poisson equation formed did not take into consideration the additional potential formed at 

the contact edge or at the semiconductor surface. Tunnelling occurs as a direct result of the 

contact scale. This depletion effect was shown in a follow-up paper by Smit et al on small 

contacts to provide, in contrast to planar contacts, much greater experimental current 

densities at low bias. 6 1  Contacts of diameter ~20nm exhibited near linear l-V characteristics 

and zero bias differential resistance 104  times smaller than planar equivalents. This increase 

can only be due to increased tunnelling from a much reduced depletion region. An 

interesting observation for the smallest diodes on highly n-type substrates (O.Olflcm Si) was 

the forward bias current was smaller than the reverse bias current, reversing the operation 

of the diode. This was explained by Smit et al by considering the diode as a point contact 

and suggesting Fowler-Nordheim tunnelling played a role at the diode's edge under forward 

bias. 6 1
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Figure 25. The dep letion  w id th  fo r small contacts becom e dep en d en t on the  contact size w h en  th e  contact becom es small. 
The diagram  depicts th e  FW H M  of the  dep letion  layers fo r each contact size from  30nm  (a) to  in fin ite (e) fo r a circular 

contact pad on a p lanar sem iconductor substrate. For low  doping concentrations, as shown, the  critical size o f contact can 

be as large as 750n m  d iam ete r; how ever at sm aller contact sizes the  dep letion  region becom es com parab le  in size to  the  

contact radius. R eproduced60.

Similar studies have revealed depletion scaling depending on contact morphology (linear, 

cylindrical and spherical)194 and a similar relationship to Smit with contact radius for disc­

shaped metals on planar substrates195.

Edge effects are expected to become more influential for small contacts as the surface area 

becomes a dominant factor over volume. The band bending that occurs at contact edges has 

been directly measured by Carroll et al with STM.63 The edge effect was also modelled as an 

annular region around a central contact region for small Schottky diodes196 and a similar 

model was used by Carroll to explain the easy tunnelling that occurred for the STM 

experiment as the tip traversed the edge regions of a small contact. Carroll et al modelled 

this annulus as a region of low SBH, however it may equally be considered as a region of 

high field and narrow depletion width55. The depletion region should be a smoothly varying 

function163 across the contact, however to simplify the analysis an 'average' effect is 

considered for the annulus and central regions i.e. a stepped depletion.

Experimental measurements of nanocontacts on planar substrates frequently show much 

greater current densities than the planar equivalent. Au contacts on n-type Si measured by 

STM tips had current densities as large as 106 Acm'2 for contact area of 10 12 cm2 compared 

to a bulk contact of area 0.5cm2 and current densities of 102 Acm'2. The reduced depletion 

region was again shown to be the important feature.197
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Smit et al conducted STM measurements of many CoSi2 islands on Si from 6000nm2 to less 

than 200nm 2 . 1 6  The spread in zero-bias conductance density was seen to increase 

dramatically with decreasing contact size. The contacts and interfaces were epitaxial and 

monocrystalline as they were formed in vacuum by annealing of Cobalt on the Si surface. 

Barrier inhomogeneities were ruled out because the epitaxial contact formation does not 

create variations in atomic arrangement and defects at the interface; this was previously 

confirmed by separate BEEM studies which revealed a constant barrier height. The deviation 

in contact behaviour which increases with decreasing size is explained by the random 

distribution of dopant atoms. The local distortion of the barrier by one dopant atom has an 

increasing effect as the contact becomes smaller. Samples of lower doping concentration 

did not exhibit the spread in conductance, but again the conductance increases with 

decreasing diameter due to the depletion scaling effect and increased tunnelling. The effect 

of the local barrier lowering was estimated to be roughly as large as it Bohr radius (~3nm  

for Si) and the effect was expected to be much less pronounced in thicker barriers. The 

smaller effective Bohr radius of ZnO of 2.34nm{198) means this barrier distortion effect will 

be reduced and the effect on the conductance spread will also be reduced. ZnO NWs are 

normally of doping density slightly lower than the Si used in these experiments ( lx l0 1 8 cm 3  

in ZnO NWs compared to 2 x l0 1 8cm' 3  in the silicon substrate) which may again reduce this 

effect. The measurements on the CoSi2  contacts showed the increased spread in 

conductance with decreased diameter was not apparent until the contacts area <1 0 0 0 nm2. 

The contacts measured here which display a change in rectifying nature are all >1000nm2.

However increased conductance with decreasing diameter can also be a symptom of an 

increased surface effect. Surface conduction or leakage is a common explanation. Smit 

bypassed this argument by annealing the contact islands in hydrogen. This may have 

minimised the surface effect but it may not have removed it completely. Surface transport 

mechanisms have been investigated by exposing the surfaces to different gases or treating 

the surface in some way to passivate or charge the surface around the contact. Surface 

states can provide a conduction path between islands1 6 8  or an Ohmic-like conduction path 

for point contacts on clean Si. When Dickie et al removed the surface states of the Si 

surrounding the point contact changed from Ohmic to strongly rectifying167. Song et al 

revealed by exposing the surface to gases and modifying the surface states a change was

90



seen in the surface conductance for nanocontacts of ErSi2 on Silicon62,199. This technique was 

used by Song et al to reveal the additional surface conduction path which had a significant 

contribution to the overall contact conductance. However the contacts were still tunnelling 

dominated when the surface effect was suppressed. The contacts measured here are all 

prepared equally and the change in l-V characteristics must be attributed to an effect other 

than surface conduction.

The surface surrounding a small contact can also affect the depletion region. A surface 

accumulation layer suppresses the depletion region which originates from the metal contact 

at the contact edge . 1 6 5  A surface depletion allows the depletion region from the contact to 

extend further along the surface of the semiconductor. In the case of minimal surface 

charge or minimal surface depletion the contact depletion layer is similar to that described 

by Smit, Figure 25.

3.10 Nanowire contacts research models and results
The behaviour of electrical contacts to NWs is different to that of contacts to planar 

semiconductor surfaces. The constricted semiconductor morphology reduces the contact 

area and changes the extent of the depletion region and enhances the effect of the surface. 

A recent review by Leonard and Talin highlighted results on NWs and nanotubes. 1 9  NW  

contacts can be categorised as either end-bonded or side-bonded. Side bonded contacts are 

those which are used in NW FET devices, on flat lying NWs with patterned contacts. 1 8  End- 

bonded contact is an appropriate term for catalyst particle-NW interfaces and contacts that 

are deposited or reacted with the NW end. They end abruptly at the NW end which 

constricts the contact area to that of the NW cross-section. This introduces two factors that 

are unusual for planar contacts, the contact size is very small and the depletion region is 

constricted to the NW structure.

By depositing Ni on one end of a flat lying Si NW an end bonded contact was formed by 

annealing the sample which formed NiSi. The compound migrated along the NW forming a 

NiSi-Si junction hundreds of nanometres away from the Ni. 5 4  The contact formed a Schottky 

barrier with height similar to planar contacts and a current of 10 ' 7  Amps at IV  bias.

Hu et al numerically investigated metal NW contacts by solving the Shockley equations for 

energy band diagrams. 2 0 0  The total current through the contacts was considered as
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Thermionic emission(TE) and Thermionic field emission (TFE), although TE was found to be 

very small compared to TFE. A barrier height of 0.4eV and a doping of 5 x l0 17cm"3 was 

assumed. It was shown that as the NW diameter decreased the depletion region increased 

into the NW. However this increase was not substantial until the NW decreased below 

20nm diameter. The effect was explained by a field fringing effect outside of the NW that 

increases as the NW size decreases and reduces the field density in the NW. Subsequently, 

the contact depletion width then extends further into the NW reducing the calculated 

current and increasing the contact resistivity. For NWs near to lOOnm the effects were not 

significant.

By solving the 3D Poisson equation of a gate surrounded NW Sarpatwari et al revealed for a 

NW with a depleted surface and a metal end contact the overall depletion regions combine 

and extend into the NW, Figure 26a.201 When the surface of the NW was considered to be 

accumulated the depletion region was compressed to the contact and the effective barrier 

height was reduced.

A similar result was previously found by Leonard and Talin investigating single probe 

measurements of freestanding Ge NWs with Au catalyst particles.21 A large barrier which 

results from pinning at the Au-Ge interface and surface state depletion was shown by 

solving the Poisson equation for an end-bonded NW that the depletion region extends 

further into the NW. The effect was most prominent for NWs less than 50nm diameter. The 

l-V measurements with a single probe tip in contact with the Au catalyst tip showed an 

increasing low bias conductance for NWs less than 50nm diameter and weakening rectifying 

behaviour. The current density at both forward and reverse bias increased for the smaller 

(<50nm diameter) NWs, see Figure 26b, with the reverse bias almost equal to the forward 

bias for the smallest 37nm diameter NW. The effect is less considerable for larger NWs. The 

increasing low bias conductance with decreasing NWs diameter and the increasing 

depletion width was explained by surface enhanced recombination currents. The surface 

effect provided a (diam eter)1 relationship with low bias conductance and a diameter 

dependent recombination time. It was argued all other transport mechanisms are 

suppressed by the large barrier height and increasing depletion width.
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less rectifying. A significant change is not seen until th e  c o n ta c t/N W  becom e less th e n  50nm  d iam ete r. R eproduced21.

The models of these end-bonded contacts all assume the contact is the same diameter as 

the NW. This assumption spreads the depletion width across the entire NW width where it 

can combine with the surface depletion found on the side of some NWs. This argument is 

appropriate for some NWs, such as Silicon NWs126, where the Au catalyst covers the entire 

end facet, however this is not the case for ZnO NWs58. These measurements reveal the need 

for investigation of Schottky contacts to the end facets of NWs in the size range of 50- 

lOOnm diameter where the contact is smaller than the NW diameter which we complete 

here in Chapter 7.

3.11 Literature Review Summary

We have discussed the different growth modes that are applicable to ZnO NWs and 

highlighted the VLS and the new VSS growth mechanisms that both may be applicable to 

catalyst-assisted ZnO NWs. Due to variability in crystal growth we have identified the need 

to examine the Au catalyst particle and its relationship with the NW. To fully understand the 

properties of this interface and the effect it may have structurally and electrically on the NW 

it must be examined at an atomic level. Only one technique is capable of revealing the 

atomic structure of the interface and simultaneously detecting any Au diffusion into the NW 

which may also greatly hinder electrical properties. The unique technique is atomic
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resolution HAADF-STEM. In Chapter 6 we show results from the SuperSTEM II microscope 

analysing the Au-ZnO interface and reveal the structure and behaviour of the Au catalyst at 

the interface. The analysis is confirmed by Multislice calculations using Qstem65 which fully 

justifies the imaging results by simulating the electron beam interaction with a single Au 

atom in ZnO.

Also highlighted in this chapter were significant discrepancies in the electrical properties of 

ZnO NWs such as the significant spread in resistivity measurements revealed by Schlenker et 

al, their work shows the need to clarify the electrical properties of ZnO NWs.50 With the aim 

of doing this and ensuring accurate measurements we must consider ZnO NWs as structures 

with a surface sensitive nature and a surface dominated morphology that all fabrication 

processes can modify and affect the measured properties. To overcome this problem which 

is common for nearly all published resistivity measurements on NWs the fabrication process 

must be removed. This is achieved here by using the nanoprobe equipment which allows 

measurements of nanostructures by the four-probe technique free from any processing.

The difficulty in measuring electrical properties also extends to contact measurements, 

especially of free standing NWs. The nanoprobe allows the possibility of isolating the top- 

contact interface (such as with a catalyst particle) from the effects of the NW-base growth, 

NW-substrate and substrate-back contact effects which can disrupt the l-V signal202. A 

common symptom of these problems is the measurement currents of only nano-amperes at 

large voltages up to 10V. We overcome this with the nanoprobe which allows local 

measurement of the NWs and the top contact when they are still part of the original array. 

This is extended to the analysis of fabricated and as-grown Au contacts and the size- 

dependent behaviour of Au catalysed contacts on ZnO NWs which defines a regime different 

to that revealed by Leonard et al21. The contacts here do not cover the entire end facet 

which presents l-V behaviour different to those contacts of Leonard et al.
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Chapter 4

4 Experimental technique

This chapter summarises the experimental principles and relevant theory that are important 

to understand each technique and the equipment specifications and procedures. A 

description of the growth technique is included followed with the experimental details. The 

NWs product of the growth experiments were characterised by two main techniques of 

Electron Microscopy (EM) and nanoprobe electrical measurements. The EM covers Scanning 

Electron Microscopy (SEM) for initial assessment of the growth quality and morphology, 

Transmission Electron Microscopy (TEM) to analyse the crystal structure quality, 

morphology and composition and finally high resolution Scanning Transmission Electron 

Microscopy (STEM) to assess the atomic composition of the vapour phase grown NWs and 

the interface with the Au catalyst particle. This data allowed the correct assessment of the 

electrical measurements performed with the nanoprobe. The measurements covered bulk 

resistivity of 40 NWs with the four-probe technique and the two-probe technique to 

measure the deposited Au and catalyst particle Au interface properties.

4.1 Zinc Oxide nano wire growth
Growth experiments covered the vapour phase growth of ZnO NWs with and without a 

catalyst. Both techniques are similar and use the same experimental apparatus which 

harnesses a controlled atmosphere of a rough vacuum level. Here we use a tube furnace to 

achieve this environment along with the high temperature necessary for evaporation of the 

source material of ZnO. Chapter 2 discusses the importance of the crystallographic substrate 

match with the desired growth crystal structure and morphology. For this reason a-AI20 3, 

GaN and ZnO seed layer were preferred for high quality growth. The processes for the two 

growth mechanisms are summarised followed by the experimental details.

4.1.1 Catalytic Au for NW growth
The gold layer which coats the substrate melts and separates at the high growth 

temperature in the tube furnace, typically ~900°C , forming nano-droplets or Au clusters.23 

Zn and C 0 /C 02 vapour is produced by carbothermal reduction of the ZnO source24 and 

carried in the gas flow, in this case A r /0 2, to the reaction site. This preferentially condenses
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on the Au droplets/particles covering the surface of the substrate in the slightly colder 

region of the furnace.

Zn Vapour Au particle

/  Substrate Au partic le NW growth

Figure 27. Schem atic diagram  depicting the  Au catalysed nanow ire  grow th. A d ap ted 24.

The Au acts as a catalyst and preferred site of deposition for source atoms until the 

liquid/particle surface is supersaturated as depicted in Figure 27.103,126 The zinc forms on the 

surface of the catalyst and oxidises by the low concentration of C0/C02 and 0 2.107 NW 

growth initially occurs at the solid substrate -  catalyst interface where Zn precipitates 

followed by oxidation of the Zn and growth ledge formation.103,107 Continuation of this 

process allows the alloy droplet to escape the surface and rides on top of the growing NW 

which continues as long as the catalyst remains on the NW tip and the reactants are 

available. A NW produced by this method typically has a solid catalyst particle at the tip 

which is used as the feature to identify the catalyst growth process. A typical image of a Au 

catalysed ZnO NW array is shown in Figure 28a and further details with examples are 

discussed in Chapter 5.

3 OOum

Figure 28. Typical SEM im ages o f the  high quality  nanow ires achievable w ith , a) Au catalysed grow th  and, b) non­

catalysed grow th.
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4.1.2 Non-catalysed nanowire growth
Non-catalysed growth is broadly categorised as a vapour-solid (VS) growth mode that 

usually dominates at a higher vapour supersaturation than catalysed growth.119 A narrow 

bore quartz tube used in this study helps increase the vapour saturation and the relatively 

high furnace temperatures (1050°C) also produce high vapour concentrations.112

Metal Catalysts are often undesirable and so catalyst free growth is frequently more 

appropriate and the models propose growth nucleation occurs due to the condensation of 

Zn and Zn suboxides.119 Vapour is transported downstream to the substrate at ~500-600°C  

where Zinc vapours condense/oxidise on all surfaces leading to a build-up of ZnO. 

Observation shows ZnO is deposited on all surfaces in this region of the furnace suggesting 

no preferential catalytic effect influences the deposition of ZnO. High Zn vapour 

concentration and high oxygen concentration aid the oxidation of Zn vapour adsorbing to 

the growth surfaces. A typical image of non-catalysed ZnO NW arrays is shown in Figure 28b 

and further details with examples are discussed in Chapter 5.

4.1.3 Nanowire characterisation
NWs were grown specifically for experimental purposes, e.g. contact measurements. 

Therefore experiments focussed on achieving control of the growth product and 

characterising it for specific requirements. The elements that were important to both are 

listed below. A number of parameters were changed throughout the experiments but 

control over the product is mostly achieved with the following:

•  catalyst thickness

•  substrate material - crystal structure, lattice matching and surface morphology

•  temperature of the growth region

•  Source-Sample distance

The NWs growth were characterised by the following:

•  Length

•  Diameter

•  Cross-section shape

•  Coverage

•  Alignment

•  Termination

•  Branching/kinking
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4.2 N anow ire g row th  exp erim enta l details

Vapour phase NWs were grown by two methods at the Multidisciplinary Nanotechnology 

Centre at Swansea University. The growth experiments were performed in a high 

temperature tube furnace with and without Au catalyst on planar substrates. High- 

temperature high-pressure hydrothermal NWs were provided by Alex Walton at Leeds 

University for electrical measurements, the growth method is briefly stated.

4.2.1 Catalysed NW growth sample preparation
Samples were thoroughly scrubbed with acetone and a cotton swab, then sonicated in 

acetone, ethanol and IPA, then rinsed in de-ionised (Dl) water and dried with N2. Au was 

then deposited with a dedicated Au Edwards plasma sputter that was calibrated to deposit 

lnm  Au every 4 seconds.

4.2.2 Non-catalysed NW growth sample preparation
Single crystal sapphire substrates for roughness-assisted growth were cleaned similar to the 

catalysed NW substrates and then etched in 1M NaOH (as reported by Ho et al) for various 

amounts of time.111 After etching, the substrates were rinsed thoroughly with Dl water, then 

ethanol sonication and further rinse and dry. Etching was performed with stirring at room 

temperature.

Figure 29. The Carbolite  high te m p e ra tu re  tub e  furnace used fo r N W  grow th . The m ain w ork  tube  was high purity  

alum ina vacuum  sealed a t bo th  ends to  ensure the  high purity  gas flo w  o f A r / 0 2, which flows from  le ft to  right, was not 

contam inated . The cham b er pressure th a t was m easured by a P fe iffer Vacuum  com bination pressure sensor was 

m ainta ined  at a constant level by the  tw o -s tage  Edwards rotary  pum p which is connected by a lm  long stainless steel 
bellows. A m olecular sieve trap  (no t show n) was used to  preven t backflow  o f oil vapour in to the  cham ber.
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Metal substrates were created by Sputter deposition of metals onto Silicon substrates. To 

ensure good adherence to the substrate the Silicon was solvent cleaned, oxidised with 

Piranha solution and etched with HF acid to remove the oxide. Samples were then 

transferred into the Physical Vapour Deposition (PVD) system for metals deposition. A thin 

25-50nm layer of Cr was found to benefit the adherence of subsequent metal layers. To 

initiate the growth on substrates other than those of roughened sapphire a ZnO seed layer 

was employed, either deposited by solution methods described in section 4.2.4 or from a 

pure ZnO source using PVD. No optimum procedure for the PVD seed layers were found, 

therefore it is only briefly discussed in Chapter 6.

4.2.3 Vapour phase furnace technique
Vapour phase NWs were grown in a tube furnace, see Figure 29. This was performed in a 

controlled atmosphere as previously reported by the author in his MRes thesis.203 A high 

purity Aiumina tube is inserted into the furnace with vacuum fittings to seal the open ends. 

These fittings allow the controlled flow of high purity Argon and Oxygen with the aid of 

Mass flow-controllers and the continuous evacuation of the chamber to maintain a constant 

pressure (l-30mbar depending on experiment).

The sample boat and source boat including the carbothermal source mix of ZnO (Alfa Aesar 

99.99%) and Carbon (sigma Aldrich 99.99%) 325mesh were placed in a Quartz tube and 

inserted into the Alumina tube, Figure 30. The assembly was evacuated and then heated at 

~50°C/min to 200°C and held under vacuum for 20mins, the furnace was then ramped up to 

the growth temperature (~900-1100°C). Whilst at 200°C dwell the flow of Argon and 

Oxygen was established. On completing the growth time the experiment was allowed to

42cm

Quartz Tube

Gas Flow

Source Sample

<y 8.Scm

Source/Furnace
Centreline

t>
<■ t>

<F
Seoaration

Figure 30. E xperim ental a rrangem ent o f Furnace G row th  experim ents
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cool under a steady gas flow and the samples were then removed and immediately 

inspected with Scanning Electron Microscopy (SEM). Figure 31 shows how the growth 

changes as the sample is moved further from the source boat, this example is of catalytic 

NW growth.

54800 10 OKV 14 4mm 54800 10 OKV 14 7mm . 3Q Qk SE'M.............................  1 OOum

Figure 31. The images show  how the  catalysed grow th  changes w hen th e  sam ple is located fu rth e r  aw ay from  the  

source, fo r th e  case o f a sam ple location of, a) 9cm , b) 10cm , c) 11cm  and d ) 12cm  from  the  furnace centreline.

4.2.4 Experimental parameters from previous work
Previous work by the author203 established optimum parameters for catalysed growth and 

non-catalysea growth, these were the basis for all growth experiments (significant 

deviations from these settings will be explained):

• Catalysed growth -  furnace temperature 950°C, substrate temperature 850°C, 

pressure 30mbar of gas flow 49sccm Ar and lsccm 0 2/ growth time of 30mins

• Non-catalysed -  furnace temperature 1050°C, substrate temperature 650°C, 

pressure 1.6mbar, gas flow lOOsccm Ar and lOsccm 0 2, growth time 60mins

The previous work covered aspects of NW growth such as source and substrate 

temperature, chamber pressure, source and sample boat separation and seed layer. To 

avoid repetition only appreciable advances are discussed here. Seed layers were produced 

in similar fashion by dissolving O .llg  of Zinc Acetate into 100ml of ethanol, stirring, and then 

drop coating onto the clean substrate. Upon annealing the sample at 350°C ZnO was formed
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and by repeating this process a continuous layer was formed, in all cases here 2 cycles each 

of a 20pl drop were used on 7x10mm samples (e.g. Silicon). Growth was previously 

observed to reduce as the sample was moved further from the source. There is an optimum 

point from the source where NWs grow well, although this (after many experiments), varied 

by 1cm from growth to growth when the experiments were working as intended. Some 

experiments here concentrated on growing NWs on non-lattice matched substrates such as 

metal layers or other experiments concentrated on a particular NW density and 

morphology. Many experiments were completed for the purpose of transferring to TEM or 

Nanoprobe substrates for measurement. In these cases only the best vertically aligned high- 

quality NWs were used. Previous experiments revealed a large effect of turbulence on the 

growth and so most experiments used a flat smoothed Alumina boat to reduce 

unpredictable eddy currents around the samples.

4.2.5 Process parameters
The experimental parameters which could affect the resultant growth that were considered 

in detail were:

Catalyst thickness -  the resulting Au nanoparticle size and quantity is expected to drive the 

mean NW diameter and areal density of growth

Substrate material -  growth depends on substrate material and crystallinity, the crystal 

structure can determine the growth direction and also the subsequent material composition

Substrate Surface morphology -  surface roughness can affect the growth nucleation and 

alignment

Source quantity -  the amount of source material can be varied, this is kept at equal weight 

ratio 1:1 ZnO and Carbon

Source particle size -  the surface area of the carbon particles can influence the evaporation 

rate of Zn and so this can be controlled by varying the particle size

Turbulence and boat shape -  the low pressures and high gas input results in a very fast flow  

which induces heavy ZnO deposition on regions that catch the flow

The particular experiments covered here were,

Catalysed NWs:



• vertically aligned NWs on sapphire

• NWs grown on GaN for comparison

• Au thickness, furnace and sample temperature, and source material weight -  to 

control the density and morphology and to encourage the presence of Au particles 

on the NW tips

Non-catalysed NWs:

• Seed layer for aligned growth on metal layers deposited on Silicon <111>

• Roughening of Sapphire according to the research of Ho et alm  that details the low 

level etching of polished Sapphire for vertical non-catalysed NW growth -  these 

NWs were intended for Nanoprobe measurement

4.2.6 Hydrothermal nanowires
Hydrothermal NWs obtained from Alex Walton of Leeds University were used only for the 

four-probe electrical measurements. These NWs were grown at 140°C and 4bar pressure in 

a pressure bomb. After growth a viscous fluid was obtained which contained NWs of varying 

morphology. The liquid was drained and the NWs were rinsed thoroughly and then dried by 

centrifuge. The NWs had a range of surface roughness from smooth to corrugated which 

was thought to be a growth feature.

Figure 32. Backscatter e lec tron  images, a) Au catalyst particles on top  o f ZnO nanow ires and, b) deposited Au 

decorating the  to p  fa ce t o f non-catalysed nanowires.

4.2.7 Au catalyst particles as electrical contacts
Catalysed NWs were grown specifically with prominent Au particles at the top facet. The 

substrate was initially solvent cleaned and then Au sputter deposited at 10 3mbar. NW 

growth occurred at ~900°C in a flowing atmosphere of Argon and Oxygen at 30mbar. The

102



furnace was cooled under vacuum and the NWs removed for SEM examination. The samples 

were stored in air until the Nanoprobe measurements. A typical backscatter electron image 

from the SEM instrument discussed later is shown in Figure 32a, further details are 

discussed in Chapter 5 and Chapter 6.

4.2.8 Au deposition for electrical contact fabrication
Au was evaporated onto vertical catalyst-free NWs at ~10 '5mbar using an Edwards thermal 

evaporator and observed in TEM to characterise the Au thickness and crystallinity. The NW  

array was secured at a constant known height above the source basket. The chamber was 

evacuated by diffusion pump for one hour before deposition. The NW arrays had been 

exposed to air for a substantial amount of time and previously undergone SEM examination. 

The thickness of the deposition was assessed by TEM of the NW tips. A quantity from 6cm- 

37cm of 0.2mm Au wire was loaded into the basket according to the deposition required. 

Chapter 5 and Chapter 6 discuss the results in detail and a typical backscatter electron 

image is shown in Figure 32b.

Scanning Electron Microscopy (SEM), Transmission Electron Microscopy and Scanning 

Transmission Electron microscopy (STEM) were used to analyse the NWs. The aspects of 

each technique that are important to the study are summarised along with the experimental 

details.

4.3 Scanning Electron Microscopy (SEM)
Scanning Electron Microscopy (SEM), depicted in Figure 33, is used to study the interaction 

of an electron beam with the surface of a sample and can be used for large7 bulk samples. 

The electron source is a very sharp tungsten tip which creates a very high electric field when 

a potential is applied to it across vacuum. The electric field is great enough to cause a field 

emission current of tunnelling electrons into free space. The emission of electrons is 

independent of temperature ('cold7) which provides the name cold field-emission gun (cold- 

FEG). The field emission source offers high resolution (~ ln m ) and excellent performance 

over a wide range of accelerating voltages 0.5-30kV. High probe currents are possible with 

small probe sizes but the biggest advantage is the resolution at low voltages. The beam is 

scanned across the sample in a raster pattern and simultaneously secondary electrons and 

secondary effects are detected.
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Eleclron source
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Secondary electrons

Sample

Figure 33. Schem atic o f a Scanning Electron microscope indicating the  im p o rtan t com ponents.

There are terms that are important to all electron microscopy techniques but the function 

may vary slightly for each, in particular to SEM they are:

• Condenser lens -  or spot size demagnifies the beam from the source and affects the 

resolution.

• Objective aperture -  controls the convergence angle which is a compromise 

between signal strength, depth of field (DoF) and resolution. A smaller aperture 

reduces signal, increases the DoF but results in worse resolution. Small apertures 

produce a large depth of field by constricting the convergence angle but reduce the 

overall signal. This can be overcome when a large depth of focus is needed at low 

magnifications by increasing the spot size. The DoF can also be increased by 

increasing the working distance from the objective aperture to the sample.87

• Objective lens -  focusses the beam to the sample, the beam size at the sample 

controls resolution

4.3.1 Secondary effects
Primary electrons incident on a 'thick' sample interact and may undergo an energy loss 

which can produce a number of secondary effects shown in Figure 34. Normal imaging in a 

SEM relies on the detection of secondary electrons (SE) which are usually electrons from or 

near the surface of the sample which have been excited to a point that they can escape, 

typical images are shown in Figure 28. These electrons are abundant and are typically low 

energy and originate from an area similar to the beam. For this reason SE give the best
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resolution as they are the most localised. Relaxation of excited atoms can produce x-rays, 

Auger electrons or visible light. Backscattered electrons (BSE) are another secondary effect 

but are in fact primary electrons that have re-emerged from the sample. BSE usually escape 

with most of their initial energy and are considered to have higher energy than other 

detected electrons. The detection of BSE forms another imaging technique.90

Generally interactions are inelastic with primary electrons losing significant energy and 

either coming to a halt in the sample or they are re-emitted. The origin of each signal is 

dependent on the beam energy and the sample atomic number which determines the 

interaction volume and secondary effects.

4.3.2 Backscattered electrons
Some primary electrons will be backscattered by the sample after an inelastic interaction. 

These electrons do not penetrate deep into the sample and generally have a broad energy 

range. The electrons of greatest energy are of the most use for BSE imaging as they have 

undergone less scattering. BSE imaging gives compositional information with large Z number 

materials backscattering more frequently than low Z number materials. Typical examples of 

Au on ZnO NWs are shown in Figure 32.

4.4 Secondary Electron Microscopy (SEM) experim enta l details

SEM was used to examine the products from each growth experiment, particularly the 

morphology, alignment and areal density. The Hitachi S4800 SEM was used in the 

Multidisciplinary Nanotechnology Centre at Swansea University.

' / / / / / / / / / , / / / / /  Auger electrons (~1 nm) 
------------------ Secondary electrons (~100 nm)

Inelastlcally
backscattered electrons(~1nm )

Characteristic X-rays (~10  pm)

Continuum X-rays (~10  (j m) 
Fluorescent X-rays ( -1 0  nm)

Figure 34. In teraction  volum e o f an e lectron beam  w ith  a thick sam ple. Reproduced 2S4.
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4.4.1 Equipment specifications
The SEM used in this study was the Hitachi S4800 Cold field emission gun SEM, accelerating 

voltage 0.5-30kV, magnification up to 800kx, SE resolution l-2nm, equipped with YAG BSE 

backscatter detector of resolution 3nm, Oxford instruments 50mm2 EDX detector and STEM 

detector.

4.4.2 Sample examination technique
Planar samples were mounted to an aluminium stub with carbon pads, solvent based silver 

paint or mechanical clips. A selection of sample stubs is shown (Figure 35) with typical 

growth products on planar samples. A stub is attached to the sample shuttle and placed in 

the SEM air lock. Here the chamber is evacuated to a level close to the chamber pressure of 

10 3mbar. Once this pressure was reached the load lock door was opened and the shuttle 

transferred into the main chamber.

The SEM was then controlled from the flight deck control system to adjust beam focus, 

magnification, astigmatism, working distance, sample tilt, beam current and beam voltage. 

For high resolution imaging a short working distance (l-5mm) was used with the upper 

Secondary Electron (SE) detector. For analytical work, such as backscatter electron (BSE) 

imaging, a large working distance was used and typically with higher accelerating voltage of 

15-20kV. When the sample was located at a large working distance SE imaging was best with 

a combination of the upper and lower SE detectors. BSE imaging required a dedicated 

detector to be manually wound in to locate the detector near the sample which restricted 

the sample tilt range.

Figure 35. Typical SEM stubs used fo r m ounting N W  grow th substrates, shown here is the  w h ite  ZnO grow th  product 
found on Sapphire. The S4800 Hitachi SEM used fo r  sam ple characterisation.
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4.5 Transm ission Electron Microscopy

Transmission Electron Microscopy (TEM) studies the interaction of a high energy electron 

beam with a thin sample, usually less than lOOnm thick. Some principle components are 

above the sample such as the electron source and a condenser system which collimates the 

electron beam. Below the sample is an objective lens, which gives the first focused image, 

and then further along the optical axis comes a projector system to magnify the image onto
87a viewing system, Figure 36.

Ftf» l C o n d *« *# r  I

Second Condtflter Lent 

Condenser Aperture

Sample

Objective Lens

Objective Aperture 

Select Area Aperture

Firs! Intermediate Lens 

Second Intermediate Lens 

Projector Lens 

Screen
3

Figure 36. D iagram  show ing the  m ajor com ponents o f a Transmission Electron M icroscope. Reproduced

The two condenser lenses are similar in effect to a SEM with additional alignment coils to 

columnate the beam and an aperture to provide control of the beam intensity. 

Demagnification of the source beam occurs in the first condenser lens before the second 

condenser lens projects the beam and gives control of the illuminated area and the 

convergence angle. A condenser aperture which is generally between the lens and sample 

provides additional control of the convergence angle and beam intensity.87,90

Electrons that exit and diverge from the sample are magnified by the objective lens (50- 

lOOx). An objective aperture controls the angular range of electrons that contribute to the 

signal, e.g. eliminating diffracted electrons. It is then possible to introduce a selected area
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(diffraction) aperture in the back focal plane to select a specific area of the image or for 

electron diffraction analysis.87

Generally the beam diameter at the specimen is much larger for a TEM than in STEM/SEM. 

Although most TEM microscopes now have the ability of a scanning mode used for High 

Angle Annular Dark Field Imaging (HAADF) and Energy Dispersive X-ray (EDX) analysis.87

4.5.1 Diffraction mode
Electrons that are diffracted by the specimen in parallel directions are focussed to the same 

point by the objective lens. It is the well-defined diffraction of electrons by crystalline 

materials that produces diffraction patterns governed by the Bragg angle, described in 

Chapter 2 .87,90

To obtain diffraction contrast a beam close to parallel is necessary that provides even 

illumination of the sample and similar diffraction conditions to create diffraction spots in the 

image. The smallest area of illumination is 0 .5 -lpm  in diameter because spherical 

aberrations begin to interfere with the beam. The selected area aperture may then be used 

to obtain a diffraction image from a smaller area e.g.250nm diameter.90

4.5.2 Limitations of TEM
Modern TEM microscopes often have a FEG which provides high brightness from a sharp 

tungsten tip. The most advantageous feature of these sources is the very well defined 

energy spread of electrons which can be as low as 0.3eV and produces a very fine beam.

However, diffraction is a detrimental process that occurs throughout the microscope and 

not only in the sample. The effect of diffraction in lenses is reduced in electron microscopes 

which use electromagnetic lenses and have no refractive index difference with the 

surrounding vacuum. Aberrations and apertures however have a significant effect.90

4.5.3 Aberrations
Electron microscopy suffers from two lens aberrations:

•  Chromatic aberrations resulting from electrons of different energy/wavelength due 

to an energy spread in the emitted beam

•  Spherical aberrations from lens inhomogeneity.
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A lens will focus electrons of different wavelength to different points along the optical axis. 

The best solution is a monochromatic electron source which produces a beam of very low 

energy spread and reduces the chromatic aberration coefficient Cc to a minimum. Other 

options include cold-field emission sources such as the one used at Leeds University. In the 

case of a TEM fitted with a monochromator the beam can have an energy spread of 0.15eV, 

while a cold-FEG source around 0.3eV and a FEG of 0.7eV.204

Electrons in a parallel beam that are far from the optical axis must travel further than the 

electrons near the optical axis when passing through a lens. This results in electrons 

focusing at different points along the optical axis and is known as Spherical aberration. 

Apertures of small diameter which restrict electrons to a very narrow path can reduce the 

effect. Recently spherical aberration correction has been implemented in dedicated STEM 

microscopes that improve the resolution to less than a single atom, discussed in section 4.7.

4.5.4 Imaging
Bright-field images are obtained with a small objective aperture centred on the optical axis 

which removes diffracted electrons from the image. Dark regions have a weaker signal 

because they scatter more electrons which indicates they are thicker or more dense, see 

Figure 37a. Removing the objective aperture and allowing diffracted electrons to interfere is 

the basis for lattice imaging. The phase contrast in a lattice image provides the ability to 

view atomic planes and anomalies in the crystal structure, see Figure 39a.

Figure 3 7 . a) bright fie ld  TEM  im age o f a catalyst assisted nanow ire  w ith  a dense Au g row th  tip . b) HAADF im age th a t  

shows th e  Au tip  as a bright region because the  dense heavy e le m en t Au scatters m ore electrons to  high angles.
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High Angle-Annular dark field (HAADF) imaging in STEM mode or in a dedicated STEM uses 

an annular detector to collect electrons that are incoherently scattered to relatively large 

angles. The atomic number of the specimen greatly influences the Rutherford-like scattering 

which is the basis for this technique.205 The scattering to high angles occurs with an 

approximate intensity relationship with the square of the atomic number. This relationship 

produces images with atomic columns and regions of greater Z number that are bright, see 

Figure 37b. The technique contains little diffraction contrast which makes the images 

relatively simple to interpret compared to phase contrast images.90

4.5.5 Phase contrast of crystalline defects
Planar defects are defects such as stacking faults, displacement faults, and grain or phase 

boundaries. Displacement faults characteristically have fringes that run parallel to the fault 

and sample surface intersection. These fringes are caused by interference of electrons 

diffracted above and below the defect. The defects can be distinguished because the fringes 

and contrast differences may disappear when the sample is tilted. Boundaries will likely 

show disorientated or discontinuous lattice planes. Dislocations are surrounded by locally 

bent planes overlapping the defect which leads to strong diffraction. A sample orientated 

such that it is not diffracting strongly can show a dislocation as a dark line or region due to 

the increased diffraction in the defect locality.90

4.5.6 Energy Dispersive X-ray (EDX) spectroscopy
Relaxation of electrons in an excited atom can result in the emission of an x-ray. The 

emitted x-ray is unique in energy to that electron shell transition in that specific element. 

Energy Dispersive X-ray spectroscopy (EDX) detects the energy and intensity of these x-rays 

which provides the spatial dispersion and identification of elements present in the sample.

Incident electrons interact with not only the surface atoms but also deep into the sample 

and the interaction volume can be micrometres in diameter. EDX of thick samples provides 

information not only of the surface but deeper into the bulk and the signal is highly 

delocalised. This is a great advantage of the thin specimens used in TEM-EDX analysis where 

the interaction volume is constricted to the solid volume.
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4 .6  Transm ission Electron Microscope Experim ental (TEM ) details

TEM v\as used to inspect the crystal structure and composition of individual NWs and cross 

section samples of NW arrays. A focussed Ion beam (FIB) was used to mill out sections of 

catalysed NW arrays to inspect the base growth and catalyst behaviour. The equipment was 

accessed at Leeds University as part of the Leeds EPSRC Nanoscience and Nanotechnology 

equipment facility (LENNF) and was operated by Michael Ward.

4.6.1 Equipment specifications
The TEM used in this work shown in Figure 38a was a FEI Tecnai TF20 FEGTEM which 

operates at 200keV, 1000k magnification, with STEM/TEM mode, HAADF imaging with an 

Oxford Instruments INCA 350 EDX system/80mm X-Max SDD detector and Gatan Orius 

SC600A CCD camera. The microscope has spatial resolution of approximately 0.2nm and 

STEM-HAADF resolution of 0.5nm with beam energy spread of 0.7eV. A selected area 

aperture was used for diffraction pattern imaging selecting an area of diameter 250nm on 

the sample.206

Figure 38. Photographs o f th e , a ) FEI Tecnai TF20 field emission gun TEM  used fo r th e  structural analysis and, b) th e  FEI 
Nova 2 00  a dual beam  fie ld  em ission gun SEM w ith  a Ga* Focussed ion Beam.

The FIB shown in Figure 38b is a FEI Nova 200 NanoLab high resolution Field Emission Gun 

Scanning Electron Microscope (FEGSEM) with precise Focused Ion Beam(FIB) with etch and 

deposition capabilities.206
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4.6.2 Sample preparation
NWs were directly transferred to holey carbon coated copper TEM grids by rubbing the 

vertical NW array with the coated side of the grid. TEM analysis was performed without 

baking the grid and no contamination problems were observed at 200kV. NWs tended to lie 

flat on the grid on a side facet. Cross-sectional samples prepared by FIB were mounted onto 

a TEM grid using the FIB beam deposition of carbon platinum glue from the injected 

precursor gas.

4.6.3 Sample imaging
The grid sample was loaded into the microscope and the vacuum was allowed to stabilise 

before imaging. The samples were rotated within the microscope to allow the structure of 

interest to be manipulated until the atomic planes were close to parallel with the beam. 

Large tilt angles were possible which allowed the viewing of more than one zone-axis when 

required. Patient alignment of the sample aligns the columns of atoms such that clear well- 

defined diffraction and lattice images were obtained.

Typical ly lattice images were obtained of the NWs on the grid to inspect the crystal quality, 

see Figure 39a. To identify the crystal structure diffraction patterns were obtained in 

diffraction mode using a selected area aperture, see Figure 39b. High Angle Annular Dark 

Field (HAADF) imaging and Energy Dispersive X-ray (EDX) analysis were performed with the 

microscope in STEM mode.

4.6.4 Indexing diffraction patterns
The sample was rotated until the beam was parallel to the two planes perpendicular and 

parallel! to the growth direction in the lattice image. This orientated the atomic columns 

sufficiently for spot diffraction patterns to be obtained. The area of illumination was large 

such thiat a near parallel beam was achieved and the selected area aperture magnified an 

area of: approximately 250nm.

In the case where the material is known the procedure for indexing a spot pattern is taken 

from Edington88 and displayed in Figure 40 for the NW and raw diffraction pattern displayed 

in Figure 39b.
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1. Measure the distance from central spot of the transmitted undeflected beam to 

three diffraction spots forming a parallelogram. In the diffraction pattern the image 

displays units in the reciprocal lattice and the measured distance is 1 /  dhkil. The fairly

large size of the spots and the imprecise measurement to the centre spot limits the 

accuracy but this is sufficient for comparing to standard data.

2. Using known interplanar spacing's for the material correlate the d spacing 

measurement to actual d values to obtain the {hkil} for each of the spots

3. Each spot represents a plane and so the angle between two planes is measured as 

the angle subtended by the centre spot and the two diffraction spots. These lines are 

parallel to the normal direction of each plane.

4. The normal of each plane is translated as a crystallographic direction

5. Bragg diffraction suggests the electron beam is parallel to the reflecting planes and it 

can be assumed the zone axis is the same as the beam direction.

Figure 39. a) Lattice im age o f a ZnO N W  showing distinct lattice planes w ith  Au deposited cap. b) the  corresponding  

diffrac tion  im age which is ro ta ted  9 0° w ith  respect to  the  lattice planes due to  im aging conditions.

The procedure will be followed for one example Non-catalysed ZnO NWs - Sample 179-4. 

The distances shown in Figure 40 correspond to 10 manually measured plane spacing's for 

b=3.932nm 1 (std. dev.=0.008 n m 1) , a=3.444 nm 1 (std. dev.=0.006 nm'1) and c=1.886 nm 1 

(std. dev.=0.007 nm'1) that give the distances of l/c~0.530nm (std. dev.=0.002nm); 

l/a~0.290nm (std. dev.=0.0006nm), and l/b~0.254nm (std. dev.=0.0005nm). The 

diffraction image is rotated through an angle of ~90° with respect to the bright field image 

in Figure 39a due to the lenses and magnification used. The value of 0.53nm is reasonably
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close to 0.521nm of the c axis spacing of the ZnO wurtzite unit cell but may indicate some 

strain or slight errors are present in the microscope.5

BHfi
;X:.

Figure 4 0 . Cropped d iffrac tion  im age show ing th e  m easurem ents  o f th ree  d iffrac tion  reflections which correspond to  

in terp lan ar m easurem ents o f the  reciprocal lattice

Estimating errors in the manual measurement of diffraction images are difficult due to 

uncertainties in microscope, beam and sample alignment. To ensure results are accurate as 

possible the camera is calibrated using a gold standard (a known diffraction pattern is taken 

from a gold sample), in a well aligned microscope. The measurements of the rings are then 

used to work out the relative dimensions of the pixels on the CCD, for a given magnification 

(camera length). Assuming this is done correctly, there will be errors introduced by the 

measuring inaccuracies and any misalignment of the microscope, x-ray diffraction is more 

suited to detecting small changes in lattice parameters.

The ratio of the distances (b=3.932nm \  a=3.444nm 1 and c=1.886nm_1) can be used to 

compa re to standard diffraction patterns of the hexagonally close packed structure.88 Here 

c/a=0.548, the standard result is c/a=1.09 for the [ 21I 0]  zone axis beam configuration in

which tthe 0001 reflection is forbidden and the c measurement is to the 0002 reflection spot. 

The ratio of c/a=1.09 is approximately twice the experimental measurement which indicates 

a forbidden reflection appears due to double diffraction or multiple scattering.88 From the 

diffraction spot spacing and comparing to the standard result we can see the c distance 

corresponds to {0001}, the b distance is the spacing associated with { o i l l }  and the a

distance is the spacing fo r{0110}.
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Figure 41. The final cropped d iffrac tion  pattern  labelled according to  the  zone axis w ith  the  positive direction o f 0001  

chosen to  be in the  grow th  d irection o f the  N W

This is confirmed by the 10 angle measurements between b and c which the average 

measure is 61.353° (std. dev. 0.603°) close to the theoretical value of 61.38°.88 Therefore 

the spot to the right hand side of the central spot in Figure 40 is part of the {0001} group of 

directions and arbitrarily labelled 0001, and then the other spots are labelled accordingly. 

Rotating the diffraction image in order for the planes to match the bright field lattice image 

(Figure 39a) and indexing of the diffraction spots is then complete Figure 41.
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Figure 4 2 . a) Indexed d iffraction pattern  showing th e  ZnO N W  is single crystal w ith  0001  g row th  d irection th a t provides the  

hexagonal cross-section th a t was seen in SEM images, b) the  0 00 1  planes labelled on the  Lattice image

The beam direction parallel to all of these planes is the zone axis [2110] which is part of a 

crystallographically equivalent family of directions in the basal plane.

(2110) = [2 1 1 0 ]/[ l2 1 0 ] /[ l l 2 0 ]  are used to express the basal plane unit vectors of the
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hexagonal system. Using symmetry we can express the diffraction pattern as shown with an 

alternative appropriate zone axis and label the corresponding lattice image Figure 42.

4.6.5 Energy Dispersive X-ray (EDX) spectroscopy
The EDX detector was inserted and operated when the TEM was in STEM mode. A typical 

example of an EDX area map of ZnO growth on sapphire substrate is shown in Figure 43a 

and a typical EDX spectra of a ZnO NW is shown in Figure 43b, the full results are discussed 

in Chapter 6. Maps can be produced showing the compositional variation of the sample but 

the accuracy is no better than 1% with the best TEM setup.

1
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Figure 43. EDX-TEM analysis th a t can provide fo r exam ple, a ) a m ap o f an area lOOnm w ide shows distinct diffusion o f 
Zn (yellow ) in to  the  Al (b lue) o f th e  A l20 3 substrate and, b) a com positional point scan o f a ZnO nanow ire  which shows 

only the  e lem ents  Zn, O and Cu th a t orig inated fro m  the support grid.

4.6.6 Focussed Ion Beam (FIB)
This technique uses Gallium ions formed into a beam which can be tailored and focussed in 

a similar way to electrons in a SEM. Secondary electrons are emitted from the sample as the 

ion beam scans. The large Ga+ ions obliterate the sample where they are focussed and are 

used to create very fine TEM sections <100nm thick but several microns long.90 This 

technique was used to create sections of NW arrays. A metal-organic precursor was used to 

protect the area of interest before the ion-beam milling. This was also used to mount the 

section onto the needle and the TEM grid. The diagrams in Figure 44 show the technique of 

the following process:

1. A 50nm Platinum layer was used to coat the sample surface

2. In the dual beam FIB system a metal-organic precursor was injected near to the site 

of interest and an initial layer of amorphous carbon and Platinum crystals were 

deposited with the electron beam

50nm
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3. A fine layer of 300nm was built into a more coarse layer of 2pm thickness with ion- 

beam deposition

4. This protective layer allowed the milling and thinning of a cross section of lOOnm 

thickness and several micrometres wide

5. Once the final thinning of the specimen was achieved with a more gentle ion beam 

the section is cut out

6. A micro-manipulator was then used to transfer the section on a needle to a TEM grid 

where it was adhered with the carbon deposit.

a ■  *»

SPECIMEN

d Pt/Carbon

SPECIMEN

Figure 44 . FIB specim en m illing from  a planar w a fe r, a) the  surface layer o f NW s is pro tected  by a beam  deposition o f  

Carbon-Platinum  fro m  a precursor gas in jected near to  the  site, b) the  ion-beam  is then  used to  mill out a specim en o f 
lOOnm thickness, c) and several m icrom etres w ide , d) the  section is attached to  a probe and transferred  to  a TEM  grid.

4.7 Scanning Transm ission Electron Microscopy (STEM)

Dedicated STEM microscopes have become popular analytical tools because of the superb 

resolution they can achieve. They do not require a projection system to magnify the beam 

which allows more space for other detectors. To access this space the microscope is 

assembled with the electron gun on the floor, the microscope is assembled 'up-side down' 

relative to a TEM as shown in Figure 45a.

The beam formed at the sample is highly convergent and is scanned across the sample 

similar to SEM. The signal is measured at each scan point and digitally recorded. This signal 

maybe detected for example by a bright field or annular dark field detector, EDX, electron 

energy loss (EELS) or light detectors. The magnification is determined by the size of the scan 

collected pixel by pixel and not the microscope lenses. A major difference in the beam 

forming optics is the objective aperture lies before the specimen and directly determines
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the convergence angle and the beam current focussed on the specimen, this is similar to the 

condenser aperture in a TEM. A collector aperture is used to define the collection angle and 

the electrons that contribute to a bright field image or EELS spectrum as shown in Figure

45b. 89
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Figure 45. a) Schem atic diagram  o f a dedicated aberra tio n-corrected  STEM w ith  the  e lectron source at the  bo ttom  and 

the  detecto rs  at th e  to p , reproduced 7SS. b) diagram  depicting the  beam -sam ple in teraction in a STEM and the  dual 
process o f HAADF im aging and EELS analysis, rep ro duced207.

A cold-field emission source provides the high brightness source from a very small area that 

is required for atomic resolution imaging.207 The beam is focussed to a fine point on the 

sample and for analytical measurements it may be concentrated in one position for many 

minutes increasing the problems of beam deposited contamination. For these reasons 

dedicated STEM'S use cold field emission sources in a UHV environment. The high brightness 

fine beam provides the best resolution and allows analysis of very small areas on the sample 

which can be scanned over a wide region. The advent of aberration correction has reduced 

the beam size even further.89,90 For diffraction, EDX, EELS and other analysis a very small 

probe size achieves very high current density which provides a strong signal from a small 

region of the sample.87

Chromatic aberrations are reduced in a STEM as there are no lenses below the specimen 

unlike the projector system in a TEM.87 A STEM excels with a low energy beam which 

improves contrast over the traditional TEM high kV (200-300kV) microscopes. A high kV is
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traditionally favourable as it gives a brighter image, more penetration and better 

resolution.87 But with the high brightness source used in a dedicated STEM and recently 

with aberration correction it is possible to achieve the best resolution of all using low 

accelerating voltages (60-100kV). The lower energy beam allows the analysis of low contrast 

samples such as biological specimens and also increases the impact of analytical signals of 

low concentration species.207

4.7.1 Limits on resolution in STEM
For high resolution work the three limits on resolution are the gun chromatic aberrations, 

spherical aberrations and the diffraction limit. The diffraction limit set by the objective 

aperture ocl/a and becomes insignificant as the convergence angle a  is increased, this is 

compared to spherical aberrations which follow a3.89 A convergent beam focuses the beam 

to a small spot. This can limit resolution as the larger convergence angle introduces 

electrons far from the optical axis which are strongly subjected to spherical aberrations. For 

a STEM with convergence angle lOmrad, and no spherical aberration correction, the 

resolution limit presented by diffraction and spherical aberration is approximately 0.25nm. 

To overcome this and form sub-angstrom probe sizes the spherical aberration coefficient 

must be reduced to approximately zero which allows a very large convergence angle and a 

very small probe size.

4.7.2 Spherical aberration correction
Spherical aberration correction is achieved by producing the negative of the microscope 

aberration. The image aberration is measured and translated into adjustments of the beam 

in terms of beam offsets, tilts and defocus by the octupole and quadrupole currents.208 This 

produces the negative of the microscopes aberrations before the objective lens which 

focusses all electrons to one single point and produces the extreme resolution.208 Another 

very important effect is the great increase in brightness at the focal point which contributes 

to the possibility of sub-angstrom imaging. The first dedicated STEM spherical aberration 

corrector was demonstrated by Krivanek in 1 997 (138) using a quadrupole-octupole corrector. 

By altering the microscope and improving the quadrupole -octupole design of the mark II 

Nion corrector the probe size was decreased below lA. Spatial resolution of lA was 

achieved with SuperSTEM I even at low voltages of lOOkV. The introduction of the corrector 

itself introduces further order aberrations which the next generation of microscopes, for
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example SuperSTEM II can correct up to the fifth order which improves the resolution to

o .s A .209

4.7.3 High-Angle Annular Dark Field (HAADF) imaging
HAADF or Z- contrast imaging utilises an annular detector to collect high angle Rutherford 

and thermally diffuse scattering.89,210 SuperSTEM II used for analysis here has an inner semi­

angle of 79mrad and outer angle of 195mrad operated at lOOkV. The angular range is large 

enough to exclude most diffracted or Bragg scattered electrons and the image has little 

dynamical diffraction contrast which can greatly limit electron analysis.207,211 The resolution 

can be a factor of two better than coherent images with the spatial resolution only limited 

by the size of the focussed probe.211

4.7.4 Atomic-scale HAADF
HAADF is employed in this thesis specifically to investigate the diffusion of Au catalyst into 

ZnO NWs because the HAADF technique can display the presence of large Z-number atoms 

within the NW matrix.15 Direct atomic analysis is possible with HAADF as it does not use the 

interference effect of diffracted and undiffracted electrons like bright field phase contrast 

imaging.207 Figure 46 shows a typical HAADF image captured with SuperSTEM II of a ZnO 

NW.

Figure 4 6 . A tom ic resolution high angle annu lar dark field im age o f a ZnO nanow ire  and th e  in terface w ith  the  Au 

catalyst particle.
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Once e sub-angstrom probe size has been formed scattering within the sample can degrade 

resolution. Very thin samples are required to increase the relative intensity of single 

impurities and to reduce beam spread. Crystalline materials on a zone axis orientation 

imaged with HAADF-STEM display sequentially illuminated atomic columns in which the 

intensity depends on the average atomic number.207 The intensity of the atomic columns in 

thin specimens is dominated by the composition which is used to reveal impurity atoms 

which are otherwise hidden in the lattice.15'207

One of the great advantages of Spherical aberration correction is the ability to use large 

convergence angles that decrease the depth of field. This reduced depth of field improves 

the vertical resolution and STEM can be used for 3-D data sets. Combined with HAADF 

imaging it is possible to localise in three dimensions single large Z-number atoms.140 Van 

Benthem et al propose a vertical resolution limit of TR »2A./a2 and for a third-order 

aberration corrected STEM operated at 300kV with a = 23mrad and TR~7nm.140

Figure 47 . Concept behind a through-focal series used fo r 'sectioning1 o f th e  crystal la ttice  to  identify  single atom  

im purities. R eproduced140.

The fifth order correction of SuperSTEM II allows even greater convergence angles and sub­

angstrom probe sizes at low kV. Therefore at lOOkV and a convergence angle of 30.5mrad a 

similar vertical resolution is achieved with the benefit of reduced beam damage and 

contamination. The excess intensity in the region of a high Z-number atom within a lower Z- 

number matrix makes it possible to locate the vertical position with a precision far better 

than the resolution lim it.140 By sectioning the region around an atom with a through-focal 

series of images the intensity profile can determine the position to within +0.5nm.
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4.7.5 Comments on the detectability of single Au impurity atoms

In spite of the large atomic weight difference between Au (ZAu=79) and the ZnO host matrix 

(Zzn=30 and Z0=8), detecting single impurity atoms in crystalline ZnO NWs can prove a 

difficult challenge. Electron beam channelling along crystallographic directions can for 

instance influence the recorded intensity so much that heavy substitutional dopants atoms 

become 'invisible'. Inclining the sample away from perfect zone axis alignment is a well- 

known 'trick' to reduce channelling and enhance the contrast of impurities. It was applied 

very successfully in a recent study to detect single Au atoms in GaAs NWs of similar 

diameter to the ZnO NWs of interest here136, even though the atomic weight ratio 

ZAu/Z Ga=2.55 was lower than the detectability criterion proposed by Voyles et al for a point 

defect impurity of ZdOPant/Zhost^3. (in the case of an uncorrected electron microscope212). 

With ZAu/ZZn=2.63 the detection of Au in ZnO was also favourable. Interstitial impurities are 

expected to be clearly visible if the sample is viewed along a crystallographic direction with 

large enough distances between columns 134 213. Even with application of these techniques 

it was necessary to conduct HAADF image simulations to reveal the expected excess 

intensity that may occur from single Au atoms embedded within the ZnO matrix.

4.7.6 Quantitative TEM/STEM simulations
The QSTEM software65 written by Koch offers simulation of HAADF-STEM images (also TEM 

and ADF images) using the Multislice algorithm. The Multislice algorithm is a numerical 

integration of the Schrodinger equation and the solution provides the wavefunction of 

electrons incident on a crystalline sample after interaction with the atomic lattice. The 

sample was 'cut' into thin slices parallel to the surface which can then be treated as two- 

dimensional slices which simplifies the scattering processes. Integration was performed over 

the slice thickness and this was repeated for each subsequent slice and eventually the 

wavefunction at the exit surface of the sample was calculated. The software was able to 

take into consideration beam aberrations and probe characteristics.

By constructing the atomic crystal formation of the sample of interest the software 

calculated the interaction of the beam with the lattice and simulates a HAADF image that 

would be expected for the specific microscope. In this manner it was possible to substitute 

in individual foreign atoms and simulate any excess HAADF intensity that may have
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occurred. Simulations were performed by Quentin Ramasse and Demie Kepaptsoglou at the 

SuperSTEM laboratory. An example of the simulation results is given in Figure 49.

4.8  Scanning Transm ission Electron Microscopy Experim ental 

details(STEM )

STEM imaging and analysis was performed at the SuperSTEM site at Daresbury by Quentin 

Ramasse.

Figure 48 . The SuperSTEM II m icroscope is housed in a purpose bu ilt facility in Daresbury w ith  v ibration isolation to  

ensure th e  best resolution is achieved.

The microscope used was the SuperSTEM II fifth-order aberration corrected microscope, 

Figure 48. High Angle Annular Dark-Field (FIAADF) simulations were performed by Quentin 

Ramasse and Demie Kepaptsoglou. Samples were prepared at the Multidisciplinary 

Nanotechnology Centre at Swansea University and screened with TEM by Michael Ward at 

Leeds University. STEM Imaging concentrated on very thin catalysed ZnO NWs with distinct 

Au catalyst particle tips although non-catalysed NWs were imaged for comparison.

4.8.1 Equipment
The SuperSTEM II Nion Ultrastem 100 microscope was operated at lOOkeV for imaging. The 

microscope is equipped for full spherical aberration correction to the fifth-order with a Nion 

QO corrector to sixth-fold astigmatism C5,6. A UFIV Enfina EELS spectrometer is also fitted. 

The facility and microscope are designed to minimise structural and mechanical vibrations 

and the microscope is designed to minimise the influence of external magnetic fields on the 

beam. Beam damage was reduced by short dwell times during scans, in most cases damage
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was negligible. An accelerating voltage of lOOkeV was used as contamination was not 

significant during any analysis. The probe-forming optics were configured to provide 

~100 pA of beam current with a 31 mrad beam convergence semi-angle, for an estimated 

probe size of 0.8 A. The inner and outer radii of the HAADF detector were calibrated at 

79 mrad and 195 mrad, respectively. HAADF and bright field imaging were performed 

simultaneously.

4.8.2 Sample preparation
NWs were directly transferred from NW arrays to holey carbon film coated TEM copper 

grids. Each grid was baked at 120°C overnight at 10'6mbar to remove loosely bound gaseous 

species and water. The grids were loaded into the microscope and left to thermally stabilise 

which was crucial for atomic scale imaging. NW arrays were grown specifically for STEM- 

HAADF analysis particularly those grown by catalytic methods. For ideal analysis NWs were 

required to be thin, ~15nm  diameter, with a distinct catalyst particle at the tip. This 

maximised the intensity of any signal from Au contaminant atoms within the NW bulk or 

surface even at low voltages. Non-catalysed NWs of similar diameter were required for 

comparison. The non-catalysed NWs were taken from Non-catalysed growth experiment 

202 and the catalysed NWs were taken from Catalysed growth experiment 31. Specimens 

were initially rotated to the most accessible zone axis to allow single atomic columns to be 

resolved and imaged.

4.8.3 QSTEM simulations

To confirm the validity of the HAADF imaging of Au atoms in ZnO image simulations were 

performed using the multi-slice method as implemented in the QSTEM Software Suite65. The 

software used measured experimental parameters for the probe convergence, detector 

geometry and aberration coefficients. The chromatic aberration coefficient was set to 

Cc=1.3 mm and the native energy spread of the cold field emitter of the instrument was 

AE=0.30 eV. Thermal diffuse scattering effects were simulated using a total of 15 frozen 

phonons in the simulations. Finally, partial coherence effects (due to finite probe size or 

instabilities for instance) were incorporated in the simulations by convolution of the 

simulated images with a Gaussian of 0.08 A full-width at half-maximum.
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Slabs of ZnO of various thicknesses were created for the simulations aligned along the 

[ o l i o ]  zone axis and with a flat entrance and exit surface. Single Au atoms were then

substituted for Zn atom at various depths within the slab (along the beam propagation 

direction), without any additional relaxation of the lattice. While a crude approximation to a 

Au substitutional impurity, this model provided a good estimate of the additional contrast 

heavy Au atoms were expected to generate when inserted within the host matrix, see 

Figure 49.

Figure 49. Example o f the  s im ulated HAADF im age calculated by the  QSTEM softw are  and the  line profile  indicating the  

increase in im age intensity w ith  one Au atom  located a t th e  cen tre  o f a 7nm  thick ZnO slab.

4.9 Nanoprobe electrical m easurem ents

Once the NWs had been thoroughly characterised structurally and compositionally it was 

possible to apply the nanoprobe technique to measure the resistivity of NWs from three 

growth methods. The four-probe measurements building on the structural analysis enabled 

a comparison of deposited Au contacts on non-catalysed NWs and catalyst particle Au 

contacts using the nanoprobe in a two-probe configuration. This was performed with the 

NWs in the as-gown free-standing vertical configuration. This was possible due the precise 

positioning of the probe tips and the good contacts made between the probe tips and NWs. 

The principles of the four-probe technique and the two-probe technique are described in 

this section followed by the experimental details, an image of the microscope is shown in 

Figure 54a.

4.9.1 Four-probe electrical measurements
Four-probe electrical measurement is required to remove the contact resistance associated 

with metal-semiconductor contacts (see Chapter 2) that can dominate two-probe 

measurements, however the technique can be applied to most materials not just
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semiconductors. Two outer probes act as the current source whilst the 'inner' probes 

measure the voltage and Ohm's law is used to calculate the intrinsic resistivity of the 

material measured, as shown in Figure 50. The resistivity is calculated from the measured 

resistance of the inner probe voltage against the outer probe current scaled by the cross- 

sectional area A and inner probe separation L.

P =
R  *  A  ^  V n n er A  

L  L t e r L

- 1 -v v
V

 ̂ distance I ^ )

Figure 50. Schem atic d iagram  o f the fou r-p ro be  electrical m easurem ent technique which can be applied fo r measuring  

resistivity. R eproduced256

The essence of this technique is to supply a controlled current through the sample and 

measure the voltage with two separate probe tips at a known separation. Using the inner 

probes for voltage measurement removes the error of probe resistance, spreading 

resistance and most crucially the contact resistance of each probe with the sample. The 

contact resistance is removed from the measurement as this does not affect the voltage 

drop across the sample or across the inner measuring probes but the technique is only valid 

when four equal contacts are formed. The four-probe technique is most useful in the case of 

low-resistance materials when the contact resistance associated with the metal probe- 

semiconductor can be greater than the sample itself. This is always a major issue with two- 

probe measurements, although these can be improved by Ohmic contacts.

4.9.2 Two-probe electrical measurements
The two-probe technique can suffer greatly from contact resistance that may dominate the 

measurement of a sample. However the measurement technique is useful when the 

structure of interest is a contact itself, e.g. metal deposited on a semiconductor. The two-
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probe technique can be used to investigate the properties and behaviour of the contacts 

created on the semiconductor, for example Ohmic or rectifying. Fabricated metal contacts 

or probes in direct contact with a semiconductor form a metal-semiconductor interface 

which may form a rectifying potential barrier or an Ohmic contact, the principles governing 

metal-semiconductor contacts are discussed in detail in Chapter 2. Ohmic contacts still have 

a contact resistance which may be great enough to contribute to the measured resistance 

and this is the reason for the four-probe technique.

Figure 51. Circuit diagram  o f an n-type sem iconductor contacted by tw o  electrodes and the  band diagram  which  

depicts one contact in fo rw ard  bias and the  o th er in reverse bias. The voltage drop across th e  tw o  contacts and the  

sem iconductor all contribute  to  the  m easured voltage.

Figure 51 shows the circuit diagram that represents two-probes in contact with a 

semiconductor and the band diagram with one contact in forward bias and the other in 

reverse bias. The diagram depicts the potential drop across each contact as different i.e. the 

contacts are unequal. The inequality can represent two Ohmic contacts, one of high 

resistance the other of low resistance, or the contacts can be Schottky barriers. For two 

back-to-back Schottky barriers little current is measured but in the case of one Schottky and 

one Ohmic contact the current flow is dictated by the Schottky barrier. The total potential 

drop is a sum of the potential drop across each contact and the semiconductor.

A metal in contact with an n-type semiconductor generally induces a depletion region which 

extends from the surface into the bulk of the semiconductor. In this region charge carriers 

have moved from the conduction band into the metal to find thermal equilibrium and 

charge readjusts across the interface. This leads to band bending, a potential energy barrier 

at the interface and region of positive uncompensated donors in the semiconductor near 

the interface. This barrier can be small or large, and the characteristics of the potential 

barrier determine the carrier transport that can make an appreciable contribution to

n
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current flow once a bias is applied to the contact. These processes are thermionic emission 

for high temperatures with wide barriers, recombination for high intrinsic carrier 

concentrations and a small bandgap, or tunnelling for narrow barriers that maybe a result of 

high doping or high electric fields (these are discussed in detail in Chapter 2). The depletion 

region in bulk contacts is determined by the material properties. However, in small 

nanometre sized contacts the scale of the contacts can govern the extent of the depletion 

region which becomes small and tunnelling becomes more important.60

Figure 52. Diagram s depicting the  current -  vo ltage characteristics o f an ideal Ohm ic contact and an Ideal Schottky  

contact.

A Schottky contact is the result of a significant barrier that has an easy forward and hard 

reverse bias characteristic. This is shown in a sketch of a typical l-V measurement for an 

Ohmic and rectifying contact in Figure 52. An Ohmic contact may have a large barrier height 

and a thin depletion region that allows significant tunnelling, or alternatively the conduction 

band aligns with the metal Fermi level and no barrier to charge flow is present i.e. the metal 

work function is less than semiconductor electron affinity. Ohmic contact is represented by 

a linear l-V characteristic as current flows equally in forward and reverse bias and ideally 

provides negligible resistance to current flow compared to the specimen. The most useful 

fabrication technique of Ohmic contacts uses thin barriers that can be easily tunnelled 

through. Traditionally an Ohmic tunnelling contact was only achievable with heavy doping of 

the near interface semiconductor region but we investigate here nanoscale contacts 

dominated by tunnelling without degenerate doping in Chapter 7.

4.10  Electrical m easurem ents experim enta l details

ZnO NWs grown with and without Au catalyst by the vapour phase technique, and 

hydrothermal NWs were measured in UHV with the four-probe method. These
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measurements were intended to reveal the 'bulk' conduction characteristics of several NWs 

from the three growth methods. The results of these measurements were used to validate 

the comparison of Au contacts on catalytic and non-catalytic vapour phase NWs by the two- 

probe method in UHV using the Nanoprobe. Four-probe measurements were conducted at 

Leeds University by Alex Walton and the Author. Two-probe measurements on Au deposited 

non-catalysed NWs were conducted at Leeds University by Alex Walton and the Author and 

Two-probe measurements on bare non-catalysed NWs and Au tipped Catalysed NWs were 

conducted at Omicron Germany by Juergen Koble, the Author and Nathan Smith.

4.10.1 Equipment specifications
The Omicron UHV Nanoprobe comprises 4 individual STMs guided by a high resolution 

Gemini FEGSEM. By guiding the four STM tips with the SEM it is possible to form reversible, 

non-destructive electrical contacts to an individual nanostructure. It has a liquid Helium flow 

cryostat allowing measurements to be taken at 25-450 K. The electrical measurements were 

conducted with a Keithley 2601 source meter with a measurement range of picoamp to 

Amp. The nanoprobe at Leeds had a manual switch box for switching source and 

measurement tips, whereas in Omicron a HP multiplexer 3488A was used.

The NP used on the Omicron site was similar to the Leeds model but with an improved 

Gemini column. This provided 3nm resolution SEM over 5nm resolution in Leeds. This 

improved imaging of fine details such as Au catalyst particles on NW tips. The NP also 

included in the load lock a homemade field emission tip cleaning process that placed a high 

voltage on the etched W tip. This removed oxides and contamination but did not alter the 

tip shape, sharpness or flexibility.

4.10.2 Four-probe NW sample preparation
Suitable NWs were grown specifically for each experiment performed. Four-probe 

measurements required long NWs of several microns in length to allow multiple probe 

positions. The diameter of the NWs was tailored to ensure the full range of ~40-100nm  

diameter was covered for each NW type. Catalysed and non-catalysed vapour grown NWs 

were measured along with high-pressure high temperature hydrothermal NWs.

NWs were directly transferred to Au patterned insulating Si02 substrates that were 

patterned with photoresist using photolithography. Linear photoresist tracks of 10-20um in
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width and spacing of lOum or 30um were formed before Au was deposited and the resist 

lifted off. This process formed Au tracks covering ~5mm2 over the sample with a connecting 

electrical contact pad at either end. Substrates were then solvent cleaned and crucially 

Piranha etched to remove any traces of the patterning process. The piranha clean was 

essential to avoid significant beam deposition in the nanoprobe. NW coated substrates were 

then transferred into the nanoprobe and the NWs lying between the Au tracks were 

measured.

4.10.3 Two-probe NW sample preparation
Two-probe samples required low density vertical NWs to allow easy probe access without 

contacting other NWs, Figure 53. Very long NW >5um proved to be very flexible and difficult 

to measure precisely. Therefore short NWs <3um long and ~08Onm were most suitable to 

provide some rigidity and ample top facet surface area to place the probe. Catalysed NWs 

with Au particles at the tip were compared to catalyst-free NWs with deposited Au of 

various thicknesses. Au was deposited by evaporation onto the NWs. The morphology and 

structural properties of the evaporated and catalysed Au contacts were characterised by 

SEM, TEM and STEM.

Au
a

ZnO

Sapphire

Figure 53. a) Diagram  depicting a 2-Probe m easurem ent o f low  areal density vertical ZnO nanow ires w ith  Au tip . b) the  

nanoprobe in-situ SEM im age o f a tw o -p ro b e  m easurem ent. One sam ple set had Au tips from  the  g row th  catalyst and  

the o th e r had Au deposited o n to  bare non-catalysed nanowires. These m easurem ents w e re  com pared to  nanowires  

w ith  no Au tips as a reference.
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NWs were grown at a suitable density for probe access to ensure no additional current path 

was formed by inadvertently touching another NW, Figure 53b. Looking at NWs in the top- 

down perspective the in-situ SEM can resolve catalyst particles on the top facet which 

ensures reliable measurement and contact to the Au. The actual ZnO NWs for each 

Catalysed l-V sweeps are of similar diameter (~70-80nm ) but the particle size varies. NWs 

for the non-catalysed NWs covered a large range of diameters (40-250nm) and Au thickness 

(10-50nm).

The majority of NWs were difficult to measure in the free standing two-probe configuration 

because good contacts were sometimes difficult to establish. This was the main difficulty 

with the technique. However for some NWs good contacts were easy to establish probably 

due to relatively highly doping allowing good Ohmic contacts to be formed.

4.10.4 Nanoprobe Preparation and sample loading
The NW coated substrates were loaded into the load lock (Figure 54a) of the Nanoprobe 

and pumped down until the vacuum pressure of 10'10mbar was reached. The substrate was 

then transferred to the main chamber with the transfer arm. Tips were transferred in similar 

fashion onto the main stage (Figure 54b) using the tip and sample carousel. Using SEM 

imaging and the piezo control the tips were positioned close to the surface. The final 

approach used the tunnelling feedback technique when the sample had Au tracks. The Au 

tracks were of similar thickness to the NW diameter and so the tips could then be moved 

laterally into position onto a NW, Figure 55. It was possible to approach directly onto a NW  

without the feedback loops by careful manual control of the coarse and fine piezo-steppers 

which have nanometre precision. This control allowed manipulation and measurement of 

NWs in flat and vertical configurations. Once the tip touched the NW it was seen to glow in 

the SEM image even in the absence of an applied potential. Experiments were conducted at 

25°C/298K and 10'10mbar or better which takes approximately one hour of pumping once 

the sample was loaded into the main chamber even though samples were not baked before 

or during experiments. The SEM provides a top-down view of the flat sample as shown in
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Figure 55.

Main Chamber

Figure 54. a ) The nanoprobe system a t Leeds U niversity and the  load lock w h ere  samples w e re  m ounted  in a carousel 
and transferred  in to  th e  m ain cham ber w ith  th e  tran sfer arm . b) The fou r probe tips m ounted on the  sam ple stage are  

controlled by fin e - and coarse- piezo m otors. The tips w e re  etched and placed in the  tip  holder and m ounted in to  the  

carousel fo r tran sfer in to  the  m ain cham ber.

4.10.5 Probe Tip preparation
The probe tips in the nanoprobe are fine 0.38mm Tungsten wire which was cut to length 

and then etched to provide a sharp tip. Tips were not required to be atomically sharp like 

STM but the length, flexibility and sharpness of the point all contributed to a good tip. More 

rigid blunt tips proved to be the best for four-probe measurements because these allowed 

pressure to be exerted at the contact and were robust enough to withstand many 

measurements. These tips were etched under a DC current, Figure 56a. More flexible tips
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were required to measure very thin NWs (diameter 40nm) in the four-probe configuration 

and for the two-probe measurements to avoid disrupting the Au contact and damage to the 

NWs. These tips were etched under an AC current, Figure 56b.

Figure 55. In-situ SEM to p -d o w n  im age o f a Four-probe m easurem ent on a ZnO N W  w ith  the  N anoprobe. The bright 
regions on the  substrate are Au tracks used fo r locating the  tips vertica lly  on the  sam ple.

Tungsten wire tips that were DC etched in Potassium Hydroxide solution will be referred to 

as 'DC tips', Figure 57. Tips prepared at Omicron required more preparation and will be 

referred to as 'AC tips'. Typically for AC etched tips the wire was first mechanically drawn, 

then AC etched to thin the wire further which provided the longer flexible tip and then a 

final DC etch to give the very small nanometre radius apex. AC tips were essential for 

probing NWs thinner than 50nm because the flexibility eliminated wire damage. Flexible tips 

bend when pushed onto a NW which allowed good adjustment of the contact without 

cutting or crushing the NW.

Figure 56. In-situ SEM im ages taken  a t 50 ,0 00 x  m agnification depicting th e  d ifference betw een , a ) DC etched tips and, b)
AC etched tips which im prove  the  ability  to  m easure NW s less than  50nm  d iam ete r significantly reducing dam age, the  scale 

bar fo r both images is 1pm .
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After loading the tips it was necessary to remove oxides and other contamination by 

cleaning them in the nanoprobe. DC etched tips at Leeds University were cleaned by 

touching two tips together and passing a current between the two until the resistance was 

negligible. Care was taken to avoid excessive melting of the tips and to ensure 

contamination was removed from all over the tip surface. AC etched tips in Omicron 

Germany were initially cleaned in the load lock by filament field emission using a high 

voltage, this had the advantage of maintaining the sharp tip and avoided melting which can 

alter the tip shape. The field emission clean also had the effect of cleaning more of the tip 

and not only the local high resistance point where the tips touch together. This may have 

removed more of the etching contaminants which may cause beam deposition onto the 

sample and tips. The DC etch procedure within both tip preparation methods is the same 

and so only the AC procedure is stated.

The AC etch procedure at Omicron to etch tungsten nanoprobe tips:

Tungsten wire 0.38mm, ~12mm long

Fast AC etch procedure (NaOH), removed contamination and reduced the diameter 

of the tip to a more conical shape

DC etching (NaOH) with homebuilt electronics that has an automated threshold 

switch monitoring the current to stop the etching procedure on time 

Brief cleaning with distilled water

Vacuum field emission annealing at roughly 1100°C to remove residual 

contamination

Figure 5 7 . The DC e tch ing apparatus used at Leeds University, the  Tungsten w ire  is under DC current which is applied  

across th e  w ire  and th e  e lectro lytic  solution w hich slow ly etches the  w ire .
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4.10.6 Nanoprobe 4-probe measurement technique
The four probe technique involved positioning the four clean tips onto a NW and taking 

current-voltage measurements. The current between each of the four tips was tested for a 

magnitude of 10 7-10 6Amps which was typical for good contacts on ZnO NWs, see Figure 

58a for an example of the current-voltage characteristics of a four-probe measurement and 

the corresponding outer probe two-probe measurement. The tips were adjusted until a 

good contact was formed and the current scaled approximately according to tip separation. 

The scaling of the current was important as it indicated four approximately equivalent 

contacts which are necessary for a legitimate four-probe measurement. Once four good 

contacts were established a four-probe measurement was performed with an applied 

voltage sweep across the outer probes, usually +0.5-1V, and the voltage across the inner 

probes was measured. The resistivity can then be calculated as

R* A =  V in n e rA

L LJ-

The outer probes were then kept in position and the separation between the inner probes 

was changed. Usually measurements started with a wide separation and then reduced with 

one probe in its initial position. However, it can be beneficial to use a more random inner 

probe positioning to investigate any unusual effects, for example if the structure is 

inhomogeneous.
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Figure 58. a) C urrent-V o ltage  graph depicting fou r-p ro be  m easurem ents and the  corresponding o u te r probe 

m easurem ent fo r a non-catalysed N W , the  1 st and 4 th probe m easurem ents correspond to  probe positioning on the  

nanow ire . The 4 th m easurem ent had the  inner probes closer together, b) an l-V m easurem ent depicting an Ohm ic  

linear l-V  graph o f a side-to-side tw o -p ro b e  m easurem ent across a nanow ire .

Multiple measurements, usually five or six, were completed on each wire. The majority of 

measurements were conducted with NWs transferred in flat lying configuration to simplify
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tip positioning and contact formation. Four-probe measurements on free standing NWs and 

on NWs detached from the substrate were attempted but good contact on all four tips was 

difficult to achieve.

4.10.7 Nanoprobe two-probe measurement technique
Measuring catalysed Au-ZnO contacts were the more involved electrical experiments as it 

was required to initially pinpoint the catalyst particle. The particle is known to on occasions 

fall off the top facet and many can be found either on the NW side or at the base.58117 

Therefore it was necessary to locate NWs with suitable catalyst particles on the top facet 

with BSE and SEM. Then using a series of images at increasing magnification the same NWs 

were located with the in-situ nanoprobe SEM. Catalyst particle interfaces (CPI) were 

measured in Omicron Germany to take advantage of the better resolution of the SEM which 

could resolve the Au particles and determine whether the particles were in place on top of 

the wire before and after a measurement. Deposited Au interfaces were measured at both 

nanoprobe sites with AC and DC etched tips. AC etched tips allowed fine adjustment, 

manipulation and positioning on the NW.

Two-probe measurements allowed the measurement of free standing vertical NWs as part 

of the original array which investigated the electrical contacts formed by the Au-NW  

interface at the tip of individual NWs. The optimum procedure to contact the NWs was to 

turn off the tip approach feedback loops and rely on manual piezo control. This required the 

tips to be lowered very carefully to the height of the NW without crashing into the substrate 

or other NWs -  operator skill was essential. Ohmic contacts formed at the probe-ZnO NW  

side contact made these measurements possible and avoided the requirement for an 

intermediate contact material, see Figure 58b for an example of the side-to-side Ohmic 

contact achieved on a NW before measuring the Au contact. An l-V sweep was typically 

performed +0.5-1V  and the shape of the output provided many characteristics of the 

contact along with the current for which a typical magnitude was micro-amps, consistent 

with the four-probe measurements of ZnO NWs. Results are discusses in detail in Chapter 7.

The Two-probe measurement method of CPFs is performed as depicted in Figure 59 as 

follows:
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1. Identified suitable NWs with SEM and BSE imaging, this step also allowed 

measurement of the Au particle and NW diameter

2. Local 'landmarks' were used to identify the same NW with the in-situ SEM and then 

the probe tips were brought in side-to-side on the NW

3. Contacts were then tested with l-V sweeps, a good contact provided linear l-V and 

micro-amps current, good Ohmic contacts on the NW side were essential to 

minimise the effect of side contact resistance in the Au contact measurement

4. One tip was raised above the NW and lowered under a small lOOmV applied bias 

until a current spike was observed

5. The Au NW contact was then measured with an l-V sweep, the top probe tip was 

then raised and lowered again in similar fashion and the measurement repeated 

several times

6. Tips were then removed and the catalyst particle was identified atop of the NW

Figure 59. Im ages depicting the  process o f identify ing a catalyst tipped  N W  and tw o -p ro b e  m easurem ent, le ft-to -rig h t  

fashion fro m  the  to p -le ft, a) th e  N W  w ith  a 'b right' Au partic le  on the  top  fa ce t is iden tified  by SEM and BSE. b) the  same 

N W  is then  identified  in th e  N anoprobe and the  probe tips are brought in to  test th e  contacts side-to-side across th e  N W . 
c) one probe  is then  raised above the  N W  and low ered  onto  th e  Au partic le  using a small applied bias and rea l-tim e  current 

m onitoring , once contact is achieved an l-V sweep is taken. The probe is th e n  physically raised and low ered  in sim ilar 

fashion to  rep ea t the  m easu rem en t several tim es, d) probes are then  rem oved  and th e  catalyst partic le  is identified  on top  

o f th e  N W
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4.11 Summary of the Experimental techniques
Zinc Oxide NW growth, like any other crystal growth, is not an exact science. However in 

order to explore and characterise the NWs it was necessary to control the NW growth to 

create samples of sufficient quality for application to devices and also allow characterisation 

with the described techniques. SEM provided the immediate characterisation of the NW 

growth samples which was used to assess the alignment, quality and morphology of the 

product. Optimum but typical samples were selected for further TEM analysis to examine 

bulk crystal structure. TEM allows imaging using phase contrast of the atomic lattice planes 

and to reveal the structure of the Au contact interface at a resolution of approximately 

0.25nm. Combined with EDX and HAADF a thorough compositional analysis of the NWs was 

completed. However, as described in Chapter 2 catalyst metal contamination can greatly 

hinder some NW materials, such as silicon. Only two techniques are capable of imaging 

single impurities within crystalline materials which are aberration corrected HAADF-STEM 

and Atom Probe tomography. Atomic resolution of HAADF-STEM made it possible to study 

the NWs at an atomic level and to examine the catalyst particle interface with depth 

sectioning techniques that is not possible with most metal contact structures e.g. 

nanocontacts on a planar substrate. This was necessary to assign the appropriate analysis to 

the electrical measurements which take advantage of the nanoprobe system. The 

nanoprobe allows measurements of the true NW resistivity NWs without patterned contacts 

and surface modifying processing steps in UHV free from environmental effects.

Electrical contact on the nanoscale can be greatly affected by many problems such as barrier 

inhomogeneities, defects, edge effects and dopant atoms. However the thorough 

characterisation of the NWs and the contact interface has allowed us to form sound 

arguments and single out the most appropriate explanations for the two-probe results of Au 

deposited and catalyst particle contacts on ZnO NWs. This body of work is able to reveal the 

behaviour of the catalyst Au contacts and deposited Au contacts with measurements that 

are free from confusing contributions that originate from conduction through the substrate 

and patterned contacts processing. Both influences can result in very low currents due to 

contamination, scattering and long conduction paths with multiple interfaces. We measure 

the current across the Au-NW interface with local probe measurements free from all of 

these potentially detrimental effects.

138



Chapter 5

5 ZnO Nanowire Growth and Contact fabrication results

NW growth experiment results of ZnO NWs by vapour phase Au catalysed and catalyst-free 

methods are detailed in this chapter. Also covered here are the experiments tailoring the Au 

catalysed growth to achieve distinct Au particle growth tips along with the fabrication of Au 

contacts on non-catalysed NWs. The major tools of characterisation were Scanning Electron 

Microscopy (SEM) and Backscatter Electron (BSE) imaging which provided the typical 

representations that are given to cover the major aspects of progress. The products from 

experiment to experiment, especially for non-catalysed NWs, were variable and to avoid 

unnecessary detail and to gain the most useful knowledge from the experiments strong 

trends with experimental parameters are reported. Trends in experiments of lesser success 

are briefly stated. The major aim of growth experiments were to achieve perfectly aligned 

arrays of NWs, suitable for devices with high areal density and inform morphology, or 

suitable for measurement purposes with low areal density or a specific NW size.

5.1 Previous work
The growth experiments built upon previous work by the author during his MRes project 

that investigated catalysed and non-catalysed growth on ZnO solution based seed layers.203 

Previously the seed layer was formed on single crystal Silicon wafer and achieved arrays of 

aligned ZnO NW growth. Formation of ZnO seed layers from solution was the major 

achievement along with growth on non-lattice matched substrates, this technique is 

implemented here to grow vertically aligned arrays of NWs on conducting substrates such as 

metals and oxides. Solution based seed layer deposition involves dissolving Zinc Acetate into 

ethanol and dispersing on a clean substrate and annealing in air to form ZnO, the method is 

discussed in Chapter 4. In this chapter experiments specifically investigate:

•  catalytic growth on lattice matched Sapphire and GaN

•  non-catalytic NWs using solution- and plasma-assisted ZnO seed layers on metals 

and ITO

•  non-catalysed growth on bare roughened a-plane Sapphire.
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Details of the sample and experiment preparation and procedures are detailed in Chapter 4. 

All SEM and BSE images were taken at 30° sample tilt or top-down, geometrical 

considerations can show in the tilted perspective the NWs were in fact double the projected 

length.

5.2 Catalysed ZnO nanowire growth
Catalysed ZnO NW growth utilises Au catalyst that is deposited on the substrate before the 

growth experiment. The Au film (~ l-6 n m  thickness) breaks up into nanoparticles at the 

growth temperature which capture the source Zn vapour. Saturation of Zn on the particle 

surface or in the particle bulk initiates growth and a NW is formed atom by atom. Using a 

catalyst provides increased control over the growth product relative to non-catalysed NW 

growth. For this reason 40 experiments were required in total to tailor the growth for all 

subsequent experimental measurements that included:

•  Very thin NWs (<20nm diameter)

•  Long NWs (4-6pm) of various diameters (40-100nm) for four-probe electrical 

measurements

•  Arrays of vertical low density NWs

All experiments required distinct Au catalyst growth tips to be present on the NWs to 

ensure they had grown by catalytic means rather than by a vapour-solid process. This 

requirement ensured the growth method was distinct from the catalyst free growth modes 

which could still contribute in these experiments. A complete table of experimental growth 

parameters along with the experiment numbers is included in Appendix A -l. The major aims 

for catalysed growth were control of the NW array density, NW length, NW diameter and 

the presence of Au growth tips that had to be identified with BSE imaging.

5.2.1 Growth tapering
Samples positioned further from the source exhibited shorter and thinner NWs. Eventually 

the growth product tapered to nothing where the furnace temperature was cooler. A 

temperature gradient from the furnace centre, where the source is located, decreases away 

from the hottest zone. Moving away from the source reduces the local Zn vapour 

concentration that was observed through all experiments as overgrowth at the sample boat 

front, then a region of good high density growth ~ lc m  from the front, and then growth
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diminished to nothing at the boat rear. The tapering regions towards the boat rear proved 

most useful for nanoprobe measurements of free standing wires (Figure 60a). Along with 

thick Au depositions (~4-6nm) many high aspect ratio NWs with distinct Au tips could be 

found. The catalysed NWs in this region varied greatly in length l-3pm and diameter 20- 

lOOnm. The longer NWs were usually >60nm diameter with distinct Au tips. Many Au 

particles of size range 10-100nm diameter were found spread around the base growth as 

seen with BSE images (Figure 60b). The variation in length and low density of NWs allowed 

good probe access for contact measurement. A distance of 1cm downstream of the low 

density NW samples very little growth was found on the substrates.

Figure 60. G row th diminishes aw ay  from  the source, a) the  cooler region (~ 1 2 c m  from  source cen tre  o f Experim ent 35) 
along w ith  a large a m o u n t o f Au provided NW s o f various lengths, m ostly w ith  Au particles a t the  tip . The sprawling base 

grow th  m akes these ideal fo r electrical m easurem ents on free  standing NW s, how ever, b) a large num ber o f Au 

nanoparticles w ere  located on th e  undulating base grow th . The base crystal grow th provided electrical connection to  

ground on insulating substrates like sapphire.

5.2.2 Thin nanowires with distinct Au catalyst particles
It was found when growing NWs suitable for the four-probe measurements that the

diameter was usually >60nm. The higher furnace temperatures initially used generate 

greater concentrations of Zn vapour that produces thicker NWs, presumably the vapour -  

solid mechanism of lateral growth increases with the greater flux of Zn vapour. Therefore 

specific experiments were conducted to achieve thin NWs long enough (>4pm) for four- 

probe measurements, i.e. long with distinct Au tips (Figure 61a and b) but of diameter as 

small as 30-60nm. Growing NWs of aspect ratio -100 required the reduction of the growth 

temperature to ~900°C and a thick Au catalyst deposition ~6nm (Figure 61a and c). The 

large amount of Au encouraged the catalytic process whilst the lower vapour pressure 

restricted the thickening of the NWs. Long growth times of up to 120mins were required to
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achieve lengths suitable for multiple separation four-probe measurements ~4-6|im at 

these fine diameters. Experiment 35 (Figure 61a) and 34 (Figure 61c) were the most 

appropriate examples with NWs of this requirement on sample 2 (1cm intervals) in the boat. 

Using less Au (~4nm) on Experiment 34 produced thinner Au NWs in a similar region.

S4800 10 OkV 8.8mm x70 Ok PDBSE(CP) 500nm

Figure 61. SEM images depicting the  change in NWs as th e  am o unt o f Au catalyst was reduced, a) Long grow th tim es w ith  a 

thick (6nm ) Au catalyst layer at lo w  tem p era tu res  gave very  long NW s (Exp. 35) w ith  distinct Au tips as shown in b) a BSE 

im age, c) less Au (4nm ) produced sm aller nanoparticles to  in itia te  grow th and then  subsequently th inner NW s (Exp. 34), 

m ainta in ing a low  vapour pressure resulted in a high aspect ratio , d) grow ing fo r a short tim e  produced NWs « 2 0 n m  

d iam eter, a lthough th e y  did not have tim e  to  grow  as long.

Growth was a trade-off between time and temperature (source vapour pressure) with all 

other parameters being equal. Longer growth times at lower temperature tended to 

produce thin NWs, but when Au tips were present they still grew very long Figure 61c. By 

reducing the growth time (~35mins) the amount of growth decreased and very thin NWs 

(Figure 61d) with Au tips were present (not shown). Experiment 33 was typical of the NWs 

grown for high-resolution HAADF that required NWs of maximum 20nm diameter. With 

shorter growth times the region of good growth moved towards the source slightly -  this
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was a symptom of the furnace 'hot' zone spreading further over time as the entire 

apparatus insulation heated up.

Au tipped NWs tended to grow long and thin, dominated by catalytic growth. While rods 

usually where the Au tip was not present and may have fallen off, may have continued to 

grow in a vapour-solid driven growth mode so they grew outward as well as upward. These 

rods were short because they did not have a catalyst particle to preferentially attract vapour 

at the NW tip . 1 1 8  The Au particles that were not located on NWs had a random size 

dispersion which at the very least is due to the deposited Au film separating into 

nanoparticles when heated1 2 5  if melting didn't occur. The particles were then mobile on the 

surface capturing source vapour as they moved adding to the growing base layer117. The 

base layer was shown with TEM to be all crystalline and of the same crystal orientation as 

the NWs (the base layer is examined in detail with cross-sectional TEM in Chapter 6 ).

5.2.3 Short growth time for atomic imaging samples
For atomic HAADF imaging it was necessary to produce NWs as thin as possible, at the most 

20nm diameter, to increase the detection intensity of heavy element atoms. Therefore a 

number of experiments concentrated on this of which Experiment 33 (Figure 61d) was the 

last. To achieve the very thin NWs it was necessary to use short growth times ~35mins. 

Below this, <30mins little growth was observed, it appeared to take this long for the sample 

and source to reach the minimum temperature (Experiment 32 ran for 30mins Figure 62a) 

for growth and then the additional 5mins allowed very fine NW growth Figure 62b and c. 

Also a medium thickness of Au ~4nm  encouraged prominent Au particles at the tip 

(necessary again for HAADF imaging) but not so large that thicker NWs were prevalent. 

Reducing the time to ~25m in with more Au ~ 6 nm provided very short stubby thick growth 

(Experiment 27 NW diameter 50nm) which eventually sprouts thicker NWs (diameter 30- 

50nm) when growth is continued to 35mins. Again, the more Au catalyst provided the 

thicker the structures but until the 30mins is reached no NWs strike up. With samples grown 

at times <35mins and at these low temperatures it was required for the sample to be very 

close (~2-3cm ) to the source. With more initial Au the growth tips also tended to become 

larger (Figure 62d displays Experiment 29 with a thick initial 6 nm Au catalyst layer).

143



S4800 10 OkV 13.6mm x180k SE(M) .........................................   300nmS4800 10.0kV 7.9mm x15.0k SE(M) ' ' 3'.00um

Figure 62. SEM images depicting the critical in fluence o f grow th  tim e . W ith  all o th er param eters  th e  sam e, a) Experim ent 
32 o f grow th  tim e  30m ins had very thin NWs just beginning to  grow , b) Experim ent 30  w ith  only 5mins extra grow th had 

NWs th a t are still th in  but overall the  grow th  is larger, c) and the  fine  wires sprout up, d) using m ore Au (~ 6 n m ) results in 

large Au particles and generally  th icker NWs

Deposition of 6nm Au provided NW growth of diameter 30-50nm in the early stages which 

then increased in length rather than diameter for long growth times up to 120mins when a 

low furnace temperature was used. This demonstrates the dominant role of the catalyst on 

NW growth when it is present at the NW tip, the NWs only thicken slightly with the long 

growth times in comparison to a very large change in length (~5pm). The long growth times 

however contribute to the base growth which grows large with time forming undulating 

random shapes (the base layer is examined in detail with cross-sectional TEM in Chapter 6).

5.2.4 Growth of nanowalls
The base growth can be tailored in similar fashion to the NWs by varying the growth 

parameters. The exact mechanism of growth is not known but is likely a process of both 

vapour-solid and catalysed growth which can be influenced by the vapour flux and quantity 

of Au. Similar control over the base growth as NW morphology is possible that can range 

from very little base layer to large interconnected wall type structures between NW
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outgrowths. Locating the samples near or on the source boat (facing the sample down at 

the source material) exposed it to very high concentrations of Zn vapour, this resulted in 

overgrowth of the base and a thick layer of Nanowalls214 grew at the bottom of the NW

array. High Zn vapour concentrations along with a thick Au layer (~6nm) and longer growth 

time (45mins), produced thick NWs but not necessarily very long (~l-2um) (Figure 63a).

S4800 2.0kV 8.1mm x25.0k SE(U) 2.00um

Figure 63. a) High vapour pressure very near th e  source created th icker NW s w ith  fe w  Au tips and a substantial base 

grow th  layer (E xperim ent 23), b) sim ply by turn ing  the  sam ple to  face upw ard reduced the  base grow th and individual 
NW s grew  from  th e  substrate, c) reducing th e  am o unt o f Au gives excellen t NW s but w ith  very extensive walls Experim ent 
11, and, d ) BSE im age o f Experim ent 12 show ed very little  Au present on the  nanowalls or the  NW s th a t suggested at least 

in the  la tte r  stages o f the  e xp erim en t catalytic  g row th  was not th e  do m inan t m echanism  (2nm  Au catalyst layer).

Locating the sample, on or very near the source encouraged the nanowall growth due to the 

greater Zn vapour concentration and the increased trapping across the entire substrate 

which was covered by a relatively high concentration of Au nanoparticles. By reducing the 

temperature to 880°C, and also the concentration of Zn vapour, the nanowall growth was 

reduced to a minimum even when the sample was coincident with the source. Alternatively, 

turning the sample to face up from the source Figure 63b reduced the impact of high
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concentrations of Zn vapour. Introducing more source material also increased the wall 

growth.

The growth of walls and NWs, rather than thick rods, was encouraged when a smaller 

amount of Au was used (~2nm) with high temperatures to create a high Zn vapour 

concentration, the typical growth product is shown in Figure 63c and d. The higher source 

temperatures required the sample substrates to be positioned further from the source to 

maintain the growth temperature of ~850°C. Figure 63d shows there is no Au on the NW  

tips and very little Au near the tops of the nanowalls. This indicates the wall and N W growth 

was initiated by Au but continued in addition to catalytic growth. The NWs still grew with a 

good aspect ratio (~20) and perfectly aligned with very high density. Even though no Au was 

present near the top of the growth the initial quantity of catalyst had a bearing on the 

growth morphology. NWs depicted in Figure 63c and d could be excellent for devices 

because the small amount of Au would minimise the impact on charge transport through 

the base layer which is substantial and robust. Larger quantities of Au produced an 

undulating base growth rather than a wall structure that was covered and embedded with 

Au particles, which is shown in Chapter 6 . We have shown here that even with a catalyst 

other growth modes contribute which was more apparent at higher vapour concentrations 

and is displayed by a lack of catalyst growth tips on the NWs.

5.2.5 Substrate lattice match
In Chapter 2 we introduced the physical concepts that govern crystal growth and the 

importance the substrate has on the development of the NW structure and alignment. The 

majority of growth on non-lattice matched substrates was performed with non-catalysed 

growth as this worked best with ZnO seed layers. However, catalysed NW growth of 

different crystal cuts of Sapphire were experimented with. Growing uniform NWs on non­

lattice matched substrates by catalytic means proved too difficult to achieve (no seed layer 

used). Instead of NWs the experiments produced a variety of shapes or very little growth. 

Experiments with c-plane Al2 0 3 displayed the effect of a poorly matched substrate on the 

growth orientation. NWs grew at a tilt angle close to the 51.8° which aligns the ZnO (0002) 

with AI2 O3  (1 014 ) (Figure 64a) that have a plane spacing of ~ 2 .5 lA  and ~2.55A  

respectively. 8 0  Instead, (X-AI2 O3 or GaN were ideal substrates for vertical NWs and both have
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benefits such as sapphire is relatively cheaper while GaN provides good electrical 

properties, Figure 64b.

iiitS lte liiii
5 OOum IS 4 8 0 0  10 OkV 19 8mm x10 Ok SE(U) 5 OOumS4800 10 OkV 20 7mm *10 Ok SE(M)

Figure 64. The influence o f the  substrate on N W  tilt, a ) c-plane sapphire provided NW s tilted  at 5 1 .8 °  to  the  substrate  

consistent w ith  the  crystallographic m isalignm ent o f the  substrate fo r N W  grow th, b) how ever this is easily overcom e by 

using a lattice m atched substrate such as GaN which provided vertically  aligned NW s in high density arrays, these NW s  

though did not have Au particles at th e  tip , from  exp erim ent 7.

Unsuccessful attempts were made to enhance the control over the growth with Au colloids 

spin coated on the sample that was tested at various growth temperatures on Si, no NWs 

were achieved. This method may have more success on lattice matched substrates such as 

sapphire with experimentation of colloid size.

5.2.6 Catalysed growth conclusions
36 growth experiments were necessary to achieve the desired NW attributes for all of the 

measurements detailed in Chapter 6 and 7. This included arrays of long NWs (>5pm) with 

distinct Au tips and an average NW diameter within each array ranging from 40nm to 

lOOnm, these were used for transferring to four-probe measurement substrates. Two-probe 

measurements required shorter NWs and of much lower density. It was possible to grow the 

arrays with a sprawling base growth, (this provided an electrical path to ground on a-AI20 3) 

but with low density NWs with distinct Au catalyst tips riding on the top facet, this acted as 

the top contact. The low density allowed easy probe access to contact the NWs from base to 

tip, the shorter length prevented the NWs from sticking together under beam exposure. The 

variation in growth characteristics displayed the good control that was possible with 

catalysed NW growth -  largely due to generating enough Zn vapour at the same 

temperature at which optimum growth occurs. This removed temperature gradients across 

the sample, the most distinct influences on the growth product are summarised in Figure 

65. The major benefit of the Au catalyst was to capture very low levels of Zn vapour and
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grow NWs with relatively low gas flow rates -  coupling this with the higher chamber 

pressure gave much reduced flow effects such as turbulence. It was even possible to grow 

high quality arrays of NWs with the sample placed on the source (facing up or down) at the 

furnace centre. In this orientation growth occurs even at 880°C but there is still debate 

whether the Au nanoparticles are actually liquid at these temperatures125, although it has 

been shown that little alloying of the Au particle with Zn occurs which prevents any eutectic 

melting. With no eutectic melting an Au particle of 33nm should not melt until ~1031°C and 

the growth must proceed by a Vapour-Solid-Solid method (VSS).125 When a solid particle 

catalyses growth there must be an epitaxial relationship between the solid particle and the 

growing crystal.103 It is unclear without melting how a 6nm layer of Au would form into 

small nanoparticles without melting but it must break up and a surface liquid layer is 

possible. The relationship between the catalyst tip and NW is examined in detail by TEM and 

high resolution STEM in the Chapter 6.

High Zn vapour flux

Long growth times 
Thick Au layer

Short growth times 
Medium Au layer

Very Low Zn vapour 
concentration LrvJLr-J

Figure 65. D raw ing depicting the  m ajor influences on the  catalysed grow th  product and th e  typical featu res th a t are  

displayed.

The variation in length and diameter across the arrays was accentuated when a thicker 

(>4nm) deposition of Au was used. In this instance the NW growth proceeded in the 

majority with Au catalyst tips. However Au particles were observed to 'fall o ff  the top facet 

and could be found at various positions on the NW sides Figure 66a.58 To achieve NW arrays
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of uniform diameter and length Figure 66b much thinner (l-2nm) depositions of Au initiated 

growth, but NWs grew without the aid of a catalyst particle at the tip. Without a substantial 

initial layer of Au, NWs were observed to have no Au at the tips and only small quantities of 

particles were found around the base growth layer.

3 OOum

Figure 66. a) BSE im age o f E xperim ent 35  which show ed the  catalyst particle at various stages o f dism ount from  the  (0001 ) 

top  facet o f the  N W . b) th in  in itial layers o f Au catalyst provided m ore un iform  arrays ideal fo r device fabrication, how ever 

there  was no Au presen t on th e  N W  tips which m aybe a hindrance fo r contact fo rm ation .

5.3 Non-Catalysed NW growth

The advantages of this growth method were the superb quality NWs, excellent arrays of 

high density perfectly aligned and very long NWs, all of which may have had a maximum 

range of 20 nm in diameters. It was possible to produce uniform arrays covering samples as 

big as 1cm2. However repeatability was difficult, repetition of the same parameters could 

produce very different results and structures, with NWs being the most desirable. Due to 

this, many experiments were performed at similar conditions, and so instead of examining 

each experiment general trends and optimum results are presented, knowing these can be 

achieved. The majority of experiments were run with similar parameters however further 

details of parameters of the experiments referred to here are listed in Appendix 1-B. Growth 

experiments centred on the substrates of roughened sapphire (section 5.3.1) and ZnO seed 

layers deposited on non-lattice matched substrates (section 5.3.7). The relationship of 

growth parameters, the substrate and the growth products were similar for sapphire and 

ZnO seed layers and many of the observations are relevant to both.
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Figure 67. a) Experim ent 211  produced excellen t NW s over a large area, sim ilar experim ents  ho w ever do no t always  

produce this quality, b) E xperim ent 198 showing equally good NW s of un iform  length ~ 7 p m  and un iform  d ia m e te r lOOnm.

5.3.1 Roughened a-AhCh for ZnO NW growth
Sapphire provides an almost ideal lattice match for ZnO growth (see Chapter 2) and offers 

the means for growing non-catalysed NWs by a simple etching of the surface with NaOH 

solution (described in Chapter 4). This removes variability in substrate quality from the 

growth which can confuse the assessment of other parameters. Growing NWs on a-AI20 3 

therefore provides an ideal means to assess the current state of the growth experiments 

and the overall relationship with growth parameters.

Using a-plane sapphire with minimal processing was an excellent, method for aligned NWs 

(Figure 67), and the insulating properties were overcome by the thick epitaxial layer that 

was found at the base. The only processing was to expose the sapphire to an etchant which 

was then washed away.111 This removed a major variable when analysing the results and 

NWs were assessed on morphology and alignment, with long (~5pm) perfectly vertically 

aligned NWs being considered ideal. Many of the proceeding observations apply to growth 

on all substrates attempted.

5.3.2 Low density vertical NWs for two-probe measurement
Non-catalysed NWs usually grew at high density over the entire substrate and are not easy

to pattern because the control over growth site that a catalyst gives was not available 

(Figure 67). Aligned NWs grew close together and are the same length, in the high quality 

arrays very few sites across the substrate allowed easy probe access. This was partially 

overcome by fracturing the sample to expose a clean sharp edge. Flowever for nanoprobe 

measurements (see Chapter 4) the density of the growth made it extremely difficult to
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contact individual NWs from base to tip without touching the probe tips to neighbouring 

structures. Therefore, low density vertical NWs were required that could be individually 

contacted with multiple probes on a fractured sample edge.

The arrays that were most useful for two-probe measurements of bare and deposited Au 

contact were grown in Experiment 216 (Figure 68a) and were generally grown at a furnace 

temperature of 1050°C that is typical of many of the experiments and a source-sample boat 

separation of 23cm. Samples in the front half of the boat had low density vertical long NWs 

and a diameter within the range of 40-100nm. The sample boat created a turbulent flow 

that shielded the samples from the full extent of ZnO precipitation. However, achieving the 

low density was far easier on etched Al20 3 than on other substrates. A likely explanation is 

the etching process controlled the areal density of nucleation sites and this combined with 

reduced local vapour pressure allowed only a small number of NWs to grow, although this 

was difficult to prove by varying the etch time.

S4800 10 OkV 15 7mm x11 Ok SE(M) 5 OOum

Figure 68. a) Low density vertical NW s allow  good probe access along a cleaved edge, the  NW s are long and vertical 
how ever o th er structures are evident th a t can in terfe re  w ith  m easurem ents, it was difficult to  avoid grow ing these w hen  

aim ing for low  density NW s by the  cata lyst-free  m ethod, b) the  high density o f grow th  in cooler regions and the  tapering  

effec t th a t can cause NW s to  m erge tog eth er

5.3.3 Changing growth morphology and the sample temperature
Within the furnace there exists a temperature gradient (the apparatus is explained in full

Chapter4) from the maximum at the furnace centre where the source material is located 

that drops rapidly along the furnace tube. The location of the substrate for non-catalysed 

growth is in a region of very steep temperature gradient which can drop 300°C along the 

length of the sample boat (8cm). A main effect of the gradient was a change in the growth 

structure as samples were placed further downstream. The upstream portion of the sample
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boat usually had a region of thick disordered growth due to the turbulence caused by the 

boat catching the fast gas flow. This could be reduced by using a boat with a small recess of 

the same depth as the sample. After the poor quality growth, which usually covered 

approximately the first 1cm of the boat, NWs of varying quality grew for a region of up to 2- 

3cm and then the NWs begin to taper in shape. They did not get thinner toward the top, but 

thicker, and the top could easily double the diameter of the root (Figure 68b). This was seen 

as a regular growth feature. Eventually the top could become so chunky that they almost 

merged into a single film with a NW type structure at the base.

Another regular feature in the cooler regions of the sample boat was a large, undulating and 

irregular base growth out of which NWs sprouted, usually where the tapered NWs grew. 

These NWs may still have been very well aligned and uniform in size, however, this feature 

appears to have no use at present.

5.3.4 Growth time and source vapour
The overall thickness of structures was influenced by the initial source quantity and the 

chamber pressure. However, long growth times (>60mins) created no additional growth as 

the source was completely depleted, all ZnO was consumed in this time regardless of initial 

quantity. Therefore increasing the source quantity resulted in a greater flux of Zn vapour 

and faster ZnO growth which generally resulted in thicker NWs (Figure 69a). Using shorter 

growth times resulted in thinner shorter NWs, i.e. less growth occurred. Similar to catalysed 

growth it required >30mins for growth to be initiated and even at 45mins growth was thin.

Figure 69. a) Crystal o verg ro w th  occurred w hen th e  precip itation o f ZnO increased, shown here is the  e ffec t o f an increase  

of source m ateria l to  lg , NW s w e re  o f excellent quality , very long but m any had grow n in thickness rapidly due to  the  

additional flux o f ZnO w ith  m any NW s d iam eter 300nm . b) G row th  in the  cooler regions (~ 5 0 0 °C ) fo rm ed  tapered  NW s, 

increasing th e  pressure cham ber also caused structures to  g row  in a three-d im ensional sense m erging to g eth er, shown  

here at th e  sam ple edge o f E xperim ent 207 grow n at pressure 2 .8m bar.

152



Increasing the pressure effectively increased the deposition of ZnO onto the sample area 

because flow rates were reduced and precipitation at the growth site was more abrupt. 

Higher pressure led to crystal overgrowth, where structures grew outwards and started to 

form uniformly hexagonal films, this form of overgrowth generally occurred in the cooler 

regions (Figure 69b). Reducing the source particle size was an alternative method for 

creating greater flux of ZnO215, however this had little effect on the overall quality of 

growth, as long as high purity graphite powder was used.

5.3.5 Nanowire diameter
Non-catalysed NW growth lacks the influence of a catalyst to encourage growth along the 

preferential [0001] growth direction. Growth dynamics are then highly dependent on the Zn 

vapour concentration that has a large influence on the rate at which the crystal facets grow. 

The balance of growth between the (0001) facet and the side { l0 1 0 } facets determines the

aspect ratio of the NW structure and the thickness was observed to increase from the front 

of the boat to the rear. Commonly at the front of the boat NWs had diameter lOOnm and 

increased to >200nm near to the rear. However, there was little control on the actual NW  

diameter in the best region, this was influenced by pressure, ZnO flux and to a great extent 

by flow effects which were hard to control but could be reduced by aerodynamic shaping of 

the alumina boat. It is most likely the substrate and the initial surface roughness had an 

effect to influence the diameter and areal density of the NW growth. Although no 

relationship with etching time was revealed a further study could investigate the roughness 

with AFM studies of pre-growth substrates.

5.3.6 Base epitaxial growth layer
It was observed early in the experiments that a substantial base growth was present with all 

high quality NW arrays. Closer inspection of the layer was possible with the experiments 

that provided low density arrays that revealed the NW root. At the root or base of a NW a 

hexagonal relationship with the base layer/substrate was revealed by the growth structure 

that developed into a NW (Figure 70a). It is likely this layer and structure started to develop 

early in the growth once the source began to evaporate, and as the sample heated up to full
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temperature then NWs started to grow, i.e. a temperature lag ~30mins.

Figure 70. a) Experim ent 199 produced som e excellen t nanowires but only in small patches which a llow ed the  inspection of 
th e  N W  root, w e  can see here  the  hexagonal grow th  pa tte rn  o f the  crystal which developed into a N W , the  N W  m ay have 

sprouted w h en conditions in th e  cham ber reached the  correct balance, b) W h en high quality  arrays o f NW s grew  th e  base 

grow th  was always a thick and uniform  layer which did not appear to  be form ed o f isolated crystallites and instead was one  

continuous layer from  w hich NW s grew , the  relationship w ith  good N W  grow th suggested this layer is ep itaxial. These NWs 

have had m eta l deposited on top  o f the NW s th a t grew  from  a solution seed layer on Si-Cr-W  substrate.

The low density arrays obviously had less growth and so we are in fact looking more at the 

individual NW structure rather than at the base of an array (Figure 70a). Structure and 

morphology of the base growth with full dense arrays is different, all of the root growth has 

merged into one continuous layer that can reach up to 1pm in thickness (Figure 70b). This is 

likely to be an epitaxial layer although this is not proven for non-catalysed NWs (the base 

growth of catalysed NWs is shown to be epitaxial in Chapter 6).

5.3.7 Metal and conducting substrates
NWs on sapphire provide excellent quality but the insulating properties of Al20 3 restrict the 

possible applications of the arrays. Conducting substrates such as metals, conducting 

semiconductors or oxides are attractive to provide a uniform electrical conduction path to 

the entire NW array. This reduces scattering that can occur in the NW base layer and 

provide efficient charge transfer as part of a device circuit. For this reason growth on metals 

with very high melting points was investigated and made possible by the use of solution 

deposited seed layers (see Chapter 4).

Solution seed layers were formed by drop casting Zinc Acetate dissolved in ethanol on the 

metal substrate and annealing at 350°C. The seed layer acted as a nucleation site for the 

ZnO NW growth which occurred at a temperature much lower than catalysed NWs. A local 

growth temperature of ~600-650°C was optimum. At this temperature Zn and ZnO
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precipitates out of the growth atmosphere and was deposited on all surfaces. The ZnO seed 

layer acted to encourage aligned growth of NWs, rather than random structures with no 

preferential alignment such as on bare metal or non-lattice matched surfaces.

Figure 71. a) Nicely aligned and very un iform  N W  array, grow n using a solution derived seed layer on Si-Cr-W  substrate, 
exp erim ent 179. b) A thick base grow th  developed on the  seed layers which was topped  by dense NW s, the  tungsten layer 

is also displayed on top  o f the  Chrom ium  and Silicon substrate.

Several schemes of metal were tried on Silicon ( i l l )  substrate. The most successful was

Silicon, 50nm Cr, 200nm W and then solution based layers seed annealed on top (Figure 

71a), also shown is the thick base growth that occurred when using ZnO seed layers on top 

of metal layers (Figure 71b). The silicon required thorough solvent cleaning, oxidation 

Piranha clean and then HF to expose the virgin Si surface. Chromium and W were then 

deposited sequentially by plasma assisted physical vapour Deposition. The chromium acts as 

a wetting layer to adhere the tungsten, which would otherwise peel off during the high 

temperature growth. Several other schemes of conductive layers were attempted which 

included ITO, Nb, Cr and W, on all layers good NWs were grown using the solution seed 

layer method. The full scheme of Si-Cr-W-ZnO proved the most robust and repeatable, 

although ITO showed equal promise and has many advantages such as transparency and 

semiconducting properties. The Indium has also been shown to diffuse into ZnO NWs 

creating an n+ layer.216

5.3.8 ZnO Seed Layers and metal buffer layers
Seed layers were used to buffer the ZnO NW growth from the substrate lattice mismatch. 

The most successful seed layer was the solution based method. Plasma assisted physical 

vapour deposition (PVD) seed layers from a pure ZnO target were also extensively 

investigated, however NWs comparable to roughened substrates or solution seed layers
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were never achieved. Many combinations of in-situ heating up to 350°C, Oxygen 

concentration, substrate material, thickness and deposition rate were tried. The main 

investigation centred around PVD seed layers on Si of which were tried ( i l l )  (lOO) and

(llO ) wafers, however it was very difficult to obtain a c-axis orientated seed layer due to

the very large mismatch with Si (Figure 72b). To overcome this many attempts at buffer 

layer108,217 formation (Ti, Al, Cr and W and combinations of these) were attempted with the 

most successful being very thin layers of Al deposited (5-20nm) on HF exposed Si ( i l l ) . Thin

layers of ZnO (~10-20nm) were then deposited after the Al and the sample annealed (up to 

900°C) post deposition in air. The phase and composition of the compound formed was 

unclear but it is likely the thin Al would oxidise rapidly before the annealing temperature 

reached the melting point. Such a thin layer may have turned completely to Al20 3, whether 

this could have formed a phase compatible with aligned NW growth is unknown, however

Figure 72. a) SEM im age which shows the  best NW s achieved w ith  buffer layer-seed layer com bination w ith  ~ 2 0 n m  Al and  

~ 2 0 n m  ZnO plasma Ar-ion deposited w ith  the  inclusion o f 10%  0 2 during ZnO deposition and post deposition lh o u r  anneal 
in air a t 700°C. b) A fter annealing the  PVD seed layer, large crystallites fo rm ed  but the  random  orien ta tion  was d ifficu lt to  

control, this de te rm in ed  the  a lignm ent o f the  NW s

this produced the best results (Figure 72a). Figure 72b shows a thicker ZnO deposition and 

the reason for misaligned NW growth is due to the random orientation of the crystallites.

Cross-sectional TEM could reveal the details of this layer although it is likely Al would have 

diffused from the buffer layer into the ZnO base growth. Al diffusion could be very beneficial 

for devices because the resistivity would be reduced with Al acting as an n-type dopant. 

Similar buffer layers have been shown by Wang et al and Lee et al to produce aligned 

growth, one of which is AIN218'219, however the electrical properties of this are not 

conductive and a better alternative maybe Titanium or Tungsten Silicide220 of which one
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phase is hexagonal. It may be possible to rely on the substantial base growth of the array for 

device conduction, especially if Al diffusion acts as a n+ dopant, in which case insulating 

buffer layers and substrates could be used.216

A very interesting result of the PVD mounting system was a region under the sample fixing 

which often produced well aligned and dense NWs. It was unclear if this was due to 

roughening of the substrate by the screw, or a combination of metal atoms and 

nanoparticles nucleating growth in such a way that it could grow NWs which were 

independent of the substrate crystal structure. Figure 73 shows the growth under this 

region that occurred on plain ( i l l )  Silicon.
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Figure 73. a) Excellent a lig nm en t was regularly achieved w ith  th e  NW s located in the  screw fixing region, m any a ttem pts  

w ere  m ade to  uncover th e  secrets o f this but no a ttem p t produced NW s o f this quality  over a large area, b) The cross- 
sectional SEM im age shows a sim ilar area, the base grow th is substantial but grow th  quickly disappears suggesting som e  

local roughening o f th e  surface, this thick base grow th  always occurred w ith  high quality  w ell aligned cata lyst-free  NWs.

5.3.9 Au contact deposition
Non-catalysed NWs lack a top contact; this must be fabricated as a separate step to NW 

growth. Two techniques can achieve the deposition of metals as contacts that are thermal 

evaporation and plasma assisted PVD. Au contact formation was initially attempted by 

plasma assisted PVD. It was possible to achieve individual metal particles on the tips of each 

NW and with further deposition these tips grew and would eventually combine to form a 

metal layer. This was achieved without resist processing techniques to protect the NWs. 

However, the PVD deposition was found to coat metal onto the NW side as well as the top. 

PVD is considered a multi-directional coating technique whereas evaporation more uni­

directional. For this reason evaporation was eventually used to form individual contacts to 

the NWs to reduce the side deposition221 that could influence two-probe measurements.
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Au contact formation by evaporation was completed with final Au contact thicknesses 

estimated to be in the range 10-50nm. TEM analysis was conducted on NWs that were 

shown to have Au of 10-20nm thickness and this was correlated to the deposition 

parameters, further depositions were in multiples to obtain Au of thickness up to 50nm. The 

thinnest coating of lOnm is shown Figure 74a. NWs that were slightly tilted from vertical 

were metal coated on the uppermost facing sides, this was undesirable for two-probe 

measurements.

300nmS4800 15.0kV 16 1mm x150k PDBSE(CP)

Figure 74. a ) BSE im age o f a lO nm  evaporated Au contact on ZnO NW s, the  w ell aligned N W  shows very little  Au on the  

side w hils t th e  tilted  N W  displays Au coating the  upperm ost faces, b) A deposition o f 20nm  Au on perfectly  aligned NW s  

gives a substantial Au pad on to p  o f the  N W  but still leaves som e side deposition highlighted by the  backscatter im age.

To minimise the side coating problem only perfectly vertical NWs were measured in the 

nanoprobe to ensure minimal Au on the side, shown in Figure 74a. Flowever, very small Au 

particles were detected on the side facets of a large proportion of NWs but the Au did not 

form a continuous layer. With the thicker Au depositions some Au was detected on the NW 

sides even on well-aligned NWs as shown in Figure 74b. This most likely will have been a 

problem of Au deposition onto a sample that was not perfectly orthogonal to the deposition 

direction which was very difficult to correct experimentally with the current apparatus. 

Using BSE imaging to highlight the Au it was possible to determine the extent of the side 

deposition which never formed a continuous layer (Figure 74b). The Au contacts and the Au 

coating on the side facets is investigated in detail with TEM in Chapter 6.

5.3.10 Metal-Semiconductor-Metal structure
With continued deposition of metal by PVD it was possible to create a complete contact 

layer across the tops of the NW arrays. NWs grown on conducting metal substrates then in 

effect became a metal-semiconductor-metal device structure. The continuous ZnO base



layer separated the planar substrate metal from the deposited metal. Metal coatings 

initially formed large particles on the tips (Figure 75a and b); and as more metal was added 

the particles increased in size (Figure 75c) and eventually formed a complete layer once

approximately 1pm of metal had been deposited (Figure 75d). Thinner depositions still 

tended to coat Au on the NW side and so evaporation was used for the much thinner 

contacts that were suitable for two-probe measurements.
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Figure 75. a) The SEM im age shows very long catalyst-free NW s w ith  small m eta l particles at the  tips. The m eta l was  

deposited by PVD, b ) w ith  closer inspection the m eta l can be seen to  form  a spherical particle on the  N W  tip  and also to  

create  a flu ffy  coating on th e  N W  sides, this deposition was m easured by SEM to  be 170nm  on p lanar Si. c) Increasing the  

deposition am o unt to  approxim ate ly  500nm  planar equ iva len t creates large particles at the  N W  tip  which start to  m erge, 
d) Further deposition form s a com plete film  across the  NWs.

5.4 Conclusions

The non-catalysed method of NW growth produced excellent NW arrays which formed a 

robust and substantial base layer that interconnected all of the structures. For vertical array 

devices this structure is ideal, and it may be possible to tailor the electrical properties by 

seed layer or growth source material doping and particular substrate selection. Solution 

seed layers provided the best method for growing large area arrays on non-lattice matched
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substrates such as metals. Post growth contact formation was achieved by either metal 

evaporation or PVD, with evaporation being the preferred option for contacts to individual 

NWs for two-probe measurements, however some Au was still observed on the NW sides. 

This could in future be reduced with a very accurate sample positioning and mounting 

system for the evaporation chamber. We have shown both vapour phase methods with and 

without Au catalyst produced high quality arrays and control of the morphology was 

possible.

The growth experiments were successful; they achieved the high quality samples necessary 

for all of the electron microscopy and electrical measurements and provided NW arrays that 

are very suited to device fabrication. Tailoring the features of each array made the 

measurements in Chapters 6 and 7 possible and enabled successful techniques to be 

developed to capture high quality data from the nanometre scale structures. Au catalysed 

growth provides the greatest control of the NWs and the arrays, however we have seen the 

Au catalyst can contaminate the base growth which may interfere with electrical 

conduction, this is investigated further with TEM in Chapter 6. Non-catalysed NWs can 

overcome any potential catalyst contamination problems and growth can be nucleated with 

a very simple, clean and reliable process of surface roughening. The difference in growth 

control is exhibited by the number of experiments completed for both growth methods; 

approximately 220 experiments for non-catalysed growth were needed to ensure samples 

for all of the nanoprobe measurements whilst only 36 catalysed growth experiments 

provided nanoprobe samples and NWs suitable for high resolution electron microscopy. 

Chapter 6 that follows next characterises the NWs using electron microscopy to uncover the 

details of the crystal structure, the material composition and the role of Au at the NW tip 

and around the base growth.

5.5 Unusual structures
Some interesting images of unusual growth structures that the catalyst-free method 

produces are shown.
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Chapter 6

6 Electron Microscopy Analysis of ZnO nanowire structure

This chapter details the crystallographic characterisation of ZnO NWs grown by vapour 

phase and hydrothermal methods and also the structural analysis of Au contacts to 

catalysed and non-catalysed vapour phase NWs. Detailed crystallographic analysis was vital 

to perform before electrical measurements could be analysed and interpreted. The crystal 

structure of the semiconductor and any anomalies such as defects and contamination had 

to be thoroughly assessed to apply the most applicable principles and theories to the 

measured properties of the NWs and the Au contacts. Defects that may originate from the 

growth process such as phase and grain boundaries or atomic contamination from metal 

catalysts can all severally hinder the electrical properties and induce defect energy states, 

charge trapping and charge scattering. Crystallographic orientation also can have a major 

impact on electrical properties even in perfect single crystals, this is displayed by the 

effective electron mass that can differ depending on the crystallographic direction.5 

Therefore is was necessary to thoroughly investigate the NWs with transmission electron 

microscopy techniques.

The initial characterisation was undertaken with Transmission Electron Microscopy (TEM) at 

Leeds University with the help of Michael Ward. TEM analysis led into a more detailed 

inspection of the atomic lattice of vapour grown NWs, particularly those grown with Au 

catalyst, with high-resolution Scanning Transmission Electron Microscopy (STEM) and High 

Angle Annular Dark Field Imaging (HAADF) at SuperSTEM with Quentin Ramasse. The STEM- 

HAADF analysis completed detailed inspection of the NWs structure, a search for heavy 

element contamination and the structural quality of the Au interface formed by catalyst 

particles. To complement the HAADF imaging simulations were performed by Demie 

Kepaptsoglou and Quentin Ramasse to investigate the likely intensity one Au atom may 

have in a host ZnO matrix.

6.1 ZnO nanowire structure by imaging and diffraction
ZnO NWs from high quality arrays were transferred directly to carbon film coated copper 

TEM grids without the use of intermediate solvent dispersions. This preserves the NW
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surface and reduced the likelihood of contamination problems. In order to reveal the NW 

lattice the NWs lying flat on the carbon film were rotated to the most accessible zone axis 

which would align the longitudinal and lateral planes. The single crystal quality and 

orientation were initially established by in-depth TEM analysis.

Lattice images were used to inspect the ZnO NW lattice and the bright field technique was 

used to image the NW morphology. NWs were tilted close to the Bragg angle such that the 

lattice planes were distinguished and at least (0001) were aligned with the beam. During the 

tilting and diffraction analysis of the samples signs of defects were searched for. Typical 

signs such as dark lines of intense contrast and fringes were analysed by tilting the specimen 

through large angles to ensure any defects that were not invisible in the normal orientation 

could be found. No defects were found in any of the ZnO NWs and all of them were of single 

crystal quality. The lattice images (Figure 76) show the uninterrupted (0001) lattice planes of 

ZnO. Intense strain contrast was common along the NW length because the high aspect 

ratio structure was suspended on the thin holey carbon film.

Figure 76. a) 0 00 1  la ttice  planes o f a non-catalysed N W  w ith  single crystal de fect free  quality , b) a lattice  im age o f a 

hydrotherm al N W  w ith  the  (0001 ) lattice and the  ( lO lo )  lattice aligned on to  zone axis [ l 2 1 0 j  .

Structurally all NWs were parallel from the base to the tip and not tapered, as shown in 

Figure 77. Catalysed NWs however showed some local variation of necking just below the 

catalyst particle and a disordered meniscus around the particle base. The NWs had minimal 

surface roughness and were very smooth except for those grown by hydrothermal methods 

which showed a large variation in surface quality, Figure 77b. This could have been due to 

post-growth etching of the surface by the growth solution. Although a more likely 

explanation was growth variation in the particular hydrothermal process because surface
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corrugation is not universal in the batch and it has been seen as a result of certain vapour 

growth techniques.18 Hong et al showed corrugations introduced surface trap states and/or 

defects which can affect the electrical properties of the NWs.

Figure 77. a) Bright fie ld  im age o f Non-catalysed NW s w ith  un iform  diam eter, fringes from  the  thickness variation at the  

N W  edges and overlapping NWs can be seen, b) H ydrotherm al NW s w ith  uniform  d iam ete r but considerable  

roughness/corrugation variation, strain contrast can be seen in th e  m iddle N W  and th e  to p  N W  is close to  the  Bragg angle.

The defect analysis was limited to diffraction contrast variations with tilt angle and 

observation of diffraction patterns. In the NWs imaged no crystallographic defects were 

found. The diffraction patterns displayed the crystal structure of the NWs through 

interpretation of the zone axis that the beam was aligned with.

6.1.1 Indexed Diffraction patterns
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Figure 78. a) Indexed d iffraction pa tte rn  showing the  ZnO N W  was single crystal w ith  0001  grow th  direction giving a 

hexagonal cross-section as previously seen in SEM images, b) the  000 1  planes labelled on the  TEM  lattice image.

The first example in Figure 78 shows the indexed diffraction pattern of a non-catalysed ZnO 

NW. Figure 78a shows the appearance of a forbidden reflection {0001} in the [l2 1 0 ] zone
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Figure 79. a) Lattice im age o f a ZnO N W  w ith  beam  parallel to  planes o f the  ^ 2 2 00 J zone axis, b) d iffraction pa tte rn  

showing th e  zone axis configuration and the  absence o f the  0 00 1  reflection.

axis diffraction pattern for the hexagonally close packed crystal structure which is the basis 

of the wurtzite structure of ZnO. It is shown below that the forbidden reflections of 0001 do 

not appear in all sample orientations (Figure 79) and instead the 0002 planes must be used 

to index and measure the lattice and diffraction images. The angle of 58.8° from the (0002) 
to the (1122) is close to the standard result88 of 57.8° of the [olio] zone axis which is

symmetrically and crystallographically equivalent to the [2200] zone axis (shown in Figure

79b) of the hexagonal structure.

Diffraction patterns - Catalysed NWs

Figure 80. a) Lattice im age o f catalysed sam ple 16 N W  w ith  a Au catalyst particle showing the  (0 00 1 ) lattice planes and  

abrupt in terface, b) D iffraction pattern  showing th e  zone axis, la ttice  spacing and g row th  direction as the  non-catalysed  

sample.

This analysis for sample Catalysed 16 was consistent with all Au catalysed NW samples 

displaying single crystal quality with no obvious defects, Figure 80. The zone axis[l210] is
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the same as the non-catalysed sample above with the same growth direction [0001] and the 

lattice image in Figure 80a shows the Au catalyst particle forms an abrupt interface with the 

NW.

Diffraction patterns -  Au Catalysed Nanobelt

Figure 81. a) Lattice im age o f a ZnO N an obelt w ith  a d iffe re n t grow th direction to  the  NWs. b) d iffraction pattern  

confirm ing the  structure

A ZnO Nanobelt grown by catalytic methods has a different crystallographic growth 

orientation and is presented here for comparison only in Figure 81. This nanobelt has a 

structure with a rectangular cross-section that the polar surfaces dominate because the c- 

axis [0001] is perpendicular to the growth direction displayed by the arrow in Figure 81a.

Diffraction patterns - Hydrothermal

-

5 nm

0001  '

[1210]
Figure 82. a) lattice im age o f a hydrotherm ally  grow n N W  showing considerable surface roughness but the  lattice is 

unbroken to  the  surface, b) d iffraction pa tte rn  indicating th e  [0001] grow th d irection and crystallographic equivalence to  

the  o th er NWs

Flydrothermal NWs grown by the high-temperature high-pressure method showed large 

variations in diameter and length and in some cases with considerable surface roughness
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shown in Figure 77b. The NWs however were single crystal with no amorphous layer and 

the unbroken lattice extends to the surface even in the rough areas, shown in Figure 82a. 

Crystallographically the hydrothermal NWs were equivalent to the vapour NWs grown with 

and without Au catalyst, shown by the diffraction pattern in Figure 82b.

6.1.2 Atomic Lattice imaging with high resolution HAADF
The STEM analysis concentrated on atomic resolution high angle annular dark field (HAADF) 

imaging of catalysed ZnO NWs and non-catalysed NWs as a comparison. Simultaneously 

recorded HAADF and bright field (BF) images were taken in most cases but the analysis 

concentrated on the HAADF images due to the ease of interpretation and atomic 

compositional information. Therefore a brief discussion on the c-axis lattice spacing is 

included along with a more in-depth discussion of the lateral crystal spacing of the columns 

to confirm the zone axis that is displayed. The images were not filtered in the majority of 

cases and are the raw captured data. The lateral planes are depicted as 0002 planes.

Firstly identifying the correct orientation of the NWs on the film was important. Consistently 

in the scan images there was a non-linearity in the x-direction. The extent of this distortion 

was determined from the c-axis NW lattice measurement which was thoroughly determined 

from the TEM diffraction and lattice analysis. The distortion was present due to the pixel 

size in the x-direction being slightly different to the y-direction. This originates from the 

beam scan directions not being exactly orthogonal. Therefore dimensions discussed here 

are scaled according to the x-axis distortion calculated from the c-axis measurement. As we 

are mainly interested in the zone axis and Au lattice spacing this was sufficient.

Figure 83 shows high-resolution HAADF images of a catalysed ZnO NW located on a major 

zone axis which allowed not only the distinct (0002) planes to be resolved but also those of 

the longitudinal planes. HAADF transmission imaging is direct bulk analysis with no 

additional diffraction analysis but the atomic resolution allows the zone axis to be 

determined from lattice measurements and fast Fourier transform (FFT) image analysis. The 

zone axis looking directly at the side facet of the ZnO NW was the most accessible, rotation 

to the zone axis looking at the apex of the side facets proved to be too far for the stage tilt 

range.
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Figure 83 HAADF-STEM images at lOOkV of a catalysed ZnO N W  located on a m ajor zone axis, a) a th in  N W  is located  

overhanging the  carbon film , b) a 35nm  w ide scan o f the  w ire  reveals the (0 00 2 ) lattice planes, c) a 20nm  scan w ith  a 5nm  

scale bar revealed the  individual Zn atom ic columns in the  (0002 ) planes, d) a lO nm  w ide  FIAADF scan distinctly revealed  

the  Zn atom s o f the  N W  on the  zone axis, e) h igh-resolution FIAADF im age o f th e  individual Zn atom ic  columns o f a [0001] 
orienta ted  ZnO N W , the  resolution allow ed d irect m easurm ent o f th e  a tom ic colum n spacing.

Performing FFT analysis on Figure 83d and e the 'diffraction spots' gave an average of ten 

manual measurements of the repeated patterns. The laterally extending planes normal to 

the longitudinal axis had a spacing of approximately 0.251nm (std. dev. 0.0015) and the 

lateral plane spacing was 0.145nm (std. dev. 0.0005). As we see the lateral planes were 

close to orthogonal with the image scan x-axis that was strongly affected by the distortion in 

the x-axis scan changing the measured lateral plane spacing (lateral columnar spacing) more 

than the longitudinal spacing. Several other images with the NW longitudinal axis parallel to 

the image x-axis revealed an approximate reduction of the FFT calculated plane spacing by a 

factor 0.23/0.26. Using this ratio we see the actual lateral spacing of the atoms in Figure 83 

was approximately 0.163nm. These atoms were clearly resolved by the microscope showing 

the resolution was better than the centre-centre atomic column spacing of 1.6A, to achieve 

this resolution the sample and microscope had to be very stable.
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The atomic arrangement revealed a simple rectangular lattice projection in this NW 

orientation. The NWs have been shown by TEM to be single crystal of the wurtzite structure. 

By examining the wurtzite structure (Figure 84a) scaled to the ZnO lattice parameters of 

a =  3.25A and c =  5 .2 lA  it was apparent the longitudinal spacing was half of the c-axis i.e. 

the (0002) spacing.5 The lateral spacing of 1.6A was approximately half the a-axis as 

depicted in Figure 84b.

Figure 84. a) W u rtz ite  s tructu re  o f ZnO. b) lattice structure facing th e  side face t o f th e  W u rtz ite  structure o f a [0001] grown  

ZnO N W  looking do w n  th e  [^ O lio j zone axis equivalen t to  th e  HAADF im age, the  horizontal axis is the  equivalent o f the  a- 

axis in this im age. The w u rtz ite  crystal images w e re  generated by the  D iam ond softw are.

Examination of the structure in Figure 84b reveals the ZnO unit cell has planes parallel to the 

c-axis with a spacing of 1.63A and planes with the c-axis normal of spacing 2 .6 lA . This 

confirmed the orientation of the NW lying flat on the carbon grid with the beam normal to 

the side facet of the NW. The zone axis imaged here was the [ o l i o ]  as indicated by the

standard crystal structure diffraction patterns88 when comparing the angles and 

measurements taken from FFT analysis. The interlocking close packed structure of the 

hexagonal system provided the repeated rectangular pattern of Zn atoms in this orientation. 

Figure 84 indicates the close proximity from this perspective of the O atoms to the Zn atoms 

and thus the influence in the HAADF or bright field imaging was not detectable. The direct 

imaging of the atomic columns can reveal defects such as dislocations through misalignment 

of the atomic lattice.207 No defects were found which is consistent with the TEM analysis.

Rotating to an alternative zone axis to increase the spacing of the interstitial cavities proved 

to be beyond the tilt range of the stage. Looking at the wurtzite structure from a side apex 

would have provided a staggered spacing of minimum 1.88A between plane and nearest 

atomic column and a maximum of 2.82A between neighbouring (0002) atomic columns. This
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alternative orientation is the [ 2 1 1 0 ]  zone axis (alternatively expressed as[l210] ) which

views the apex of two {0110} side facets, this and the zone axis imaged here are the only 

two zone axis which display the 0002 or 0001 pianes. Unusually [ 1210 ]  zone axis was 

frequently accessible with TEM however only NWs orientated on [ 01T0 ]  zone axis were

found during the STEM analysis. This may have been a result of baking the STEM grid sample 

at 120°C that allowed the NWs to relax on the carbon film.

Figure 83a depicts the NW overhanging the carbon film into free space. A bright region can 

be seen on the NW structure coinciding with the carbon film edge. The bright region in the 

images was contamination that appeared when imaging through the carbon film and was 

mostly avoided so as not to confuse it with impurities in the NW. A high Z-number cluster is 

shown in Figure 85 on the carbon film at the exit surface of the NW, this was determined by 

under-focussing the beam, and so focusing through the NW. This was likely to be a Au 

cluster dislodged or transferred to the carbon from the substrate during the preparation 

process. However it gave an idea of the intensity that was expected from Au impurities.

Figure 85. a) HAADF im age under-focus on a nano-cluster below  th e  N W , w ith  a Z-num ber fa r g reate r than the  ZnO N W  

appearing bright and w ith  som e crystalline structure, b) over-focus condition showing the  in tensity and structure o f th e  

foreign atom  cluster was lost and the  sensitivity to  the  focal point showed th e  necessity o f focal sectioning

6.2 M etal contact structural analysis

Contacts of Au were formed on non-catalysed NWs by Au evaporation onto vertical arrays 

and catalysed NWs were grown purposely with distinct Au tips as described in Chapter 5. 

The analysis is based on TEM images which is included here and then follows onto STEM
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analysis of the catalysed NWs. Each wire was rotated to a zone axis such that the (0001) 

planes were diffracting and the beam was parallel to the Au-NW interface.

6.2.1 Non-catalysed Au capped nanowires
The Au was evaporated in varying amounts by adjusting the quantity of Au wire source 

material. Due to the variable surface of a NW array the deposition thickness had to be 

measured by TEM to allow interpretation of the two-probe electrical measurements 

(Chapter 7) that were completed with Au of different thicknesses. The interface must be 

abrupt because the NWs have flat (0001) facets at the tip (Figure 77) and the samples were 

not annealed.

Figure 86. a) TEM  lattice im age o f the  deposited Au cap, average pad thickness o f the  sam ple was 12nm , Au particles w ere  

seen on the  N W  side, b) a 20nm  Au deposition w ith  an average pad thickness o f 19nm , the  meniscus effect was very  

apparent as the  Au deposition increased, c) im age showing th e  polycrystalline nature  o f the  Au cap

The alignment of the NW array was crucial to obtain an even Au pad on the NW tip and 

minimal coverage on the NW side facet. The Au formed a pad on the NW tip and with 

increased Au thickness a meniscus type effect was seen where the Au thinned around the 

NW edge (Figure 86a and b). The pad always covered the entire width of the top facet which 

was equal to the NW diameter because the NWs maintained parallel sides. The thickness of 

the pad on aligned NWs was fairly uniform but was formed of multiple Au nanoparticles of 

various sizes; the nanoparticles are highlighted in Figure 86c. The Au did not have any 

crystallographic alignment with the NW and appeared to have random orientation but this 

was difficult to assess as nanoparticles overlapped. The shape of the Au contact pads was 

uniform and conducive to physical contact and probe measurements, the densely packed 

nanoparticles formed a robust layer, Figure 86a and b. Also apparent were small individual 

nanoparticles that spread around from the top to the side facet spreading the contact Au
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layer. Figure 86 shows approximate depositions of 12nm and 20nm; later depositions were 

completed as multiplies of these.

6.2.2 Catalysed nanowire Au particle
The Au particle and the catalysed NW had a complex relationship during growth. Symptoms 

of the complex variations included single (Figure 87a) and poly-crystalline Au particles, 

various size particles relative to NW diameter and Au particles on the top (0001) facet or on 

the NW side (Figure 87b). The NW diameter varies within arrays but not monotonically with 

catalyst particle size. This may have suggested in some cases the Au was depleted during 

growth reducing its size and giving a thick wire but small Au particle at the end.

Figure 87. a) Lattice im age o f a single crystal catalyst Au partic le tip  on ZnO N W  w ith  a grow th meniscus and neck, b) ZnO  

NW s w ith  catalyst particles o f various sizes in various positions on the  NWs

The Au particles formed an approximate hemispherical shape. Also apparent was a distinct 

ZnO growth meniscus around the edges of some Au particles. This growth lip appeared to be 

randomly orientated until order was established at the uppermost complete NW (0001) 

facet. The Au hemisphere was conjoined with the top (0001) flat facet of the NW and the 

meniscus suggested the epitaxial addition of ZnO from the surface of the Au particle. The 

images show the interface was abrupt with no substantial interfacial layer and lay parallel to 

ZnO (0001).

The typical hemispherical shape of the Au particle can be seen in Figure 87a. Later 

calculations for two-probe electrical measurement analysis (Chapter 7) required the 

interface diameter between the Au particle and NW, this had to be estimated from top-

172



down SEM images. Therefore the analysis here gained statistics of the Au particle diameter 

against thickness and interface diameter.

Three different Catalysed samples were measured with 24 NWs measured in total giving the 

average particle depth as 58% of the diameter with a standard deviation of 6%.The ZnO 

NWs were seen to thin down at the neck and the interface width was measured to be on 

average 83% of the maximum particle diameter with standard deviation of 6%, but this 

excluded the growth meniscus effect. These results justified an approximate hemispherical 

model of the Au particle with the flat edge completely in contact with the NW. An important 

result was the particle diameter was on average only 63% of the NW diameter with a 

standard deviation of 9% but with outliers having particles far less than 45% of the N W 

diameter.

Figure 88. a) Lattice im age showing th e  disordered grow th meniscus a t th e  edge o f the  Au particle, b) planes o f various  

orientations in the  Au partic le  suggested in this case th e  particle was polycrystalline.

The Au particle formed an abrupt interface with the ZnO (0001) plane at the NW tip. It was 

not possible to state that the interface was completely atomically abrupt as TEM is a two- 

dimensional representation of a three dimensional bulk sample. The interaction of the beam 

with the atomic lattice made it difficult to assess the exact atomic interface although the 

images showed a distinct contrast difference between the lattice planes of the ZnO and Au. 

This interface was investigated further by high-resolution STEM imaging in section 6.4. It is 

possible to build a three dimensional data block using tomography which would reveal more 

of the interface structure.

Figure 87 and Figure 88 have lattice periodicity (measured by line profiles) that revealed the 

ZnO 0002 spacing to be 0.266nm and the Au spacing to be 0.242nm on average over the
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particle. Spacing measurements were similar near the interface with no indication of lattice 

distortion. The measured ZnO spacing was approximately half of the (0001) spacing of 

0.52nm.5 Some Au particles were single crystal (Figure 87a) whilst other particles had planes 

at various orientations which suggested a polycrystalline structure (Figure 88b). Lattice 

images revealed polycrystalline Au particles had several orientations and defects such as 

twinning (Figure 88b), however there still remained in the dominant grain (the particle was 

usually composed of only a small number of grains with one grain making up most of the 

particle) alignment at the interface with ZnO (0001). The hemispherical shape was 

maintained in both crystalline cases. The single crystal lattice planes of the Au particle 

agreed with the {111} spacing of Au which aligned with the ZnO (0001). This alignment is 

necessary for an epitaxial relationship between the particle, especially when single crystal, 

and the NW. This provided evidence for the Vapour-Solid-Solid growth mode which

b

* 6

* * 20 nm

Figure 89. a) Low m agnification HAADF im age o f tw o  non-catalysed NW s capped by a 20nm  Au deposition , b) HAADF im age  

of the  Au cap and d istinct Au clusters on the  N W  side facets, both images show ed clearly the  high Z -num ber clusters 

coated the  sides o f the  NW s bu t they  did not fo rm  a continuous layer, c) HAADF im age o f a catalysed N W  w ith  a bright high 

Z-num ber Au partic le, th e  very  abrupt in terface w ith  the  N W  and no Au on the  sides, d) high m agnifcation HAADF im age  

achieving close to  the  best resolution o f the  m icroscope.
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occurs with solid catalyst particles rather than liquid, this is discussed in more detail in
„ __ . .  c  c  58,103,125section 6.5.

6.2.3 TEM High Angle Annular Dark-Field (HAADF) imaging
HAADF imaging in the Tecnai TEM used an annular detector in STEM mode that collected

electrons incoherently scattered through relatively large angles. The scattering power of an 

atom is roughly proportional to Z2.90 HAADF analysis was used to identify the Z number 

variation in the ZnO NWs with Au caps and to identify Au present on the side facets. This 

was performed with TEM in scanning mode which reduced the resolution to 0.5nm from 

0.25nm in normal imaging mode. HAADF imaging was particularly useful for confirming the 

presence of deposited Au on the non-catalysed NWs and confirming small particles on the 

side facets after the evaporation process were Au, shown in Figure 89a and b. The Z-number 

contrast imaging was capable of identifying compositional variations, for example the Au 

catalyst particle and the abrupt interface in Figure 89c, and a particular advantage is atomic 

planes appear bright in the image, in the full resolution high quality version of Figure 89d 

the (0001) planes can be seen.90 The technique is capable of very high resolution which is 

dependent on the probe size. In this case contrast difference between lattice planes was 

achievable.

6.3 Nanowire Compositional analysis
TEM Energy Dispersive X-ray (EDX) spectroscopy analysis was used to confirm the elements 

present in the ZnO NWs, the Au particle on the catalysed NWs, and the Au coated non­

catalysed NWs. The spectra of a catalysed NW stem and catalyst particle are displayed in 

Figure 90a and b respectively. Similar results were obtained for the non-catalysed deposited 

samples even though Au nanoparticles were present on the side facets which showed the 

limits of detecting small concentrations of elements. Therefore the HAADF imaging, for 

example Figure 89d, must be used to identify the particles on the NW side facets as Au. It 

can be seen there was no Zn detected in the Au of the NW crystals suggesting no alloying 

had taken place. However this was limited by the accuracy of EDX which was around 1%.

The results show local information can be achieved with EDX when using thin samples, spot 

EDX was used here; no stray signals were collected from the neighbouring material when 

scanning the Au particle or the ZnO NW. The proportional amounts were obscured by the 

presence of Carbon, Oxygen and Copper signals that originated from the surrounding
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sample grid and carbon film, this is a normal feature when performing EDX in a TEM. The 

relatively weak signal of Oxygen represented by the atomic mass difference between Zn and 

O made quantitative analysis of the atomic ratio in the NW difficult and no further analysis 

was attempted because the necessary accuracy could not be obtained.
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Figure 9 0 . a) EDX spectra o f the  catalysed ZnO N W  crystal, b) EDX spectra o f the  Au catalytic particle

6.4 Catalytic Au contamination and the Au-ZnO interface by high 

resolution HAADF

Identifying possible Au contamination of the catalysed NW was crucial for the correct 

assessment of the Au catalyst particle -  NW interface, especially when concerning the 

electrical properties and the potential energy landscape in Chapter 7. It was shown in 

section 6.1.2 a high resolution STEM-HAADF image of a ZnO NW with all of the atomic 

columns of the same intensity, Figure 83e. No bright spots were apparent when focussing in 

the central horizontal plane of the NW. The lack of Au or other high Z-number impurities in
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the NW stem was consistent with the analysis of 12 catalysed NWs ranging from 15-30nm in 

diameter. NWs only with distinct Au catalyst particles were thoroughly searched using 

HAADF and naturally this concentrated on the region near the Au tip. The interface was 

shown to be abrupt. To describe the interface as atomically abrupt was difficult without 3-D 

tomography but the 2-D representation of HAADF imaging indicated this.

Figure 91 . a) B right-field im age o f a 30nm  d iam e te r N W  and th e  Au catalyst tip , the  in tim ate  relationship was evident 
but th e  in terface  region suffered from  phase in terference  especially w ith  tw o  crystal o rientations (displayed in the  

inset) o f the  Au partic le  which confused th e  im age, b) corresponding HAADF im age a t higher m agnification showed the  

(0 00 1 ) o f ZnO and a polycrystalline Au w ith  a crystallite displaying (1 1 1 ) .

Concentrating the analysis on the Au particle to NW interface showed the crystalline nature 

of both materials Figure 91. The Au tip had two different crystal orientations, shown in the 

bright field image of Figure 91a and is highlighted in the inset, this displays the alignment of 

one crystallite with the ZnO (0001) (this is also seen in the high resolution version of Figure 

92). The corresponding HAADF image in Figure 91b overcomes the confusing phase 

phenomena of the bright-field image near the interface region and displays the distinct ZnO 

and Au lattice with no interfacial region. The high resolution HAADF images in Figure 92 

display the Zn atomic columns with no contrast variations and the abrupt interface with the 

Au particle. No interdiffusion of Au into the ZnO was apparent and Au atoms were not seen 

close to the interface in the ZnO. A linescan across the atomic columns reveals that all of the
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Zn columns were equal in intensity Figure 93.

Figure 92. High m agnification HAADF images o f the  N W  tip  in terface, a) tw o  d ifferen t orientations o f Au are seen in the  

catalyst particle the  in terface is abrupt w ith  no in terfacial layer, b) magnifying fu rth e r shows the  individual atom s o f Zn 

next to  the  abrupt Au in terface

The intensity profile of a HAADF image can reveal variation in the relative intensity of 

neighbouring columns which may indicate changes in sample composition or thickness. The 

equal intensity of the Zn columns indicated similar composition and the sudden intensity 

increase at the interface showed there is no interfacial layer. The interface between the ZnO 

and Au was abrupt, however the first Au column on the profile appeared less intense, this is 

an effect of the catalyst particle shape.
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Figure 93. Graph showing th e  line in tensity profile  across the  Zn columns to  the  abrupt Au in terface and particle. The equal 
in tensity o f Zn atom s indicated the  average Z -num ber o f each colum n was the  same and high Z -num ber im purities such as 

Au w ere  not present.
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6.4.1 Depth sectioning with HAADF STEM
To examine the interface further and ensure Au atoms were not hidden within the bulk or 

on the surface of the NWs the crystal was 'cut' into sections by focussing the probe at 

different depths. Through-focal series were conducted for all wires and sectioned into at 

least 8 images. A series of images are shown in Figure 94 from the initial focal point at the 

NW centre to a plane 15nm above and below resulting in the blurred over- or under­

focussed condition. This analysis was also conducted on NWs as small as 15nm diameter 

with large distinct Au tips. High-resolution high magnification images are shown in Figure 92 

of the interface. The intensity profile of the interface shown in Figure 93 indicated the equal 

intensity of the Zn atoms and an abrupt Au interface but whether this was a three 

dimensional atomic abruptness was not possible to infer even with through-focal series 

which limited the influence of atoms outside the depth of field (in this case a few 

nanometres).

+5nm + 10nm +15nm

10nm 15nm

Figure 94. On axis th rough-foca l series. HAADF images of a ZnO N W  oriented on the  [ d  10J zone axis and the  ZnO-Au

in terface starting w ith  focus on th e  N W  centre through to  the  overfocus condition 15nm  above. No bright spots w e re  seen 

in th e  ZnO m atrix near th e  in terface  or in the bulk.

The correction of aberrations up to 5th order allowed the use of very large probe 

convergence angles (here 31 mrad semi-angle) that provided a very shallow depth of field (a 

few nm). Although due to complex optical reasons the depth resolution is limited222 the 

technique is useful for the observation of point defects and spatially limited 

impurities15,134’140,223 and was used in an attempt to reveal impurities buried within the
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sample depth (Figure 94). Through-focal series were recorded both along the NWs zone axis 

or tilted away from channelling conditions. Figure 94 and Figure 95 show members of the 

series, for the on axis and off-axis alignments respectively, which revealed no distinct bright 

atomic signals. This was consistent with all NWs when located on a zone axis or tilted away 

from the zone axis by a few degrees which can help to detect impurities in challenging 

materials.136

+ 10nm

+ 30nm

Figure 95. O ff axis th rou gh focus series. HAADF though focus images o f a ZnO N W  tilted  aw ay from  channelling conditions.

It was possible Au atoms may have been located interstitially which can make them difficult 

to detect212 when imaging on a zone axis. To overcome this and in an attempt to reveal 

these atoms HAADF imaging was conducted on tilted and randomly orientated NWs. The 

NWs slightly tilted away from the major zone-axis still displayed the (0002) lattice but no 

bright signals were detected.136 Further tilt was used and in this random orientation bright 

specks were occasionally seen to run across the image while scanning. Closer inspection did 

not reveal any bright impurities and this anomaly was increased beam damage and 

sputtering of the N W because of the greatly reduced beam channelling. The Z-number 

contrast imaging overall was only slightly hampered by beam damage and the hexagonal 

shape of the NWs presented a sample with variable thickness near the edges which may 

have helped to detect Au atoms. It was possible Au atoms were very mobile within the ZnO
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matrix and moved when scanned, a good indication that this was not happening and no Au 

was present were the equivalent HAADF images, imaging effects and lattice measurements 

that were obtained on non-catalysed NWs of diameter 20-60nm. However to be certain 

simulations were used to investigate the detectability of Au in the NWs, described later in 

section 6.6.

6.4.2 Control Experiment of non-catalysed ZnO NWs
Although some very local contrast variations were observed in the HAADF images of the 

catalysed NWs, these were merely due to statistical noise and/or limited surface roughness. 

This was identified by comparing two images acquired in identical conditions of the side of a 

NW grown without Au catalyst Figure 96a and a similar image for a NW grown with Au 

catalyst Figure 96b. Minute local intensity fluctuations were evident in both micrographs 

but the fact that the images were otherwise perfectly comparable was a further indication 

that no Au impurities were incorporated into the NW during growth.

Figure 96. a) HAADF im age o f a ZnO N W  grow n w ith o u t Au catalyst and, b) HAADF im age o f a ZnO N W  grow n w ith  Au 

catalyst. Both images w e re  recorded in identical conditions, w ith  both NW s orien ted  on the  [oiToj zone axis.

6.5 Au Catalyst Partic le and the Growth Mechanism

Although some Au particles displayed several crystal orientations and appeared 

polycrystalline other Au particles were single crystal (Figure 97). FFT analysis of the Au tip 

revealed ~2.37A lattice spacing. The face centred cubic structure of Au investigated with a 

'stick and ball' model (Diamond v3.2 software) and comparison of measured lattice 

spacing's and angles to standard results88 the particle was likely close to the [ o i l ] ,  [ l l 2 ]

o r [l2 3 ] zone axes and displayed the{lll}spacing of 2.35A. This lattice spacing was also

revealed during TEM analysis of other single crystal Au particles and the major crystallites in 

polycrystalline particles. This confirms the Au particle when in a single crystal state aligns
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the A u { l l l}  with the (0001) of ZnO. The relationship A u (lll)||Z nO (0002 ) was described by 

Brewster et al using diffraction and it is a common feature for Au catalytic particles on the 

(0001) of ZnO NWs.58

Initially it was unclear whether the Au was liquid during growth and crystallised on cooling 

or whether some crystal relationship held during the growth process. Assuming the VLS 

model is accurate the poly-crystalline or single crystalline structure of the Au particle should 

develop on cooling and should be an alloy of Au-Zn. However it was unlikely that alloying of 

Zn and Au occurred125, confirmed by TEM-EDX and the lattice spacing's were consistent with 

a pure Au crystal. However, HAADF, EELS and EDX are unable to distinguish alloying at very 

small concentrations, but no alloying is consistent with published results.58,125 The alignment 

of the Au and ZnO lattice shows an epitaxial relationship that may have held during growth 

with a solid Au particle and growth driven by surface diffusion.125 The growth meniscus 

revealed by TEM around the edge of the Au particles provided further evidence that surface 

diffusion was the dominant mechanism. A solid particle with no alloying and an epitaxial 

relationship with the NW fits the model for Vapour-Solid-Solid growth.58,103,125

Figure 97. a) bright-fie ld im age w ith  phase contrast o f the  un in terru p ted  lattice  planes o f the  Au particle jo ined to  the  ZnO 

N W . b) corresponding HAADF im age highlighting th e  com positional d ifference and single crystal quality  o f both the  tip  and 

the  N W .

6.6 HAADF Im aging Validation

The major factor governing the intensity of atomic columns in the HAADF image was the 

average Z-number in the depth of field. If the Z-number of a foreign atom was not great
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enough in comparison to the host columns the excess intensity may go unnoticed. Filtering 

the image can enhance the intensity of columns by removing the noise15, for example, by 

using a bandpass filter unwanted frequencies can be removed from the image and by 

tailoring the passband the 'sample signal' is left. The 1024x1024 pixel images were filtered 

with the bandpass filter tool in ImageJ software that filters the large structures down to 40 

pixels and small structures up to 3 pixels. This enhanced the low frequency point occurrence 

of atomic columns and individual signals of foreign high Z-number atoms. This premise is 

displayed in Figure 98 using a NW overlapped by another wire and close to the carbon film. 

After numerous imaging scans of the wire bright spots appeared, this is sputtering of 

material from the NW lying on top. Similar distinct effects were not seen on any individual 

NWs.

Figure 98. a) Raw HAADF im age o f tw o  overlapping NW s w ith  bright spots apparen t in the  im age, b) Bandpass f ilte r  o f 
image enhances the  spots o f g re a te r Z-num ber a lthough in this case this is unlikely to  be Au and m ore likely beam  dam age  

o f the  overlapping N W .

Increasing the magnification (Figure 99a) showed some of the bright spots were in line with 

the ZnO (0001) planes and a line intensity profile (Figure 99b) of the unprocessed image 

revealed the distinct increase in intensity at one of these points. These points were in the 

size range of single atomic columns and were likely be one or two additional atoms 

sputtered from the neighbouring NW or transferred from the carbon film. As these spots 

were spread randomly and were not found on any other wire or near a catalyst tip it is 

unlikely these were native Au catalyst contamination. Flowever it was necessary to validate
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the HAADF imaging.
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Figure 99. a ) U nfiltered  raw  im age showing the  bright beam  dam age m ore clearly, b) line profile from  the  edge o f the  N W  

along the  (0001 ) la ttice  plane and the  distinct jum p in in tensity o f the  bright spot, also o f note is the  approxim ate  linear 

increase o f the  in tensity  along th e  side facet o f the  N W  and the  increasing intensity relationship w ith  thickness

6.6.1 Estimating intensity increases
A simple method for estimating the increase in intensity of an atomic column containing a 

foreign atom is to assume screened Rutherford scattering and an intensity according to 

Z1-7.15 A ZnO NW of approximately 20nm diameter in the orientation as seen here [0110] 

has Zn atoms spaced every ~5.63A within an imaged atomic column. This provided 

approximately 35 Zn atoms in the central depth of the NW and a simple calculation of the 

relationship with Z17 and substituting in one Au atom roughly estimates an excess intensity 

of 14%. This assumed the entire column contributes equally without the influence of focal 

depth which would greatly increase the local intensity excess near Au atoms.15,140 The rough 

calculations were built upon with multi-slice simulations.

6.6.2 The effectiveness of imaging with a small tilt off-axis
GaAs NWs of similar diameter and placed in a similar configuration as the ZnO NWs imaged 

here have been shown by Bar-Sadan et al to have Au impurities in the bulk by HAADF- 

STEM.136 Imaging of the impurities in the GaAs NWs was improved by tilting 3° away from 

the zone axis to reduce background signal from the host matrix. An electron beam aligned 

with a crystal zone axis is channelled along the atomic columns which increases the high- 

angle scattering of the host material within the column. By tilting slightly away from the 

zone axis the channelling effect is reduced and the excess intensity of individual impurities 

increases dramatically over the greatly reduced background. As a comparison, Ga has 

atomic number 31 and As of 33 and that presented a greater challenge to detect Au 79 in

184



the bulk than it does in the ZnO matrix of Zn at 31 and 0  at 8. Oxygen gives little high angle 

scattering and it cannot be imaged next to the Zn columns.

A criteria for the detectability of an impurity in a crystalline sample was set by Voyles et al212 

of ZdoPant/Zhost^3 for reliable detection, although this neglected dynamical diffraction136 and 

the sensitivity, stability and resolution of fifth-order aberration corrected STEM. Therefore 

on the same principles the ratio of ZAu/Zzn=2.63 is sufficient136 when orientated on-axis, and 

with slight tilt this ratio is stretched allowing imaging in materials as challenging as GaAs. To 

detect the Au atom the probe must be focussed near to the impurity.136,140 The improved 

depth of field combined with a slight tilt from a zone axis produces a very strong signal from  

the impurity which is enhanced by a substantial reduction in the background signal.

The detection limit of the impurities is determined by the noise which depends on the 

electron dose and the host matrix. Noise is increased by an amorphous surface layer and 

contamination but these were not observed during analysis.136 When the impurity signal 

intensity rises above the signal and background 'noise' of the host matrix it can be detected 

which was aided by using very thin samples. The background signal can also reduce the 

intensity of interstitial impurities to a point where they can't be detected136,212 which can 

also be overcome by tilting slightly off axis but this again did not reveal Au impurities in any 

ZnO NWs. However to overcome the difficulty in proving something isn't there it was 

necessary to show further that it was indeed possible to detect singular Au atoms when on- 

axis.

6.7 QSTEM: HAADF simulation

Slabs of ZnO of various thicknesses were created for the simulations using the microscope 

conditions used for the experiments. The slabs were aligned along the [0110] zone axis with 

a flat entrance and exit surface. The thicknesses of the slabs were chosen to correspond to 

the experimental conditions and sample morphology. Single Au atoms were then 

substituted for a Zn atom at various depths within the slab (along the beam propagation
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direction), without any additional relaxation of the lattice.

E
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Figure 100. HAADF im age sim ulations o f a slab 7nm  thick, w ith  one Au im purity  atom  placed at a) th e  entrance surface, b) 
m iddle and c) exit surface o f the  slab.

Slabs of thickness 7 nm (Figure 100) and 14 nm (Figure 101) were simulated with single Au 

atoms embedded in the bulk or on the surface. In the 7 nm slab, the Au impurity atoms 

were placed at the entrance surface, in the middle of the slab, and at the exit surface (. a, b 

and c respectively). While the presence of the impurity atom at the entrance surface did not 

change the contrast significantly (increase ~2%), placing the Au atom in the middle or exit 

surface of the slab increased the contrast in both cases by ~20%. In the 14 nm slab the Au 

substitution was placed at the entrance surface, 3.5 nm from the entrance surface, in the 

middle of the slab, 10.5 nm from the entrance surface and at the exit surface (Figure lOla-e 

respectively) when the impurity atom was placed at the exit surface of the slab the contrast 

increase was approximately ~15%, while it dropped to ~3% when the atom was placed 

further in the bulk of the sample.

The simulations show the validity in the conclusion that no Au atoms contaminate catalysed 

ZnO NWs and even in the most challenging configuration, when on-axis, Au impurities 

would have been very prominent. Au atoms would be detectable at most points in the
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thinner NWs (~15nm diameter), and in the thicker NWs (~25nm diameter), especially when 

near the exit surface or near the edges of the side facets that thin to an apex.
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Figure 101 HAADF im age sim ulations o f a slab 14nm  thick, w ith  one Au im pu rity  atom  is placed at a) the  entrance surface, 
b) 3.5  nm from  th e  entran ce  surface, c) in the  m iddle of the  slab, d) 10.5nm  from  th e  entrance  surface and, e) at the  exit 
surface o f the  slab.

6.8 FIB cross-section Nanow ire a rray  analysis

Once a high level of confidence in the lack of Au within the NWs was achieved it was 

necessary to investigate the Au catalyst relationship with the base growth. The milling of a 

NW array cross-section was intended to observe the crystallographic nature of the base 

layer and the position of Au catalyst particles. By using a focussed ion beam (FIB) thin 

samples of clOOnm were milled from each array. During this process the array was coated 

with an amorphous carbon-platinum matrix to protect and reinforce the sample. The initial 

~50nm platinum coating is seen in Figure 102a as a dark layer across the growth that was
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embedded in the light contrast e-beam deposited amorphous carbon, capped by the darker 

ion-beam deposited layer. The main objective of the analysis was to investigate the base 

crystal growth that occurs at the bottom of the upright NWs and the relationship with 

catalyst particles. Other points of interest were the NWs and the intersection with the base 

crystal growth, the substrate interface and the crystallographic quality of the entire array. 

This quality is highly important for array devices which hope to transfer charge efficiently 

through this layer.

0.5 pm

Figure 102. a ) Bright fie ld  span o f sam ple Cat 34 -3  and the lum py nature  o f the  base ZnO grow th, b) Cat 36-3  the  base 

g row th  segments and adjo ining NW s are all one crystal w ith  no obvious boundaries.

Three samples were analysed Cat 34-3, 36-3 and 36-4 to assess the change in growth with 

different amounts of Au catalyst and different sample positions in the furnace. A typical 

cross-section is shown Figure 102a that depicts the Al20 3 substrate, the ZnO NW array and 

the dark regions from the deposited platinum. The gold catalyst particles were distinct. A 

close-up image (Figure 102b) shows the segments of base ZnO growth and sprouting NWs 

were all one ZnO crystal with no inherent boundary. Undulating growth mounds appeared 

and even NWs without a Au particle at the tip. The Au particles were randomly scattered 

and of various sizes and shapes. Figure 102b appeared to show an Au particle embedded 

within the ZnO matrix. This random scattering and inclusion of Au within the ZnO could form 

large depletion regions detrimental to any conduction. A similar particle is displayed in 

Figure 103a along with the compositional analysis from TEM-HAADF and EDX linescan Figure 

103b and c.
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Figure 103  a, Au particles on sam ple Cat 34-3  w ith  th e  bo ttom  particle em bedded in the  ZnO and m oire  fringes from  the  

overlapping crystalline m aterials, b, the  corrresponding HAADF im age o f th e  same Au particle, c, EDX linescan o f the  particle  

and the  Au e le m en t intensity, location identified  by blue line in HAADF im age

The specimens were aligned on a zone axis of the sapphire substrate and the ZnO was seen 

to diffract strongly indicating good alignment of the two layers (Figure 104). The base 

growth was of crystalline hexagonal ZnO and formed an epitaxial relationship with the 

hexagonal a-plane Al20 3. Although no diffraction patterns were taken of the base growth 

the lattice spacing was that of the (0001) or (0002) planes measured from FFT analysis. 

Although no defects were found in the NWs considerable defects were seen in the base 

growth, particularly edge dislocations. Several regions of strong contrast fluctuations 

occurred but it was difficult to ascertain the true nature of these effects. The preparation 

method can dislodge material and there was ambiguity in the depth of overlapping features 

as the depth of field is large in TEM.

„ ■ ‘i.iy iy

Figure 104 . a) Lattice im age looks at first like a boundary in th e  ZnO but the  la ttice  planes continue un in terrupted  across 

the  en tire  ZnO layer o f Cat 36-3 . b) enlarged section o f the  ZnO lattice  im age showing a heavily fau lted  region w ith  edge  

dislocations sim ilar to  this th roughout the  base g row th  o f each sam ple, c) EDX linescan indicated in the  lattice im age across 

the in terfacial layer, th e  blue Zinc line and red A lum inium  line indicate m ore  diffusion o f the  Zn in to the  A l20 3.

Figure 104a shows the (0002) lattice planes with a spacing of ~0.26nm which were 

continuous across the ZnO layer in the image even though it appeared initially that some
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boundary existed. The fringe effect could have been due to unknown thickness variations, 

for example cavities within the ZnO growth. Prevalent edge dislocations were found 

throughout the ZnO base layer Figure 104b. The ZnO base however did not exhibit 

substantial phase or grain boundaries and was a continuous crystalline growth but the layer 

was disjointed by line defects and the lateral spread of growth clusters across the substrate. 

The size of the base growth and growth clusters were controlled by the growth parameters 

and the initial quantity of Au catalyst as discussed in Chapter 5. Apparent in the lattice 

image was an interfacial layer between the ZnO base and the sapphire substrate.

50rtm
Figure 105 . a) lattice im age o f a boundary w ith in  th e  in terfacial layer o f tw o  d iffe ren t phases, b) corresponding EDX m ap shows 

yellow  zinc diffusing m ore  on the  le ft side o f the  boundary

The linescan in Figure 104c and images of the interfacial layer (IL) indicated an abrupt and 

flat boundary between the ZnO and the IL. Several orientations of the IL were seen across 

the sample Figure 105a. The EDX results Figure 104c and Figure 105b indicated Zn has 

diffused into the polished Al20 3. During EDX scanning the intensity of Zn was greater due to 

the greater atomic mass and the characteristic high energy x-rays were preferentially 

detected and emitted. The intensity of the Al signal is much greater within the IL compared 

to Zn which indicated Zn diffusion across the boundary although due to the stronger signal 

of Zn atoms it was difficult to assess whether Al had diffused into the ZnO matrix. Al is a 

common n-type dopant and significant diffusion could greatly enhance electrical conduction 

through the ZnO base layer, Scanning Auger Electron Spectroscopy could determine this.

The presence of Au on and within the base growth along with the many defects suggests the 

base layer alone should not be relied upon for long conduction paths in a NW array device, 

for example on an insulating substrate. This may explain the small currents typically
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reported from NW tip and through the base growth with conducting AFM experiments, 

discussed fully in Chapter 3.188

6.8.1 Comparing three FIB sections of catalysed nanowire arrays
FIB sections were taken from three catalysed arrays and each expressed a permutation in

the growth parameters. Experiment 36 sample 4 (Figure 106c) was downstream of sample 3 

(Figure 106b) by one centimetre with both samples having ~8nm Au deposition. Experiment 

34 sample 3 (Figure 106a) used the same experimental parameters as Experiment 36 sample 

3 but with a shorter growth time of 80mins and less Au (~4nm). This was expressed in the 

greater base growth with more Au particles apparent in the latter section, however the NWs 

look similar. From the TEM images we can see the length of NWs and size of the base 

growth decreased as the temperature of the sample reduced.

Figure 106. a ) Cropped FIB cross-section bright fie ld  im age o f Experim ent 34 sam ple 3. b) cross-section o f Experim ent 36  

sam ple 3 and, c) sam ple 4, all the  scales bars are lu m .
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Apparent from all sections was the variation in Au size and the random dispersion across the 

base layer. It was possible the Au may act as a mobile particle, or at least with a liquid 

surface once at temperature, and moved across the sample surface. Particles that become 

pinned can concentrate growth into a wire, whereas mobile particles can randomly add 

material to the base growth as they move.

6.9 Conclusions
ZnO NWs have been characterised as high quality single crystals with little variation in bulk 

structure across growth methods, this was very important to determine before analysing 

the electrical measurements. Depositing Au contacts created a cap on the NW (0001) top 

facet which thinned around the edges. Sporadic Au nanoclusters from the deposition 

process appeared on the sides but do not form a continuous layer. Catalysed growth 

displayed a random dispersion of Au particles that appeared to contribute to the undulating 

base growth which was defective with many point defects such as dislocations. The catalyst 

particle had at least partial alignment of Au {lll}||(0001)ZnO  which suggested an epitaxial 

relationship. An interfacial layer occurred at the Zn0-Al20 3 interface which signified some 

interdiffusion of Al and Zn which could effectively n+ dope the base layer. No interfacial 

layer was revealed by TEM at the NW-Au interface which appeared abrupt.

The Multi-slice simulations showed that in the conditions used for our experiments, the 

presence of a single Au atom near the surface of a 7 nm thick slab of ZnO would generate a 

contrast increase of ~20%. The conditions of the STEM-HAADF experiments should have 

therefore allowed the detection of Au impurity atoms if they were present even when on a 

zone axis, in particular on the sides of the NWs where the overall material thickness is 

reduced. Also it was discussed that even for the less favourable case of Au embedded within 

ZnO, tilting away from a zone axis can improve the visibility of impurities136. The HAADF 

images without aligning them along a specific crystallographic direction showed no 

additional contrast and all recorded images were in fact similar to those taken on a control 

sample where the NWs were grown without any Au catalyst. Aberration-corrected 

instruments using large probe convergence angles (here 31 mrad semi-angle) allow depth- 

slicing techniques to  exploit the reduced depth of field (2-4 nm) which can reveal impurities 

buried within the sample depth, in particular at point-defects15,140,223. However, through-
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focal series recorded both along the NWs zone axis or tilted away from channelling 

conditions showed no trace of heavy metal impurities or point defects in any NW.

When the entire analysis of the NWs and interface quality were taken into consideration the 

lack of Au within or on the surface of the ZnO NWs was not surprising. The Au atoms in 

Silicon NWs are concentrated at defects which is common for impurities in defective 

crystals.15,133 The defects have the effect of incorporating the Au directly from the liquid 

phase during growth suggesting a strong relationship between growth direction, defect 

structure and contamination frequency.133 As the ZnO NWs here display no defects through 

STEM and TEM analysis, along with a seemingly low solubility224 of Au in ZnO, no Au 

contaminates the bulk or surface of the single crystal NWs. This is advantageous for 

electronic devices and tailoring the NW and interface properties. Evidence showing the 

epitaxial alignment of the Au particle lattice with the ZnO NW and no alloying on either side 

of the interface reveal the growth mechanism as Vapour-Solid-Solid.

The insolubility of Au in the catalytically grown ZnO NWs makes them possibly unique, 

whereas Silicon15, GaAs136 and InAs137 are hampered by Au catalyst incorporation. Along 

with the interface quality and the ability to grow NWs with a variation in catalyst particle 

size the ZnO NWs do provide unique opportunities for electronic devices. Ge NWs17 

analysed by atom probe tomography appear to be free from Au catalyst impurities and this 

method would provide valuable evidence to reinforce the HAADF results of ZnO.



Chapter 7

7 Nanoprobe Results

ZnO NWs from three growth techniques have been shown in the previous chapter to be 

structurally equivalent with similar morphology. No defects were found in the bulk of the 

NW crystals and limited surface roughness was found only on a proportion of the 

hydrothermally grown NWs. This chapter extends the characterisation to electrical 

measurements comparing the bulk resistivity of the three NW types that allows the 

comparison of Au deposited and Au catalyst particle end-contacts. These measurements 

were achieved with the nanoprobe system in ultra-high vacuum (UHV).

7.1 4-probe measurements
16 catalysed, 14 non-catalysed and 10 hydrothermally grown NWs were measured with the 

Nanoprobe system. Multiple four-probe measurements were taken on each NW lying flat on 

insulating Si02. Firstly, the four probes were placed onto the NW and the contact between 

each tip was tested with an l-V sweep that was usually linear between the outer tips and the 

inner tips with current in the micro-amp range. Contacts sometimes needed slight 

adjustment but under normal conditions good contacts were established on the NWs of 

>50nm diameter. Measuring thin NWs of <50nm diameter required the AC etched tips 

provided by Omicron because they were more flexible and avoided damage to the NWs.

7.1.1 Experimental variation and technique
The greatest measurement interference came from beam deposition on the early 

experiments where substrates had not been thoroughly cleaned. This was noticeable by a 

permanent dark rectangle in the regions of high magnification SEM images where the 

electron beam had been concentrated. Thoroughly cleaning the measurement substrates 

with a Piranha solution avoided this problem. Beam charging effects tend to dissipate and 

were not noticeable in these experiments. A good contact to the NW was considered to be 

linear l-V sweeps between probe tips and a current that roughly scaled according to probe 

separation and Ohm's law. The current was typically of the order of IpA at I V . A four- 

probe measurement was then taken with a bias on the outer probes between +0.4V  up to
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±1V. The inner measurement probes sense the voltage drop across the particular section of 

NW.

An ideal four-probe measurement on a catalyst-free NW is shown in Figure 107a. The 

resistance scales linearly with probe separation as expected from Ohm's law. The x-axis 

error bars depict the difference between the inner and outer span of the sense probes. 

Figure 107b shows the individual l-V measurements of the first and fourth four probe 

measurements and the outer two-probe measurement of the source tips. Each of the l-V 

measurements are linear and scale according to separation indicating low-resistance Ohmic 

contact of all four-tips. The scaling of the two- and four-probe l-V aids accurate and reliable 

measurements even though a four-probe measurement is theoretically independent of 

contact resistance. Unequal contacts at each tip can provide non-linear l-V and unreliable 

four-probe measurements.
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Figure 107. a ) Graph o f six fou r-p ro be  m easurem ents on a non-catalysed N W  o f d iam eter 86nm . The inner probe  

separation is m easured from  in-situ SEM images and the  e rro r bars represent the  uncertainty o f these m easurem ents i.e. 
the  w id th  o f the  probes in the  SEM im age. A linear fit  is applied passing through zero obeying Ohm 's law  and no contact 

resistance. The gradient scaled by th e  cross-sectional area o f the  N W  gives the  resistivity 0 .0 8 flc m . b) graph showing  

individual m easurem ents , blue data depicts the  firs t in the  series o f the six fou r-p ro be  m easurem ents (blue circle in a)), 
black data the  fou rth  m easurem ent in the  four probe l-V series (black circle in a)) and the  red data is th e  tw o -p robe  l-V of 
the  o u ter source tips.

In most cases five of more separate four-probe measurements were taken on each wire.

The diameter of the wire was taken as the average diameter measured from five line 

profiles using ImageJ software as shown Figure 108. At 50% of the maximum grey value 

intensity of the line profile a measurement is taken. The SEM has a resolution of 5nm and so 

the error in the diameter measurement is considered to be ±2.5nm.
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Figure 108. a) In-situ SEM im age o f a non-catalysed N W  indicating the position o f the  line profile , b) the  line profile taken at 
50%  o f the  m axim um  gray value intensity.
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The data was analysed using MATLAB, to plot the two- and four-probe l-V data. The gradient 

of an individual four-probe measurement represents the resistance at that particular

separation of the sensing tips R = (<9l/<3V) 1. Multiple resistance measurements on the same

NW along with measured probe separations and errors are plotted on the resistance- 

separation curve Figure 107a. MATLAB was used to fit the linear relationship to the data 

points and pass through zero to fit Ohm's Law which still holds in NWs.26,64

Data was analysed using Matlab to fit the resistance to the separation with the ordinary 

least-squares solution of the linear system. This fitting was achieved with the routine 'Iscov' 

that provides a least squares fit for the two input variables and intercept y = 0. This 

minimises the sum of the squared errors and outputs the gradient and the standard error 

which are respectively NW resistivity and the standard error which is the overall +error in p.

7.1.2 ZnO Nanowire Resistivity
In this manner the 40 NWs were measured and analysed against growth method, diameter, 

length, probe positioning (proximity and order of positioning), deformation on the substrate 

and whether a catalyst particle was present at the end of the catalysed NWs. The only 

apparent relationship identified is with diameter which shows for all growth methods 

resistivity increases with decreasing diameter.

Figure 109 shows a range of resistivity of two-orders of magnitudes for each growth method 

and the magnitude for each is similar. The values range from 0.02-3ficm which is far less 

than the bulk resistivity of 59800ncm(41) which suggests a higher carrier concentration or
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mobility in the NWs.17 The spread of these measurements is very small compared to several 

publications which span a range of 10 B-105ncm.50

In terms of these measurements the growth methods are equivalent which suggests the 

relatively high concentration of Oxygen and lower temperatures in the non-catalysed 

growth process has little effect on the electrical properties, also the hydrothermal process 

appears equivalent. Structural TEM analysis of each wire type showed equivalent 

crystallographic structure and the majority of NWs had smooth surfaces (See Chapter 6). All 

of the NWs are deemed to be crystallographically similar with comparable surfaces and 

morphology which excludes a substantial variation in surface scattering behaviour.225,226 

Some hydrothermal NWs did exhibit substantial surface roughness but there was a range 

from rough to smooth. These corrugations that can happen during growth18 did not appear 

to have a critical effect on the four-probe measurements as the rough textured structures 

were avoided during measurements. The same spread and magnitudes of resistivity were 

found on all NWs.
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Figure 109. Resistivity p lot against N W  d iam ete r showing the  m ultip le  separation 4 -p robe  m easurem ent o f 16 Catalysed,
14 Non-Catalysed and 10 hydrotherm al NWs. The y -erro r bars indicate the  standard erro r o f the  least squares linear fit  and 

the  x -erro r bars ± 2 .5 n m  are om itted  for clarity. The graph shows an increasing resitivity w ith  decreasing d iam ete r fo r all 
N W  grow th  m ethods.

The variation in conductivity could be due to crystallographic defects, stoichiometric 

differences affecting doping levels such as Zn interstitial and O vacancies, catalyst or
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impurity contamination and surface states, defects or dielectric mismatch.5,18154 

Environmental factors during preparation and measurement can introduce surface 

adsorbates and trap states that can dominate the surface sensitive structures.

TEM and STEM did not reveal any structural defects in any NWs and only reveal single 

crystal defect free NWs (Chapter 6). TEM is based on interference effects which makes point 

defects such as edge dislocations difficult to uncover. HAADF which does not rely on 

interference effects is very useful for detecting defects in crystals although point defects 

they can still be difficult to expose even with atomic resolution STEM-HAADF.207 However 

after thorough analysis of NWs from diameter 10-100nm at several tilt orientations no point 

or structural defects were found in any NW by STEM-HAADF and TEM. Surface defects on a 

single NW basis are very difficult to directly assess but this can be inferred from electrical 

measurements as we discuss next.17,18 Stoichiometric differences may contribute, again 

these are not directly detectable, but the influence maybe seen through an overall influence 

on doping level. Doping levels can be estimated with gated FET measurements.17,18 Bjork et 

al however assume Si NWs from the same CVD growth experiment are all the same doping 

concentration, we show here for ZnO NWs this cannot be the case.154

STEM-HAADF was used to detect contaminating atoms based on the large Z-number of the 

Au catalyst used in catalytically grown NWs. No bulk or surface Au atoms were detected and 

the NWs compared identically to non-catalysed NWs. It is unclear whether Au atoms in ZnO 

NWs would act as acceptors, as in Ge NWs17, but if so they would reduce the- n-type 

conductivity in the catalysed NWs, which is not seen here overall. It is likely some doping 

variations exist in the NWs even within an array and the equilibrium concentration is 

influenced significantly by surface defects and states.17 The influence of surface states 

increases as the diameter of the structure decreases, and an increase in the surface-volume 

ratio which is expressed as an increase in resistivity.

Bulk defects and substantial surface corrugation/roughness are not prevalent enough to 

influence the resistivity to such an extent as the 4-probe results depict. Growth impurities 

are less likely because the variation in resistivity occurs across all growth methods, this also 

reduces the possibility of incorporation of the same bulk impurity species from each 

procedure. The resistivity range measured can be considered as an inherent property of the
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NWs and would have to be designed into any device. However the equivalence of the 

growth methods increases the options for device fabrication. It is possible with surface 

passivation surface states could be tempered and electrical properties may find a common 

datum.17,93 Similarly, a chemical surfactant has been shown by Djurisic et al to quench the PL 

green emission in ZnO tetrapods indicating the surface defects that can be a source of mid- 

bandgap states were passivated.227

7.1.3 Diameter dependence
Although bulk stoichiometric differences and unintentional doping may lead to differences 

in carrier concentration they do not explain diameter dependent properties228,229, as we see 

here. The increasing resistivity with decreasing diameter suggests an increasing surface- 

over-bulk influence. Stoichiometric ZnO consists of a one-to-one ratio of Zn2+and O2- 

ionically bonded. At the surface of the crystal some of these bonds are free and along with 

defect sites they can greatly affect the NW properties. Intrinsic surface states are 

responsible for inducing energy levels in the band gap and can result in Fermi-level pinning 

which can greatly affect contact barrier formation and surface depletion layers.94 Dangling 

bonds, surface defects and adsorbed ions can all cause surface depletion or accumulation.93

Surface defects can induce states additional to intrinsic surface states and remove more 

charge from the bulk and the subsequent screening of the trapped surface charges produces 

local surface band bending, Figure 110a.230 As the density of these defects and states is 

related to surface area any surface roughness or corrugation can increase this effect.18 

Surface states which induce an acceptor like surface charge, (as seen with oxygen 

adsorption capturing electrons to form 0 “ on ZnO92 depicted Figure 110b) have been 

estimated to deplete carrier concentration in the bulk of 45nm diameter ZnO NWs with only 

an effective channel area of only 25% of the physical diameter depending on the initial 

concentration.231 The surface states can have such an influence that they can determine the 

carrier type in some NWs.17

The increasing influence of surface trap states as the NW diameter decreases helps to 

explain the increasing size-dependent resistivity. Surface state/defect dominance enhances 

surface-recombination which is the source of deep-level luminescence and quenches band- 

band recombination by acting as a trap for charge carriers.232 Band-band recombination
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produces UV luminescence but the origin of emission in the visible range is due to the 

creation of defect energy levels in the band gap thus providing a measure of defects and 

surface quality.18 One possible route to overcome this is surface donor doping which 

provides electrons to occupy the defect energy levels.150
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Figure 110. a) Diagram  depicting th e  surface dep letion  resulting fro m  trapped  carrier e lectrons at the  surface m id-band  

energy levels associated w ith  surface states and defects, rep ro duced18, b) The radial band bending effect on a N W  o f  

surface trap  states th a t occur as a result o f Oxygen adsorption to  dangling bonds and de fect sites, c) Binding energy of 
Oxygen indicating loosely and tightly  bound species.

As the NW diameter decreases the trap states remove or scatter charge and result in a 

depletion region which consumes more of the channel and the effective conductive area

reduces, Figure 110a.18 Pacification of the surface states or additional surface doping can 

return or compensate the trapped charge.17 This can be achieved with solvents93, etching17, 

chemical bonding153 or could even be an unintentional effect of fabrication beam deposition

and adsorption of gases from atmosphere 230,233

Even though the samples here are bare NWs not subjected to any processing and measured 

in UHV the surface states still influence the NW surface and bulk. The density of these 

surface states has a major impact on the measured resistivity and contributes to the range

200



of magnitudes measured here. Logically, regardless of the surface state density, passivating 

the surface could reduce all NWs to a similar conductivity.154

It is possible this has been seen with Focussed Ion Beam (FIB) patterned ZnO four-probe 

contacts.51 Tsai et al used the FIB contact patterning technique which uses a platinum- 

hydrocarbon based precursor gas and Ga+-beam for depositing the contacts which provided 

3 NWs measured at 0 .031,0.037 and 0.047flcm51. FIB does not rely on exposing the NWs to 

harsh solvents but deposition of carbon is extensive and the implantation of gallium ions is 

unavoidable.92 An earlier similar comparative study with e-beam contacts shows resistivity 

of 0.019-0.15 Hem for four NWs. This does require exposure of the NW to harsh solvents as 

part of the patterning process as well as electron beam deposition.41

The surface modification effect was highlighted by Liao et al by the enhancement of 

conductivity merely by vacuum which removes some loosely bound gaseous species such as 

oxygen and hydrogen and also water moisture.94 The dangling bonds and defect sites at the 

surface act as adsorption sites for gas molecules. For example oxygen adsorbing on the 

surface gives 0 2(g) +  e" —>0~ and water moisture 2H20(g) +  0 2 + 4 e ” -> 4 0 H "  forming 4

negatively charged hydroxyl groups.94 Each of these common atmospheric adsorbates act as 

electron acceptors trapping charge carriers from the bulk and reducing the concentration of 

free charge carriers creating a potential variation.94

A concentration of the trap states as low as 1010cm'2 (~200 states per NW) can have a 

marked reduction on the conduction channel.18,94 Measuring the NWs in UHV reduces the 

influence of gaseous species substantially but does not remove those that are tightly bound 

such as chemi- and physi-sorbed H2Osee Figure 110c.230,234 Maffeis et al used XPS to reveal 

hydroxyl groups are removed from NWs when annealed in UHV but return when maintained 

at ambient temperature even in the UHV chamber.234 Even so, the overall influence on band 

bending by surface defects and intrinsic states should be greater in comparison to adsorbed 

species in UHV due to the removal of the majority of loosely bound gases and moisture.

UHV In-situ heating of the sample could remove most of these surface ions and molecules 

which may free the dangling bonds and defects. Four-probe measurements would then 

reveal the effect of intrinsic surface states on the conduction properties. Introducing
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different gases could then isolate the individual influence on the NWs and the reactions 

with the surface.

7.1.4 Resistivity Magnitude variation
The variation in resistivity magnitude should be an inherent property of the NWs, rather 

than a symptom of an unequal modifying effect, as all NWs were processed in a similar and 

minimal fashion. All were exposed to air after growth, transferred to the substrates and 

then measured in UHV. The spread therefore is likely explained by variations in surface state 

density and/or doping variations. The density of surface states can be influenced by surface 

morphology and/or surface defects. The wires measured here were smooth surfaced except 

the Hydrothermal NWs that showed a range of smooth-to-corrugated texture. Therefore 

substantial surface morphology which can greatly affect the density of dangling bonds153 is 

not expected to be a major influence on the properties across the NWs measured here.

After exposure to atmosphere, binding of atmospheric gaseous species and moisture to free 

dangling bonds influences carrier concentration and the conductive channel. This is very 

likely to affect measurements but when the material is returned to vacuum the loosely 

bound species (such as those physi-sorbed or with weak ionic bonds) are removed and the 

surface is again not totally consumed by atmospheric conditions. This effect is shown by 

ZnO gas sensors that become more conductive when exposed to vacuum235 indicating a 

substantial variation in surface state density can still play a major role in our experiments 

because the surface is not saturated with adsorbed species. Chemisorbates such as 

hydrogen bonding to oxygen form hydroxyl groups on the surface that also result in band 

bending and these will still have an effect because they are very difficult to remove due to  

the strength of the bond.

Dielectric mismatch between the NW with the surrounding medium has been shown by 

Bjork et al to cause donor deactivation at the surface of Si NWs.154 Coating the NWs with a 

dielectric material that reduced the dielectric mismatch with the NW suppressed the 

increasing resistivity with decreasing NW diameter. Increasing resistivity was shown to occur 

for NWs of equal doping concentration and other factors such as size-dependent dopant 

incorporation and mobility were experimentally disproved. Measurement results we 

present here for ZnO NWs show a spread in magnitude and an increase with decreasing 

diameter. The dielectric mismatch of vacuum to ZnO is just the relative dielectric constant of
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ZnO of 8.66 which is constant for all of the NWs measured; for this reason donor 

deactivation cannot be the reason behind the magnitude spread although it may contribute 

to the relationship with NW diameter. Donor deactivation in the Si NWs with a native oxide 

surface layer had a dielectric mismatch of approximately 4:1 for Si02:air(236), and for ZnO: 

vacuum it is 8.66:1. Because of this the ZnO NWs measured here may experience a greater 

effect of donor deactivation than the Si NWs. However, the surface sensitivity of ZnO 

especially to gases present in Air such as Oxygen and the large diameter range of the 

sampled ZnO NWs would suggest the magnitude spread is mostly a factor of doping and the 

increase in resistivity is an increasingly important surface depletion. ZnO NW depletion is 

likely to be mostly dependent on the chemisorbed and physisorbed surface species but also 

with an element of donor deactivation. The extent of the influence of adsorbed gas species 

could be measured in UHV by in-situ heating and subsequent exposure to different gases 

and surface passivation by different solvents. To reveal the isolated behaviour of dielectric 

donor deactivation in ZnO NWs would be difficult as a surface oxide layer does not exist and 

a mixture of influences exist on the surface such as trap states and donor deactivation. 

Coating the ZnO NWs with another material may reduce the dielectric mismatch but would 

also alter the surface states. Whereas, the Si NW has the trap states at the Si-Si02 interface 

and the dielectric mismatch on the oxide surface, coating the surface doesn't affect the 

interface trap states. The depletion of ZnO due to exposure to gases and moisture is well 

documented and is a major reason for the surface depletion of the ZnO NWs measured 

here. Variability in the surface state density may also contribute to the resistivity spread, 

however, the equal preparation and mostly smooth surfaced NWs suggests doping to be the 

dominant factor.

NWs measured here were loaded into the UHV chamber for at least 12 hours before 

measurements. This should remove most loosely bound gases and water and provide equal 

surface preparation for all NWs. The surface depletion layer influencing the conduction is 

then dependent on the surface state density that create a surface potential and a space 

charge layer will extend into the NW a distance dependent on doping levels. Hong et al18 

estimated the surface depletion due to trap states for a NW, of diameter D, embedded in a
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die lectric Figure 111b in term s o f the effective channel diam eter Deff = D - which

highlights the influence of the density o f surface traps Nt and the doping density N0 .

This model is not entire ly accurate fo r the experimental setup used here as the ZnO NWs 

were placed fla t on S i02 dielectric in vacuum. Depletion in ZnO NWs exposed to vacuum 

occurs at surfaces due to  trapped charges as we have seen, and also at interfaces 

particu larly fo r sem iconductors w ith  materials such as dielectrics or metals. The NW 

surfaces exposed to  vacuum during measurement presents a greater dielectric mismatch 

than the S i02 substrate, fo r th is reason the substrate effect is expected to  be small on the 

measurements. There is nothing to  suggest the density o f trap states would be greater at 

the NW substrate interface than at the NW-vacuum interface. ZnO NWs have a hexagonal 

shape tha t means a maximum o f 1/6 of the NW surface is in contact w ith  the substrate and 

the depletion is expected to  be approxim ately symmetrical as depicted in Figure 111b.

a b

Figure 111. a ) Effective conduction d iam e te r o f a N W  em bedded in dielectric p lotted against surface trap  state density and  

n-type doping density, rep ro d u ced 18, b )  Diagram  depicting the  radial depletion o f a nanow ire  by the  surface in terface trap  

states w h en  em b ed ded  in a d ielectric , th e  effect o f th e  S i0 2 in terface is proposed to  be negligible on Deff.

The simple re lation fo r effective d iam eter does however reveal the overall importance of 

the doping and trap density. Large variations in effective d iam eter Deff can occur w ith  

relatively small fluctuations in Nt and N0 as shown in Figure 111a. This explains the 

magnitude spread in resistivity measured here and the insensitivity to  grow th method and

morphology. Doping concentrations and surface trap state density control the  resistivity of 

the NWs but the combined effect blurs the influence o f each contribu tion . The surface 

depletion indicates the most conductive ZnO NWs measured have little  or no surface
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depletion layer, this variation in surface depletion also explains the d ifficu lty  in form ing 

good contacts to  some NWs whilst others are very easy w ith  good contacts im m ediately 

achievable. The fla t lying configuration allows more pressure to  be applied to  form  better 

contacts, however in the free standing configuration used fo r tw o-probe experiments later 

in the work (Section 7.2) means only high conductivity NWs w ith  little  surface depletion are 

easily contacted.

7.1.5 Four Probe experimental variations
Resistance against separation graphs exhibited 3 individual characteristics, a linear f it  to  

Ohm's law, a linear f it  w ith  data spread around Ohm's law (Figure 112a) and linear but w ith  

increasing resistivity as the probe separation decreased Figure 112b and c.

Measurements that do not fall exactly on the Ohm's law trend have all measurements 

w ith in  the same magnitude and w ith in  natural experimental spread around the 'ideal'. The 

variation o f spread from  Ohm's law has no link w ith  NW length, NW diam eter, sensing 

probe positioning order, probe proxim ity or size, to  the quality o f measurement. Assuming 

the substrate is homogenous the variation must be due to  either, unequal contacts which 

would give non-linear l-V and an inaccurate measurement, contam ination and beam 

deposition, or variations in NW properties along the length. These three factors are 

interlinked and are d ifficu lt to  separate.
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Figure 112. a ) Resistance against separation graph o f H ydrotherm al N W  showing a spread o f data points around an Ohm's  

law fit  average resistivity o f 0 .015  O hm .cm , fit g radient resistivity o f 0 .0 1 6  Ohm cm  and f it  e rro r o f 0 .0 0 1 5  O hm .cm . b) 
Resistance separation graph o f a non-catalysed N W  w ith  increasing resistivity as the  probe separation is decreased due to  

carbon deposition the average resistivity is 0 .1 2 4  O hm .cm  the  fit  grad ient resistivity o f 0 .1 1 3  Ohm .cm  and fitting  erro r o f 

0 .007  O hm .cm . c) Catalysed N W  w ith  increasing resistivity and average resistivity o f 0 .0 4 0  O hm .cm , fit  g radient resistivity  

of 0 .034  Ohm .cm  w ith  fitting  e rror o f 0 .0 0 31  O hm .cm .

Non-linear four probe l-V were discarded and fo r good quality measurements the outer 

two-probe voltage was seen to  scale approximately w ith  the inner probe tip  voltage. Initial 

experiments did suffer from  carbon deposition due to  the high m agnification SEM images
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used for initial probe positioning. Inhomogeneous NW properties were not considered to be 

a problem as no junctions were observed in l-V measurements or with electron microscopy.

Carbon deposition is considered to be the major experimental factor affecting 

measurements. Carbon deposition rate is unknown but depends on the sample cleanliness. 

Deposition was 'visible' during scanning of the SEM when using contaminated samples. This 

contamination was found to originate from the lithographically patterned substrates and 

once these were cleaned properly with a Piranha etch no problems were encountered. It 

has been seen with certain measurements when a 'high mag' image is taken of the NW a 

rectangle remains on the substrate in the image, which indicates carbon deposition or 

charge retention. The resistivity in a small number of cases is seen to increase as the probe 

separation is decreased see Figure 112b and c. When one probe is located on the deposition 

site it is possible the contacts maybe unbalanced, but individual l-V are linear. This effect on 

the properties is likely to be due to influence of a carbon layer on the NW inducing 

additional surface depletion. This effect does not however affect the overall spread of 

resistivity's and only results in an error of the fit to Ohm's law. The value of the gradient 

resistivity is close to the average measured resistivity which is greater by 9.7% for Figure 

112b and 17% for Figure 112c which is expressed in the resistance against diameter plot 

error bars by the standard fit error which is 6% and 9% respectively of the fit gradient. 

Increasing resistivity only affected 4 wires in total with no relation to resistivity. Remaining 

measurements were considered as a spread around Ohm's law or near ideal. The level of 

error does not affect the magnitude relative to the overall spread in the entire sample range 

and this spread must be considered accurate.

7.1.6 Important experimental factors for future work
The sequence of sensing tip movement does not appear to affect the measurement which 

indicates the wire is not altered by the probes or electrical current. Carbon deposition can 

hinder measurements and when it is extensive measurements can be impossible because of 

the difficulty in forming good contacts. These contamination problems can be easily avoided 

by rigorous cleaning.

Good and equal contacts were necessary for reliable measurements. It was crucial to test 

the l-V between tips before a four probe measurement was conducted. Although tungsten 

of work function 0 ~ 4 .5 e V  can likely form an Ohmic contact to ZnO of electronegativity
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X~0.42eV the low resistance contacts are aided by the high-field at the sharp tip. The key to  

the experiments detailed here and tw o-probe experiments are the linear 'Ohmic' contacts, 

readily achievable and lim iting any band bending and depletion of the NW by the probe 

contacts. Suitable contacts were considered to  be those which show linear l-V, an outer tip  

tw o-probe l-V tha t scales to  the inner tw o-probe l-V and o f current magnitude >100nA at 

0.5-1V. Contacts are easily adjusted to  improve contact. A lthough no direct correlation w ith  

doping was attem pted contact fo rm ation was more d ifficu lt on some wires more than 

others. This is though t to  be a th icker surface depletion layer making contact form ation 

more d ifficu lt most likely a result o f lower doping and perhaps surface state density.

Stiff DC etched tips are suitable fo r thicker NWs diam eter >50nm and make form ing a good 

contact easy as pressure can be applied w ith  the tip. Thinner more flexible AC etched tips 

are necessary fo r th inner NWs to  avoid cutting the NW although balanced contact form ation 

is more d ifficu lt as considerable pressure cannot be applied.

7.2 2-probe in terface m easurem ents

Two probe measurements were conducted on free standing NWs. Catalysed NWs w ith  

distinct Au particles at the tip, as shown in Figure 113, were compared to non-catalysed 

NWs w ith  and w ith o u t an evaporated Au cap on the top facet.

Figure 113. Backscatter e lec tro n  im age at 4 5 ° o f the  actual NW s m easured in tw o -p ro b e  experim ents  w ith  distinct Au 

particle tips. A large aspect ratio  is evident fo r all NW s m easured in the  tw o -p ro b e  configuration m ade possible by precise 

control o f the  probe tips.

Bare non-catalysed NWs were measured as a common datum. In the case where linear l-V 

measurements and m icroamp current were not in itia lly  observed it was required to  current 

anneal the tips together. This usually provided more current on the NW but the l-V were not 

always linear and in some cases good contacts to  certain NWs were very d ifficu lt or
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impossible. In the free standing configuration applying pressure to  the w ire is more d ifficu lt 

than when lying flat. On occasions opposing the tips to  apply pressure achieved a good 

in itia l contact in the side-to-side configuration. A fter some manipulation good near-linear 

low-resistance l-V are possible but not on all NWs. Once the initial contact is form ed one tip  

can be moved to  the next position fo r measurement. Various tw o-probe configurations are 

shown in Figure 114 of a non-catalysed sample along w ith  the relevant l-V measurements. 

All non-catalysed samples were grown under the same conditions.
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Figure 114. Series o f In-situ SEM images of sample non-catalysed 216a , a tw o -p ro b e  m easurem ent o f a bare non-catalysed  

N W  and th e  corresponding l-V m easurem ents, a) Firstly the  probes are placed on the  side, b) once good contacts are  

established one tip  is placed on top  and, c) then th e  tip  is placed again on the  side. The l-V graphs indicate in each instance  

a low-resistance contact is fo rm ed b etw een  th e  N W  and both tips, the  current scale is m icro-am ps. M easurem ents like 

these are highly dependent on clean probe tips.

The current passing through the w ire was o f the order o f one m icro-amp at IV  sim ilar to 

four-probe measurements tha t indicated good Ohmic contacts were form ed. This level o f 

current was used to  assess the contacts. Divulging useful conductivity data from  the tw o - 

probe measurements is d ifficu lt due to  the inaccuracy in measuring the vertical separation 

and the tw o-probe technique which inherently suffers from  the influence o f contact 

resistance at both tips that can vary fo r each measurement. It is noted tha t it was not 

possible to  form  good contact w ith  all NWs, this is thought to  be as a result o f changes in 

surface depletion region. NWs of greater doping w ill have smaller depletion regions which 

made good contacts easy to  form . Therefore the conclusions from  the four-probe data
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indicate the NWs used for tw o-probe measurements had minimal surface depletion w ith  the 

balance on the side of high doping levels in the NWs over the surface charge. This was 

consistent w ith  all NW arrays and grow th methods. This effect is most noticeable w ith free ­

standing NWs as significant pressure is d ifficu lt to  apply, unlike the fla t lying four-probe 

technique which could be manipulated to  improve the contact resistance.

7.2.1 Non-Catalysed NWs with Deposited contacts
These measurements spanned across several samples of NWs w ith  diameters up to  300nm 

w ith  Au depositions of ~12-52nm  thickness. The same measurement procedure indicated 

fo r bare NWs in Figure 114 was fo llowed fo r all NWs. The top contact measurement was 

repeated at least tw ice w ith  the probe tip  lifted and replaced. Many NWs w ith  diameters of 

40-300 nm from  five d iffe rent arrays (d ifferent experim ents but the same parameters) were 

measured and o f these 24 had linear or near linear l-V across the top contact. Other NWs 

measured indicated no barrier at the Au but were hindered by poor side contacts, the l-V 

resembled a Schottky contact although the polarity o f the measurement showed the barrier 

is on the NW side. In these instances tw o good contacts in the side-to-side configuration 

were d ifficu lt and the l-V would indicate one low-resistance and one high-resistance 

contact. Figure 115 shows three typical l-V measurements of NWs deposited w ith  52nm, 

35nm and 19nm Au respectively le ft to  right. No l-V measurement indicated a substantial 

barrier at any Au thickness or NW diameter.
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Figure 115. Current-Voltage sweeps in tw o-probe configuration, a), b) and c) correspond to catalyst-free NWs w ith  Au contacts of 

thickness 52n m , 35nm  and 19nm on NW s of d iam eter l lO n m , 95nm  and 92nm  respectively. Nearly linear l-V  w ere measured for all 
deposited contact thicknesses on NWs of diam eters 40-300nm . Current data can only be compared qualitatively due to the difficulty in 

positioning the  probe tips on the N W  side below the  interface in the top-dow n SEM view, and characterising the interface size.

The four-probe results show the va lid ity in comparing tw o-probe contact measurements of 

d iffe ren t ZnO NW growth types. W ith sim ilar conductivity properties the contact behaviour 

o f catalysed and non-catalysed NWs can be evaluated together. Non-catalysed wires show a 

spread in resistivity which is likely due to  trap states and doping variations. The carrier
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density o f the sem iconductor is extrem ely im portant in the physics of m etal-sem iconductor 

contacts. However as a wide range o f metal depositions, w ire diameters and NW arrays 

were measured any surface and carrier influence should have been sampled. Little variation 

was found in the deposited contact l-V characteristics of the top  contact. All o f the NWs 

which form ed good contacts w ith  the probe tips exhibited low-resistance l-V w ith  current o f 

m icro-amps and linear or near linear l-V. The near linear characteristic o f the l-V indicate 

several mechanisms at play in the interface and the slight 'bum p' in reverse bias indicates a 

weak barrier is present but easily overcome.

Figure 116. The concept o f a deposited Au contact presents the  problem  o f th inning o f th e  m eta l at the  to p  facet edges. 
Under the  reverse bias cond ition  electrons m aybe presented w ith  a substantial barrier fo rm ed  by Au-ZnO. Electrons 

seeking the  path o f least resistance find the  barrie r can be pene trated  w ith  enhanced tunnelling  due to  the  local m etal 

nano particle size and d isordered agglom erate  fo rm  o f th e  deposited Au especially near th e  edges. These effects distort 
the  contact size to  much less than  th e  characteristic length scale o f the  system, in this case the  N W  d iam eter. This allows  

tunnelling even w ith  heavy deposition o f Au on th e  top  facet.

Au is known to  fo rm  a substantial barrier w ith  ZnO displaying strong rectifying 

characteristics (barrier height o f planar contacts on ZnO (0001) are in the range 0.6-

0.71eV5). The effective barrier o f these NW contacts has deteriorated from  a large barrier 

which must be due to  the contact structure and preparation methods. Exposing the NW to 

air was unavoidable and although therm al evaporation in high vacuum is standard 

procedure it is usually onto clean surfaces. The preparation methods did expose the NW to
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air particularly the species of 0 2 and H20  which bind to the NW surface and form a surface 

adsorbate layer that was present during Au deposition.

Another likely cause for the low-resistance in reverse bias is the structural properties of the 

Au pad. TEM (Chapter 6) revealed the pad consists of multiple nanoparticles dispersed and 

agglomerated on the top facet and around to the NW side facets. The Au holds no 

crystallographic alignment with the ZnO or amongst nanoparticles. At the ZnO top and side 

interface there are many nanoparticles that may introduce the tunnelling characteristics of 

small contacts.60'61 As the deposition thickness increases instead of Tilling the gaps' between 

nanoparticles and creating a more substantial contact barrier more individual nanoparticles 

are added to the contact pad. Due to the nanoparticle size the local electric field increases 

introducing localised edge effects21 at the grain boundaries creating an inhomogeneous 

barrier and the total effect is the depletion layer across the contact is thinned enough to 

allow substantial tunnelling60, depicted in Figure 116.

Structural inhomogeneity exists on the (0001) facet of ZnO. The (0001) facet is more 

catalytically active than the oxygen terminated and negatively charged (o o o i) . Because the 

growth of NWs is a reaction process the top facet of a vertical NW in an array is the positive 

Zn2+ (0001).237'238 The (0001) top facet is a stable polar surface without major surface 

reconstruction but has been shown to have many surface defects such as step edges which 

act as nucleation and adsorption sites. The polar field that exists in the c-orientated NW due 

to the charged (0001) and (oooi) is stabilised by a change in surface charge.71 This is

achieved with a non-stoichiometric (0001) surface with O-terminated step edges.71 The 

polarity of the ionically bonded wurtzite ZnO NWs requires a stabilising reduction in charge 

of the positive Zn terminated (0001) top facet by ~ l / 4  with negative Oxygen steps and 

islands.71 The Oxygen steps on bare (0001) form triangular islands of up to 34A in side 

length which is a substantial area for a 500A wide contact. In contacts of large ideality 

factors a region of low barrier height can dominate the total current.239 These surface 

defects may drive interface properties that induce local variations in trap density and 

influence their energetic location (possibly within the bandgap), resulting in lateral barrier 

inhomogeneity.240
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Although the surface charge is stabilised the (0001) surface has atomic scale holes and 

islands of single atomic plane step height.71 This roughness over the top facet will increase 

surface states and adsorption of foreign atoms and molecules from air, particularly 0 2, O 

and H20  induced hydroxyl groups. Adsorbates are unlikely to be removed before Au 

deposition and will remain as a thin layer within the contact.

Adsorbates induce a substantial density of inner-band states on the bare ZnO surface in 

addition to intrinsic surface states. These surface states find an equilibrium charge level 

when compensated by ZnO charge carriers. Charge is depleted from near the surface even 

in the bare condition leaving a net positive space charge in the ZnO beneath the surface 

resulting in band bending. This may partially screen the ZnO from the electric field induced 

by Au deposition. Au deposition may also result in additional metal induced gap states and 

eventually an equilibrium charge level is found that may lead to further band bending. A 

high density of surface/interface states can result in the amount of charge in the depletion 

region and barrier height becoming independent of the metal work function.

A common case includes a thin interfacial layer which 'decouples' the system enough to 

exclude substantial influence by the metal on the surface states.55 The extent of the 

interfacial layer is dependent on preparation methods, in the case of catalysed NWs there 

appears to be no layer at all, we cannot however exclude this for the deposited contacts 

which are subject to bound gaseous species even though the material is inert Au and ZnO.

The contact as a whole under no bias must be electrically neutral including the charge held 

by the surface states. With surface, defect, adsorbates and metal induced gap states the 

density of states could be very high with pinning of the barrier to the neutral surface charge 

level. Adsorbates contribute by changing the barrier to one that is very different to an 

intimate contact and current does not experience the large barrier usually formed between 

Au and ZnO. The resulting Fermi-level pinning combined with the structural properties of 

the Au contact contribute to an Ohmic-like conduction.

7.3 Catalyst Particle Interface (CPI) measurements
Catalyst NWs were measured in Omicron Germany taking advantage of the finer flexible AC 

etched tips and the high resolution (3nm) SEM to pinpoint catalyst particles before and after
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measurement. Identifying the Au particles in-situ is vital to  ensure the metal is present and 

the probe tip  actually contacts only the Au particle. Sample Cat 35-3 was used fo r these 

measurements.
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Figure  117. Current-Voltage sweeps in the tw o-probe configuration, a), b) and c) correspond to catalysed NW s of d iam eter 73, 79 

and 73nm  with particles of d iam eter of 59nm , 47nm  and 37nm  respectively as depicted by the scaled 3-D drawings. Current data can 

only be compared qualitatively due to the difficulty in positioning the probe tips on the N W  side below  the interface in the top-dow n  
SEM view, and characterising the interface size.

Figure 117a-c shows the tw o-probe measurement results o f the catalysed NWs w ith  

decreasing Au particle sizes of 59nm, 47nm and 37nm diam eter respectively. The results 

indicate a decreasing potentia l barrier as the particle size decreases. Diameters o f the 

particles were measured from  5 secondary electron (SE) and backscatter electron (BSE) top- 

down images for each particle taking into consideration the TEM images (Chapter 6) tha t 

revealed a catalyst particle tha t can be approximated as hemispherical in shape. By 

measuring the Au particle d iam eter w ith  m ultip le SE and BSE micrographs on the exact NWs 

used in the 2-probe contact experiments the interface w id th  was estimated as the 

measured diameter.
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7.3.1 Schottky behaviour
The rectifying catalysed NW Au contact displays Schottky behaviour. Performing basic 

analysis and applying thermionic-emission (TE) theory55 for the case of V greater than 3kT/q 

we have

=  A * *T2exp(-q<|>e /  kT)exp(qV /  nkT)

where T is the temperature of 298K or RT, <j>e is the effective barrier height, V is the applied 

voltage, n is the ideality factor and A ** is the modified Richardson constant. A ** for n-type 

ZnO is dependent on the effective mass of an electron mr and this varies according to the 

crystallographic direction in which the electron travels. Here current flows approximately 

parallel to [0001] and for bulk wurtzite ZnO mr has been calculated between 0.14-0.3 

(average 0.21) and experimentally values obtained are 0.21-0.3 (average 0 .2 5 )67. A ** can 

be determined experimentally by plotting functions of saturation current and temperature, 

without this exact value A ** we can only qualitatively argue the nature of the contacts. A **  

is dependent strongly on electric field and can vary greatly with morphology and in practice 

extracted constants may be far from the theoretical value due to barrier inhomogenities.239 

It has been shown by Dhananjay et al that A ** maybe two orders of magnitude lower than 

the theoretical value for planar Au contacts on sputtered ZnO thin films69. As relatively large 

variations in A ** have the same effect as a small change in c]>b(55) for our qualitative analysis 

of the nano-Schottky diodes using the theoretical Richardson constant for ZnO of 

32x l04Am'2K'2 is reasonable, although investigation of this constant in NWs would present a 

very relevant study.

The contact area was estimated from TEM images which allowed the current density J to be 

calculated. Then the ideality factor and the effective barrier height were calculated from the 

linear region of the LnJ-V plot, Figure 118a black line. A linear region displays the voltage 

range where an exponential relationship which the current density holds. It is noted the less 

rectifying contacts do not display a linear region, and thus no exponential relationship, and 

similar LnJ curve shapes that reflects the near linear l-V characteristics.

Figure 118b displays the same current density data plotted on a log scale to indicate the 

magnitude of the current density at positive bias for each contact. The deposited contacts 

(Figure 115) show very similar current densities that increase slightly with decreasing NW
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diam eter and deposition thickness. The rectifying catalysed contact shows sim ilar current 

density magnitude at IV  but slightly less at lower bias revealing the potentia l barrier 

presented by the built in voltage o f the contact. The tw o catalysed NWs w ith  'small' particle 

contacts show a huge increase in current density indicating the potentia l landscape form ed 

by the NW and NW-Au combined system has changed significantly. The slight rectification of 

Figure 117b shows a slight barrier is present and this is indicated by the lower current 

density at smaller positive bias than the 'nanoisland' contact o f Figure 117c. 
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Figure 118. a ) Plot o f the  natural log o f the  current density J against the  fo rw ard  bias voltage V fo r each contact o f Figure 

115 and Figure 117, the  rectifying contact o f Figure 117a is the  only curve to  display a linear region b etw een  0 .1 -0 .3V which  

is used w ith  Therm ion ic  Emission theory  to  estim ate  the  barrier height by extrapolating to  the y-axis. b) Forward bias 

current density p lo tted  on a log-scale to  show the  m uch greater m agnitude o f current density on the  tw o  'sm all' catalyst 
particle contacts. The deposited and 'large' Au partic le contacts have very sim ilar current density although the  nature  of 

the  contacts varies the  shape o f the  curve.

Applying therm ionic emission theory to  the rectifying catalysed contact o f Au diam eter 

59nm gives an approximate barrier o f 0.25eV and ideality factor o f 5-6. By taking natural the 

log o f JTE the straight line region gives an experimental value fo r the ideality factor which is 

the gradient d(lnJ)/dV  . By applying the straight line equation y=mx+c we find

c = J0 =A**T2exp(-q(j)b/kT) and m = q /n k T . It should be stressed tha t the analysis is fa r fro m  

ideal w ith  large values of n. LnJ against V displays a linear region over approximately 0.2V, 

this again shows the contacts are very d iffe ren t from  planar contacts when therm ionic 

emission theory is usually a much better f it  and ideality factors close to  one are readily 

achieved w ith  clean and intim ate contacts. A lthough the therm ionic emission does not 

describe the entire transport mechanism fo r this barrier the therm ionic emission 

com ponent can still be substantial and is very pertinent in the case o f one-dimensional 

nanostructures where the depletion region can extend significantly into the semiconductor.
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Thermionic emission current does not depend on the depletion width and if the barrier can 

be surmounted electrons can still conduct through into the structure.

7.3.2 Deviation from Thermionic Emission
Tunnelling may likely be a better fit, for example in the form of Thermionic Field Emission, 

but in order to gain good insight reliable values for the properties of ZnO NWs such as 

permittivity229 and donor level are required. The shifting balance of properties can have 

considerable effect as we have seen with the four-probe measurements. Scanning 

Conductance Microscopy has been used by Yang et al to show the dielectric constant of a 

ZnO structure decreases from 9 to 2.5 as the diameter is reduced from 300nm to lOOnm 

attributed to a weakening surface dielectric effect.229 Flowever the crystal measured cannot 

be classed as a NW with strong tapering of the morphology and the size is above the NWs 

considered here. (Frequency dependent measurements of the dielectric function for NWs of 

15-60nm diameter have been performed using Electron Energy loss Spectroscopy and will 

be analysed as further work, until this work is completed we have to assume a bulk 

permittivity). Without directly measuring the dopant concentration and permittivity we 

must use published data of a realistic doping level 1017cm' "3 < Nd < 1018cm"3 (18) that allows 

estimation of the important parameter in tunnelling theory

electrons in the semiconductor and £s(=ssrs0) is the permittivity. Taking the bulk 

permittivity of ZnO ssr =  8 .66(5), Nd =  1018cm-3 =  1024m“3 and mr =  0 .2 4 (23) we have 

qEgg/kT = q x l .2 8 x l0 -2 /k T  ~0.5 or qE0o~2kT and according to Rhoderick and Williams55

transport enters the TFE regime in forward bias when qE0o~kT. This is independent of 

anomalies in the potential barrier that may exist due to contact size or edge effects. We 

have to surmise that TFE is a strong possibility although Thermionic emission when 

kT »  qEoo may still be substantial in bulk ZnO diodes of this doping level.

A simple means to assess the effect of the onset of TFE on the interface transport is to 

consider it as a reduction in barrier height. The expression requires details of the depletion 

region, such as the width, which are complicated in one-dimensional structures by the 

interplay of the NW surface and contact depletion regions.21 However, by assuming the
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diffusion potential Vd is the difference in work functions at the barrier ~  0.65eV and using 

the expression given by Rhoderick and Williams55 we find

A < |)« (3 /2 )2/3(E00)2/3(VcI)1/3 «0.06eV which shows a substantial reduction in effective 

barrier height is likely due to thermionic-field emission even in forward bias.

This neglects any bias dependence of the diffusion potential and so in reverse bias, with 

increasing |vd| it is much easier to enter the TFE regime. This can occur even in non­

degenerate semiconductors as the electrons tunnel from the metal and for ZnO 

Nd ~  1017cm 3 the main reverse bias transport mechanism can be TFE241. We have shown 

here with approximations that tunnelling can have a major influence on the transport 

properties but this still neglects the scale of the contacts which can lead to significant 

variations in the potential landscape.16,60,242 Poor reverse bias characteristics are associated 

with tunnelling especially at the edge of metal contacts due to the crowding of the field 

lines which decreases the barrier width because of the increased field strength.55,165

The effective barrier calculated from the fit of TE to the data is much lower than planar Au- 

ZnO contacts (typically 0.6-0.7eV5) which is due to the 'small' size of the contacts and NWs. 

The largest Au catalyst particle has a diameter of 59nm and the small interface width 

constricts the lateral spread of the potential barrier.60,63 The hemispherical shape of the 

particle concentrates the field lines around the particle edges which can enhance edge 

leakage and tunnelling. Sakurai et al used E-beam patterned Au contacts on flat lying ZnO 

NWs and measured over a temperature range of 200K (which allows the use of generalised 

Norde theory) to determine the barrier height of 0.4eV at 300K with n=1.2150. Contacts to 

flat lying NWs can have a much greater contact area than the free-standing NW  

configuration measured here, however as we have seen lithography can result in 

contamination of the device.

Assuming the donor density in each NW measured here is the same for deposited and 

catalytic contact schemes we may see effects of image force lowering, a non-homogenous 

barrier height as well as possible Fermi level pinning. However the catalysed Au interface is 

very different to the deposited contact which suffers from surface adsorbates and non- 

uniform Au structure. Usually forward biased ZnO Schottky barriers with Nd<1017cm'3
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experience an image force effect tha t is negligible although the lowering can be im portant 

in the case o f a high fie ld in the depletion region such as in reverse bias or at the edge of a 

contact.55 In these cases the image force reduces the effective barrier height and w idth 

especially fo r potentia l barriers tha t are already narrow .60 In forward bias the effect o f 

image force lowering can be taken into account in the therm ionic emission theory by a bias 

dependence o f the effective barrier height <j)e in terms of the ideality factor which is 

constant when is constant55, however the influence o f this effect is likely to  be small in

comparison to  the effective barrier reduction (~0.4eV) measured194,201 and alternate 

explanations are necessary which we explore next.

7.3.3 The catalyst interface and CPI size dependence
Contacts to  nanostructures are a hot topic w ith  a recent article discussing contacts as e ither 

end-bonded or as side-bonded.19 Side-contacts are typically lithography patterned on fla t 

lying one-dimensional nanostructures. End-bonded can be contacts such as catalyst particles 

or end fused hetero-structures. It has been revealed by Leonard et al. tha t there is size 

dependent behaviour o f the current transport across the Catalyst particle contact in relation 

to  NW diameter. Contacts were shown to increase in current density and become less 'ideal' 

Schottky barriers as the Ge NWs were reduced in diameter, Figure 119.21 The contact was 

measured w ith  a single STM probe placed on the NW tip  and measured through the n+ 

doped substrate. The size o f the catalyst particle was not considered to  deviate from  the 

NW diameter. We show here the overriding size-dependence is related to  the catalyst 

particle size and not solely the NW diameter.

Figure 119. G raph show ing th e  d iam eter dependence o f Ge NWs. As the  d iam eter decreases the  zero bias conductance  

density increases and th e  contact becom es a less ideal exponential f it  shown by the  increasing ideality  facto r n fo r a 

generic te m p era tu re  d e p e n d en t exponential fo rm , inset. R eproduced19.
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The conductance density at low bias of the ZnO catalysed contacts measured here displayed 

in Figure 117a-c at low forward bias (0.05V) is estimated as 4 .1 4 x l0 3Acnrf2V_1, 

3 .4 3 x l0 5Acm_2V_1and 6.61 x 10s Acnrf2V-1 respectively for the 59nm, 47nm and 37nm size 

particles. The magnitude of the low bias conductance is very high compared to the Ge NWs 

and indicates the non-ideal rectification properties even for the large 59nm Au particle. The 

current density increases dramatically as the particle decreases in size and the potential 

barrier is reduced. These values of low bias conductance density and the leaky reverse l-V 

shape indicate tunnelling becomes more prolific as the size decreases, although thermionic 

emission could be extensive if there is only a small potential barrier height or barrier 

inhomogeneities.

7.3.4 Potential barrier and the Interface structure
It has been shown theoretically by Leonard et al that end-bonded contacts to one­

dimensional nanostructures can provide "unpinned" behaviour and the barrier can be 

described well in terms of the metal work function and no interface dipole.243 The l-V 

characteristics then fit well to ideal thermionic emission with little reverse leakage contrary 

to planar contacts. Pinning still occurs but is localised to within 2nm of the interface after 

which the barrier is dictated by the metal work function and semiconductor ionisation 

potential.243 However results here show significant reverse leakage and large deviation from 

forward bias thermionic emission. This is most likely due a significant variation in electric 

field at the particle edges and a reduced depletion region. Pinning may or may not have a 

substantial effect although the extent of pinning is dependent on the interface atomic- 

structure and must be very different from the deposited contacts.

Tung has written extensively on barrier inhomogeneity163'164 to describe deviation of planar 

contacts from thermionic theory. The oxygen terminated defect step edges and islands on 

the Zn2+ (0001) top facet provide a physical source for inhomogeneity due to the differing 

bonds between Au-Zn and Au-O. Gaseous adsorbates are unlikely as the catalyst is present 

throughout the growth. Tung et al have shown barrier inhomogeneity of NiSi2 /  Si(100) leads 

to a large reduction in barrier height of 0.4eV compared to NiSi2 / S i( ll l)  .164 This large

variation is considered to be a result of an intrinsic mechanism based on the interface 

atomic structure and not through Fermi-level pinning. However large barrier heights are
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always reported for Au contacts on ZnO (0001) and barrier inhomogeneities if present must 

only have a minor effect.5 Also the intimate contact between the catalyst particle and ZnO 

NW which is bonded on an atomic level with no observable defects or interfacial 

compounds reduces defect and interface states that can lead to inhomogeneities.

Metal-induced gap states are likely which can still induce pinning although the variation in 

barrier height of reported values of Au-ZnO5 contacts suggests strong pinning is not a 

common feature.193,244 The potential reduction in density of mid-gap states of the clean 

intimate contact should reduce the influence of Fermi-level pinning although locally164 this 

may vary. The variable and defective nature of the (0001) facet alone may induce local 

barrier height variations242,245 and for the contact size these regions could cover a 

substantial effective area. However the interaction, stabilisation and bonding that is present 

with an intimate solid Au interface that is present during crystal growth must affect the 

balance that is appropriate for a free surface of ZnO (0001).

The HAADF analysis in Chapter 6 of the Au catalyst particles show they form an abrupt 

interface with the NW and no discernible Interfacial layer or substantial diffusion of Zn into 

the catalyst particle. Particles are alternatively polycrystalline in nature or single crystal with 

a lattice spacing of 0.237nm close to the spacing of the Au {111)11(0001) planes, in 

agreement with Brewster et al58. Polycrystalline catalyst particles have been observed to 

consist of two crystallites and there is evidence in all cases of crystallographic alignment 

between at least one crystallite and the NW. The particles in all structural cases are one 

particle and not several nanoparticles conjoined.

The high quality and bonding at an atomic level of the physical interface surpasses even a 

UHV prepared contact because it has never been exposed to anything other than the Au.

The ZnO and Au catalyst particle interface is clean and intimate, can be considered free from 

inhomogeneities and provides a large potential barrier 0.6eV typical of Au-ZnO. These 

conclusions are supported by detailed microscopy analysis and comparison to relevant 

literature which allows greater confidence in attributing size dependent behaviour on 

particular transport phenomena.
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7.3.5 Characteristic length scale and depletion region
When the length scale o f m etal-sem iconductor interfaces is reduced tunnelling becomes 

increasingly im portan t.50,61,246 Increases in current density far greater than expected by 

simple geom etry considerations are seen in STM experiments on contact nanoislands.61 The 

doping density in the semiconductor has a major influence on the barrier thickness. 

However, the ZnO NW typical carrier density o f 1018c r r f3 has less influence at the length 

scales (considered to  be contact radius) o f the contacts measured here because the 

m orphology rather than the material properties allows tunnelling to  become a major 

transport process, Figure 120a.60
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Figure 120. a ) M odelled  contributions to  the  zero bias d ifferentia l conductance o f tunnelling  and therm ion ic  emission. For 

a diode o f radius less than lOOnm the  tunnelling regim e is substantial, b) The num erically  calculated FW H M  o f the  

depletion  region o f several nanosized contacts on a p lanar sem iconductor.R eproduced60.

The Schottky barrier thickness becomes a function of the diode size60, shape and 

semiconductor dielectric properties194,195 and reverse bias leakage can increase to  the point 

where it can equal forward bias current as the potentia l barrier is easily penetrated. The 

rectifying catalysed contact, Figure 117a, displays dl/dv| « 1 .2 5 x lO _7Q _1 and the 

nanoparticle diode o f diam eter 60nm is shown to  have a substantial tunnelling contribution 

in Figure 120a. The graph indicates NW doping is greater than 1017cm“3.

Smit et al60 numerically solve the Poisson equation fo r the nanocontact on a planar 

sem iconductor system tha t can be assessed in terms of a characteristic length scale lc 

(radius o f contact area). Below lc the contribu tion  o f tunnelling and the barrier thickness and 

shape become more dependent on the contact size and independent o f the doping unlike 

conventional potentia l barriers. The concept is shown w ith  a depletion region tha t becomes 

equal in size to  the contact radius fo r the planar diode w ith  a fin ite  metal contact size in 

Figure 120b, and is applied specifically to  the material properties o f ZnO in Figure 121. The
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expression in terms of the equation lc = ^2esVs/qNd p lotted against doping density Nd fo r the 

relative dielectric constant, es =8.66 the bulk value of ZnO.

E
C
0) 200  -3(/)
Eft
C6- j 1 6 0 -

o
eo

100 -o2

1E18 1E 191E16 1E17

Doping Concentration (c m 3)

Figure 121. Plot o f the characteristic length scale o f a diode w ith  a radius below  which the  barrier FW H M  (barrier w id th ) no 

longer depends on the  carrier concentration. Instead, independently  the  size and m orphology of th e  contact form s a 'th in ' 
barrie r o f FW H M  equivalent to  diode radius (Figure 120b ) and tunnelling then  becom es a substantial tran sp ort process. 

This concept is applied in this graph to  ZnO for the  bulk value o f the  dielectric constant and a m easured value for lOOnm  

d iam e te r ZnO NWs.

The to ta l potentia l drop across the space charge region Vs is defined by Vs = (<j>b — <}>s) / q — V 

and fo r estim ation we assume the zero bias condition V=0 and a Fermi level near the 

conduction band such that (f>s =E C - E f « 0  which gives a potentia l drop equal to  the barrier 

height and Vs =0.65V. This indicates even when neglecting edge effects the 'large' catalyst 

particle o f 50nm diam eter (25nm radius) w ill experience tunnelling through the depletion 

region as a dom inant transport process at moderate doping levels. Below the characteristic 

length scale o f the system the FWHM o f the barrier becomes equal to  the diode radius and 

as therm ion ic emission is relatively independent o f barrier thickness the tunnelling 

contribu tion  increases and the to ta l conduction through the contact increases rapidly. This 

is characterised by the shape o f the l-V curve changing as the contacts become smaller w ith  

an increase in reverse bias current and more linear forward bias.

The current density across the catalysed contacts increases dramatically which is a result o f 

the change in contact configuration from  a nanoparticle sim ilar in d iam eter to  the NW to 

one where the nanoparticle is much smaller than NW. The fo rm er is more like a linear 

system194 and the la tter more like a nanoparticle on a planar sem iconductor surface60,195. 

The w id th  o f the depletion layer fo r a linear system, such as a NW, decreases substantially
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from the conventional planar diode and decreases again dramatically for the nanoparticle 

on a surface.194 Both cases allow substantial tunnelling increase as the depletion region 

decreases and as such this affects the current density across each contact. These models 

however neglect any surface conduction, edge effects, or transport though a contact-size 

restricted depletion region as shown in Figure 120b.

7.3.6 Isolating the influences on the interface transport
Experimental measurements by Smit et al and Song et al looking at contact islands less than 

30nm diameter show at the top end of this size range l-V characteristics of lower effective 

barrier heights than the bulk equivalent, but still exhibit rectification behaviour.61197 

Although surface leakage through surface states has been shown by Dickie et al to have 

considerable influence on nanocontacts of diameter 30-70nm (exposure to different 

gases199 can quench these states) in our case these may result from exposure to air creating 

possible surface state conduction167. The surface state leakage around the nanocontacts can 

provide an Ohmic like conduction path which dominates when the contact is in reverse bias 

and the potential barrier of the interface prohibits current flow.167'199 This results in a linear 

reverse bias l-V relationship, with leaky characteristics, and the easy forward biased barrier 

still may obey thermionic emission. Surface leakage would be expected to obey a 

relationship with the circumference of the contact and not with the area as the case is for 

"conventional' transport mechanisms (square of contact diameter). For the deposited 

contacts and the "large' catalysed contact this relationship would be approximately linear 

with the NW diameter. Although it is difficult to conclude whether surface leakage 

contributes to the conduction in the catalysed NWs the greater data set for deposited 

contacts allows further discussion later (section 7.5). However, the catalysed NWs were all 

prepared equally and the change from rectifying to Ohmic behaviour occurs independently 

to the NW sizes and so the total influence of surface conduction is expected to be minor. To 

isolate this as surface conduction would need further investigation by repeating the 

measurements with annealing to remove loosely bound species and subsequent exposure 

to gases such as 0 2.

Modelling of a NW with an end-bonded contact covering the entire facet combined with 

surface depletion of the NW (as we have seen is appropriate for Ge and Si NWs but not ZnO) 

decreases the effective conductive core resulting in an increased effective contact barrier
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height, this is due to  the combined depletion effect, depicted Figure 122a.201 The nature of 

the behaviour o f the contact form ed is entire ly dependent on the extent o f the combines 

depletion that extends from  the contact fu rthe r in to the NW. This serves as a model fo r the 

deposited contacts (Figure 122d) and somewhat the large catalyst contact as depicted in 

(Figure 122b). For the smaller catalyst particle contacts the depletion due to  the m etal- 

sem iconductor interface is smaller and because the NWs are much larger than the contact 

the overlapping depletion effect is much reduced (Figure 122c). This allows the small 

catalyst particles to  act more like nanoislands on a plane and fo r tunnelling to  be the 

dom inant transport process. However as previously stated the surface depletion fo r the 

measured NWs is expected to  be very small.
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Figure 122 Schematic diagram  depicting the  com bination o f dep letion  from  surface effects and the m eta l contact of 

catalysed a)-c), and, d) Au deposited catalyst free  NWs.

Single probe measurements on vertical catalysed Ge NWs show increasing contact 

conductivity and ideality factors greater than tw o as the NW diam eter is decreased below 

60nm (Figure 119), however no dramatic rise is seen until <50nm NW diam eter which is far 

below the size o f catalytic NWs measured here. Talin et al247 state tha t tunnelling must be 

discounted as the mechanism behind increased conductiv ity as the depletion region 

increases w ith  decreasing NW d ia m e te r21'200. However these models assume the contact is 

the same diam eter as the NW and covers the com plete end facet; they do neglect any size 

variation of the catalyst particle. Our results here show size dependent behaviour on sim ilar 

sized NWs w ith d iffe ren t particle sizes, the extent o f the depletion region is evident in the 

current passing through each contact but transport cannot be described by conventional 

mechanisms, and as we show tunnelling in the edge region must be considered.

The deviation from  therm ionic emission o f the large catalyst particle is a result o f the onset 

o f Thermionic Field Emission (TFE) and Field Emission (FE) which becomes substantial due to

224

___

-0-



the size of the particles and the small depletion regions. The catalyst contacts measured 

here are in a domain between end-bonded NWs and nanoparticles on an infinite plane. The 

measurements see effects of a large barrier height coupled with edge tunnelling with 

conduction around a complicated depletion system of the metal-contact potential field 

which is simplified below.

7.4 Modelling Au-ZnO Catalyst Particle Contacts
The catalysed NW contacts as we show here display l-V behaviour that spans conduction 

regimes from Thermionic Field Emission (TFE) to Field Emission as the contact depletion 

region is confined by the contact size. To explain this we need to examine the interface. We 

have shown the interface to be abrupt, free from any interfacial layer and stray Au atoms 

that may have diffused into the NW bulk which may interfere with the potential 

landscape16. These facts allow confidence in assigning a value to the interface potential 

energy barrier height of 0.65eV(5) similar to that of clean vacuum formed Au-ZnO(OOOl) 

contacts. The next step is to characterise the shape and size of the NWs. We have shown 

the Au particles to be approximately hemispherical in shape which defines the contact area. 

Fitting thermionic theory to the large catalyst particle results in very large ideality factors 

and a very low effective barrier height, this theory does not fit the system well. Small 

nanoisland contacts are well known to deviate substantially from 'ideal' behaviour as a 

result of their finite size and mechanisms involving the increasing influence of surface and 

edge effects.16'61,167,168,199 The edges of contacts tend to concentrate the field lines55,165 

locally increasing the field across the contact in the edge regions which has been modelled 

as a central 'normal' region of the contact and an edge annulus with reduced contact 

potential63. When the barrier height is constant the increased field at the edges will contract 

the depletion region similar to the effect of increasing the semiconductor doping. This 

provides a simple method to assess the current contribution through the edge and central 

regions which are simply summed according to area similar to the case of SBH 

inhomogenities63. In this analysis series resistance is ignored to simplify the effects and so 

the results are only considered in forward bias and at low voltages.

7.4.1 Depletion regions
The depletion of the surface due to surface trap states can be estimated in a similar manner 

to that of a conventional Schottky barrier.18 The surface potential (j)s produced by surface
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states and adsorbed ions acts like a potential barrier and the associated depletion width

W  =  (2sZn0<j)s/q N D)1/2 which gives a value of lOnm when ND =1018cm-3 and<|>s = 0 .1 e V . A

substantial conductive core still remains and this may provide a reasonable estimation for 

some of the NWs measured by the four-probe technique.18 However, the NWs measured by 

the two-probe technique in the free standing configuration formed good Ohmic contacts 

with the probe tip with relative ease. Forming good contacts can be very difficult in the free 

standing configuration and the reason for this is thought to be the extent of the surface 

depletion. It would seem likely for the free standing NWs that were readily contacted with 

minimal probe force had a minimal surface depletion which indicates a doping level at the 

high end of the doping range. Therefore a considerable surface depletion is not considered 

to be a factor in the analysis.

The metal-interface of the 59nm, 47nm and 37nm contacts is of a size where the depletion 

region becomes comparable to the radius and takes a parabolic shape.50 Figure 121 shows 

for ZnO bulk parameters the characteristic length scale is ~25nm  i.e. the contact radius 

needs to be below this before the depletion width scales with contact size. The 'large' 59nm 

catalyst particle is on the cusp of this regime and therefore we assume the conventional 

depletion approximation to estimate the depletion width at 25nm, calculated from

W  =  ^2eVd/qN d . However, similar to a contact on a plane the parabolic shape of the

depletion region is only marginally wider than the contact in the interface plane and in this 

edge region the depletion layer is thin, for example the smallest contact in Figure 120b. This 

thin edge region can be used to model edge effects without a complicated numerical 

solution to the Poisson equation which would need to include the high fields at the contact 

edges plus the finer details of the NW and contact shapes.

7.4.2 Transport mechanisms
The main transport mechanisms usually considered are TE, TFE and electron-hole 

recombination in the space charge region. Applying the standard equations55 for 

recombination we can see the term is dominated by Jr0 = q n jW /2 T . The intrinsic carrier

concentration for ZnO(248) is low at n, < 1 0 6cm_3and the contact depletion region of ~25nm  

provides only a small depletion region and the recombination current is insignificant. As 

stated the size of the NWs were above the size range for end-bonded NWs(21) where the

226



combined depletion extends a long way into the NW which may allow surface related 

recom bination as a plausible mechanism. This mechanism is also very unlikely in ZnO due to 

the hole concentration which is many orders o f magnitude lower than Ge.

7.4.3 Catalytic Au Contact modelling
The model o f Sm it60 details a depletion region tha t scales w ith  contact size. Below the 

characteristic length scale the depletion w id th  (W) at the contact centre becomes 

comparable to  the contact radius, unlike a bulk contact where W is determ ined by material 

properties. For small contacts the depletion region is confined by the contact edges w ith  a 

small extension in to  the sem iconductor (BR, see Figure 123.

max

Figure 123. D iagram  depicting th e  m odel used to  approxim ate  the  parabolic depletion w id th  o f small contacts.
To

model the transition from  the rectifying 59nm contact to  the Ohmic 37nm contact, a 

trapezoidal depletion shape is assumed fo r sim plicity w ith  maximum radius R+pR. Splitting 

the depletion region into small segment rings around the contact centreline of w idth Sr, the 

depletion w id th  is e ither the maximum depletion w id th  W max or a linear function of radius. 

From geometrical considerations W can be calculated from  the angle tan0 = Wmax / (R — Rdep).

Therefore, between a radius of Rdep and (R+pR) the depletion w idth is W(r) = (R-r)tan0 .
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The cu rren t th rough  one segm ent ring o f w id th  Sr in te rm s o f the  cu rren t density J is 

~27 irJ6r w hen 5r becomes very small. To f i t  the  data the  cu rren t flow ing  across the  en tire  

con tac t is calculated w ith

aep r\

'total =  2Jt J  Jw „,rdr +  27t j  J(r)rdr

w h ich  expresses the variab le  dep le tion  w id th  in te rm s o f r th rough  the  cu rren t density te rm  

J(r). The cu rren t is sum m ed fro m  the  contact centre  r=0 to  the  con tact edge R w here the 

dep le tion  w id th  th ins to p R ta n G  . As we have seen TE and Rec are neglig ib le due to  the  large 

SBH, the  large bandgap and the  small in trins ic  carrie r concen tra tion  o f ZnO. The dom inan t 

tra n sp o rt m echanism  in th is  instance is tunne lling  how ever the  m odel was in tended to  

investigate th is  mechanism  fu rth e r and analyse the  regions o f the  con tact th a t d ic ta ted  the 

l-V characteristics. The m ost accessible analytica l tunne llin g  expressions define  te rm s fo r 

T herm ion ic  Field Emission (TFE) and Field em ission (FE) and w ere  derived by Padovani and 

S tra tto n 96. The tunne lling  cu rren t th rough  a fin ite  size segm ent ring (o f w id th  6r) o f the  

dep le tion  region was num erica lly  calculated w ith  the  cu rren t density  o f the  fo rm 96,97

J TFE K l - e x p |
kT

w here E0 = E 00coth I and the  sa tu ra tion  cu rren t specific to  TFE is
kT

j  _ A**Tqexp(q£, /  k T ^ E ^  (<j)b -  V +  5 ) }1 

kcosh(qE00 /  kT)
exp (^b +  £ )

The tunne llin g  param eter E^ =  —
471

N„ V/2

v m £ z n o y

is dependent on the  dono r concentra tion  Nd,

m* the  e lectron  mass in the  sem iconducto r and the p e rm itt iv ity  o f ZnO is £Zno. Eoo is an 

energy th a t is very im p o rta n t in tunne lling  theory . The dep le tion  w id th  is calculated from  

the  geom etrica l considerations W (r) and then  using the  standard dep le tion  approx im ation
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|2 e  s V
W = |— -  0 -  , Nd and E0o can be calculated. This does not represent the 'bulk' doping of the 

V ^

ZnO but allows the representation of a 'thin' barrier in the tunnelling expressions.

Applying only TFE alone does not provide the current densities to match experiment and the 

expression breaks down in the edge region due to the narrow depletion widths, therefore 

we must turn to FE. FE is appropriate for degenerate semiconductors with the Fermi level 

above the conduction band minimum (CBM) where ^>0. For ZnO the n-type material 

becomes degenerate when the doping is greater than 3 .4 x l0 18cm'3. This was calculated

from a Fermi level position coincident with the CBM £=0 in the expression ^ =  ln
kT

q

where the effective density of states in the conduction band is Nc = 2
27rm kT

for

mZno=0.24( } Nc=3.5xl0  cm' . To be consistent it is assumed =0.01eV throughout the

analysis which corresponds to the doping density Nd=3.4xl018 cm'3. For Au catalysed NWs 

grown on Sapphire a doping density of 1 .2 x l0 18cm'3 can be expected18 in which case 

£ = 0.026eV below the CBM. The approximation of doping degeneracy in the NWs to satisfy 

the tunnelling expressions is not considerable because the wires measured here are 

expected to have high doping densities because of the ease with which Ohmic contacts 

were formed with the probe tips, this is not often the case in the free standing 

configuration. Further measurements on flat lying NWs have shown Ohmic contacts with 

the probe tips are more readily formed to the most conductive NWs which have minimal 

surface depletion and high doping concentrations.18'154 In the free standing configuration 

the flexibility of the NWs increases the difficulty of forming good Ohmic contacts and only 

the most conductive NWs were selected to provide reliable contacts. Additionally, a 

Gaussian spread of electrons around the Fermi-level, often assumed in analytical solutions 

of transmission probability96,97, still infers a large concentration of electrons at energy levels 

above the CBM even if the Fermi level is slightly below.

FE takes the same form as TFE, however it is expressed in terms of E0o(Eo~E0o at high doping 

levels) and the Js term specific to this mechanism
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JFE =K  e x P
'  X  A
V E oo )

l - e x p |
kT

where

J, =
27rqA**TE00 exp(-(J)b /  Ec

fvvll 7ikT , , r <l>b - v ]
ln{2 sin ln{2s )\ L2q Eoo I  S J

Padovani and S tratton specify a maximum tem perature  range fo r FE defined by

(2qE00̂ ) “1/2 +  (2qE00)" ' ln(4<t>„ /  4 ) ]  which requires Eoo^O.lAeV at 300K. This excludeskT <

the m ajority  o f the  contact o ther than near the very edge. However this restriction must be 

relaxed because the model does not use the 'bu lk ' sem iconductor doping and instead 

models a depletion region dependent on the contact size and not material properties. FE is 

appropria te  no t only at low  tem peratures and high doping concentrations but also in high 

e lectric fields tha t produce narrow depletion regions such as those experienced at the 

contact edge.55,165 The expressions by Padovani and S tratton provide the most accessible 

and in terpre tab le  means o f assessing tunnelling currents w ith o u t a fu ll numerical solution of 

the  transmission coeffic ient fo r each contact.

Tunnelling is frequen tly  said to  transition from  TFE to  FE when qE0o /k T » l (55'97<98) and 

contacts become Ohmic by tunnelling at values o f E0o when E0~E0o which occurs w ith in  an 

e rro r o f less than 1% when qE0o/kT>2.7.98 At values much greater than qE0o/kT=2.7 the 

'cosh' te rm  in the TFE expression rapidly becomes large and TFE calculated currents start to  

decrease, th is is in spite o f the depletion region becoming very narrow  i.e. the TFE term  

breaks down. In this instance FE becomes the process o f conduction as a result o f the 

contracted depletion region and highly n-type material properties. Similarly, values of E0o 

such as qE0o/kT<2.7, lead to  a negative 'sin' te rm  in the FE Js expression and the mechanism 

m ust be TFE. FE can only apply to  larger values o f E0o which represents high doping levels, or 

in th is instance a narrow  depletion region <5.3nm in w id th .

Applying the analysis as a sum m ation o f current from  the contact centre to  the contact 

edge, w ith  a geom etrically dependent W which in tu rn  determ ines E0o in the TFE and FE
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terms we have an expression that can be numerically calculated,

wnere tne step size is expressedwnere tne step size is expressed as — =0.1nm and the
10R

equality above for E0o was used as the cross-over point from TFE to FE.

7.4.4 Depletion region model optimisation
To fit the experimental data for each contact it was necessary to write a Matlab program 

that optimised the values of (3, Rdep and W  (see Appendix B for the full code). The maximum  

depletion width W max for the 59nm contact was set by the standard depletion 

approximation for the properties of ZnO doping of 1018cm‘3 and barrier height 0.65eV that 

provides a depletion width of 25nm from the standard depletion approximation. This 

depletion width is applied to the largest 59nm diameter contact because it is above the 

scaling range proposed by Smit. However the smaller contacts are below the characteristic 

length scale of the system (Figure 121) and the depletion width scales with contact radius,

i.e. the 47nm contact W max~23.5nm  and the 37nm contact W max~18.5nrn. The Matlab  

program was then written to optimise the remaining variables within ranges 0<R<jep̂ R , 

|3>0.01 and Wmax with a small tolerance for each contact. This allowed the program to 

optimise the depletion shape which is approximated as a trapezium using a differential 

evolution routine. The fitting results and the optimised shapes are shown below.

7.4.5 Depletion region fitting results
The best fit for the 59nm contact, shown in Figure 124, is a wide trapezoidal shape that 

approximates the parabolic shape shown by Smit (Figure 120b). The depletion overhang at 

the contact edge is minimal, p=0.011, Rdep=27.2nm and W max=24.8nm.

99.9% of the current at very low bias is shown by the model to be in an edge region of width 

< ln m  and the currents are very small < lnA . At greater forward bias 0.25V the majority 

(~60nA) of the current flows in an edge region of the contact with an annulus of width 

~13nm  (~56%  of the contact area). The depletion region contracts with increased forward 

bias and the tunnelling current spreads across the contact, at even greater bias the  

tunnelling current eventually dominates across the entire contact.

At 0.25V within the 99.9% current tunnel window the depletion region spans from the 

maximum 25nm to a minimum of 3nm at the contact edge. The values of Eoo range from
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0.0278eV to  0.1044eV which represents the artific ia l eloping levels o f l x l 0 18cm 3 to  

6 .6 x l0 19cm 3 respectively. These values neglect the bias dependence o f the depletion w id th  

and represent the  inputs fo r the TFE and FE term s tha t are dependent on the applied bias.

As a comparison the bias dependent values o f W bias range from  19.6nm at the  inner most 

region o f the tunnel w indow  to  2.4nm at the contact edge at a bias o f 0.25V. Transition from  

TFE to  FE occurs at a depletion w id th  o f 4.5nm which is very close to  the contact edge where 

FE was expected to  dom inate.

<c

Voltage (V)

Figure 124. The Graph shows the  lo w  bias exp erim enta l cu rren t vo ltage m easurem ent o f th e  59n m  Au contact (red  

dots) and the  corresponding op tim ised  fit  fo r a trapezo ida l d ep letion  region approx im ation . The d ep le tion  shape  

provided the  necessary curren t to  m atch th e  data  w hen  applying Therm ion ic  Field Emission and Field Emission as the  

do m inan t tran sp ort m echanism s through th e  barrie r th a t has a large Schottky barrie r height.

Smaller contacts exhibited a change in transport behaviour becoming more conductive and 

less rectifying. This change is expressed in the depletion region taking a triangu lar shape, 

shown in Figure 125, to  a llow  more tunnelling current which is a product o f the optim ised 

fitt in g  routine tha t provided the param eter values fo r the 47nm contact o f (3=0.10 and 

Rdep~0nm  w ith  W max=21.8nm.

99.9% o f the very low  bias current across the 47nm contact is w ith in  an edge region o f 

w id th  3.7nm (~15%  o f the  contact area) and the current is much larger (~50nA) than the 

59nm contact, the  smaller contact is more conductive. When the bias is increased to  0.25V 

the current (~2.4pA) flows w ith in  a region o f ~7nm  w id th  (~30%  o f the contact area). The 

depletion region contracts w ith  increased forw ard bias and expands the tunne lling  current 

w indow  tha t covers a greater proportion  of the  contact and increases the to ta l current.
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W ith in  this w indow at 0.25V the range o f E0o was 0.0448eV to  0.1608eV which represents 

artific ia l doping of 1 .04x l019cm 3 to  1 .57x l02°cm 3 and the depletion region scales from  

7.75nm to  2nm respectively. Again the transition between TFE and FE occurs when the 

depletion region is ~4.5nm .
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Figure 125. Graph showing the  low  bias experim enta l current voltage m easurem ent o f the  47nm  Au contact (red dots) 
and the  corresponding optim ised fit fo r a trapezo idal depletion region approxim ation . This dep letion  shape provides  

the  necessary current w hen applying Therm ionic Field Emission and Field Emission as the  dom inant transport 
m echanism s and the  change from  trapezo idal to  triangu lar shape represents the  large increase in conductivity o f the  

contact below  the characteristic length scale w hen  edge effects increase.

Linear l-V characteristics of the 37nm display an Ohmic contact w ith  depletion parameters 

of (3=0.1095 and Rdep~0nm  w ith  W max=19nm w ith  a triangular depletion shape, shown in 

Figure 126. A transition to  purely Ohmic behaviour o f the 37nm contact occurs w ith  a sim ilar 

value of p fo r both of the small contacts. The value o f (3 actually represents a smaller 

absolute value of the overhang of 4.1nm fo r the 37nm contact compared to  4.7nm fo r the 

47nm contact. This coupled w ith  the smaller depletion w id th  maximum increases the 

tunnelling current around the contact edge. In comparison, the actual value of the current is 

less because the contact is only 60% the size o f the 47nm contact, however, the current 

density is greater fo r the 37nm contact in the bias regime considered fo r the model.

The 99.9% current tunnel w indow  increases from  an annulus of w id th  3.7nm, near to zero 

bias, to  5.9nm at 0.25V and again opens up w ith  applied bias. W ith in  this w indow  at 0.25V 

Eoo ranged from  0.0446eV to  0.1707eV which represents artificia l doping o f 1 .1 5 x l0 19cm 3 to  

1 .77x l02°cm 3 where the depletion region decreases from  7.34nm to  1.88nm. Again the 

transition occurs when the depletion region is ~4.6nm . The smaller values fo r the depletion 

w id th  w ith in  the tunnel w indow  are due to  the smaller relative value o f PR which introduces
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more FE into the overall current. The increased FE current provides a more linear l-V 

characteristic w ith  little  resistance to  the current flow  as the barrier becomes transparent to 

e lectron transport in the edge region.
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Figure 126. Graph showing the  low  bias experim enta l current voltage m easurem ent o f the  37nm  Au contact (red dots) 
and the  corresponding optim ised fit fo r a trapezo idal dep letion  region approxim ation . The transition  to  pure Ohmic  

behaviour is a result o f the  reduced dep letion  size which encourages m ore tunnelling  across the  contact.

7.4.6 Summary of fitting results
M odelling results showed as the contact size decreased relative to  the wire the contact 

became more conductive and less rectifying. This transition was expressed by applying TFE 

and FE theory to  a depletion region tha t changed its shape as the contacts became smaller. 

Greater current measured in the smaller contacts was calculated by approximating the 

depletion region as triangular. A change to  a triangular shape provided the transition to  a 

narrow  edge-induced depletion region necessary fo r more FE tunnelling current tha t can 

produce an Ohmic contact. An optim ised depletion region fo r the large 59nm contact sim ilar 

was sim ilar to  tha t predicted by Smit w ith  a fu ll and nearly semi-circular depletion region 

shape, approximated as a trapezoid. A 59nm contact on a ZnO NW of typical doping 

concentration is in the regime above the characteristic length scale which predicts the 

depletion w idth is governed by m aterial properties although the shape is confined by the 

small particle size -  it is not in fin ite  in area and the lateral spread is lim ited to  a size slightly 

larger than the contact interface. The 47nm and 37nm contacts are below the characteristic 

length scale and the depletion regions scale w ith  the contact radii. A triangular depletion 

approxim ation was the most appropriate model w ith  a depletion region tha t thinned 

considerably towards the edge of the contact which allowed tunnelling to  dom inant in these
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regions. To fit the data a combination of TFE and FE was required to provide the current 

densities necessary to match the experiments. At zero bias the tunnelling window only 

exists at the very edge of the contact, as expected from the high-field at the contacts edge, 

but the window increased and became much larger dispersing the current across the 

contact area as the bias and total current increased. Tunnelling increased as the contact and 

depletion region decreased in size - the system is interdependent and is dominated by 

tunnelling. This model should apply to all small contacts with large and homogenous 

Schottky barriers.

7.4.7 Validity of the Model
Approximating the depletion region as a trapezoidal depletion model provided the fit to the 

experimental data. Two prominent features in each fit are apparent, the shape of the fit 

does not exactly match the experimental data, and the fit is only for low bias.

Fitting deviates rapidly from the experimental data at larger bias because the series 

resistance was excluded in the model. Series resistance is normally included as a term that 

reduces the voltage drop across the interface in the current density expression specifically 

V-IRS is substituted for V. Rs is the series resistance of the circuit included in the 

measurement other than the interface of interest. The majority of this is the NW and the 

contact resistance at the Ohmic contact on the NW side. Rs can be determined from the 

linear part of an l-V curve at voltages above the SBH (in this case 0.65V). For the 59nm 

contact the resistance at IV  is ~830kH which could be taken as the series resistance. 

However including this in the model is difficult. The model splits the contact into small 

segments with each potentially having different transport mechanisms, in this case FE or 

TFE. Series resistance only applies to the entire circuit i.e. the current flowing through the 

entire contact and the NW. The model calculates the current through a small annulus of 

width Sr and the total current is a sum of each small segment; this does not allow the 

possibility of introducing the V-IRS term into the current density expressions. Each segment 

experiences a different barrier thickness that was modelled as a changing value of E0o and 

Nd. This provided in the edge regions proportionally much greater currents to those in the 

contact central region, in the edge region the value of IRS becomes very large. The voltage 

drop on the contact segment V-IRS becomes disproportionally small near the edge damping

235



the edge effect. This masks the proportions of transport mechanisms across the contact and 

the extent of the edge conduction.

Other reasons for the ill fit at large bias are the terms of FE and TFE neglect effects of image 

force lowering which can have an enhanced effect on the effective barrier height and barrier 

width especially with narrow barriers60. To include this effect would require a more precise 

calculation of the transmission probability at voltages near to the SBH. This may also include 

electron tail lowering which can induce an even larger decrease of the SBH and the 

assumption of the standard parabolic depletion width approximation becomes important 

and considerable. The tail lowering becomes more important for tunnelling transport and by 

neglecting it the contact resistance can be overestimated.162

The shape of each fit is determined by the proportion of TFE to FE and the local value of E0o. 

Three separate models were tested and the trapezoidal depletion region provided a model 

which is adaptive and fits both the rectifying and Ohmic contacts. Also tested were a step 

depletion model which used a central region with a barrier width which scales with the 

contact radius and a narrow l-2nm  annulus with a contracted depletion region. This model 

required only TFE in the central and edge regions for the 59nm contact. The smaller 

contacts required the introduction of FE in the edge annulus, however as the depletion 

region in this region was required to be very thin to achieve the experimental current 

magnitude the term for FE produced a poor fit. The calculated values of Js in the annulus 

were very large which produced high curvature in the low bias regime.

The numerical solution of Poisson's equation by Smit et al60 depicts a depletion region which 

could be approximated as semi-circular for contacts of radius less than 50nm and the 

depletion width is dependent on contact size. Using this approximation the depletion region 

was split into segments and Nd used to model the deceasing depletion width from contact 

centre to edge in the FE and TFE terms. In this model the contacts were dominated by 

tunnelling in the peripheral regions where the depletion width is narrow. This created a 

problem with the semi-circular depletion model which confined the region of "narrow" 

depletion (<5nm) to a very small area of the contact. The depletion region border at the 

contact edge is almost perpendicular to the interface and the depletion region rapidly 

becomes too thick for tunnelling. This required very small and diminishing values of (3
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almost producing a 'singularity' at the contact edge where the depletion region becomes 

very thin <0.5nm. Fitting the three contacts with this single model based on a depletion 

region that scales with the contact radius in a semi-circular shape crowded the majority of 

the tunnelling current into a few angstroms width near the contact edge. This is a result of 

tunnelling being negligible with depletion widths greater than ~8nm.To provide the current 

magnitudes of the smaller contacts the model over estimates the influence of FE in the edge 

regions with very large values of Js and the model could not approximate the experimental 

data for all three contact variations.

The trapezoidal model provided the correct current magnitudes for each contact at low bias 

with realistic values of p, depletion width and the 99.9% tunnelling window. The shape of 

the fit however is approximate, but we have shown the dominant transport mechanism for 

small contacts to be tunnelling. TE and recombination are negligible and most tunnelling 

occurs at the contact edge where the depletion region thins considerably due to edge 

effects. The thin region near the contact edge was revealed by Smit, however at doping 

concentrations above those considered by Smit (>1017cm'3) the high field at the contact 

edge contracts the depletion region further and tunnelling through the depletion region 

increases at the contact edge. Here we have demonstrated the importance of edge 

tunnelling for nanocontacts using well established tunnelling terms without the complexity 

of 3D numerical calculations. The terms for TFE and FE however are in themselves 

approximate and are appropriate for macroscale contacts which can be considered in one- 

dimension with no lateral variation in barrier. Edge effect and barrier inhomogeneities must 

be considered as three-dimensional barrier systems which can vary on a nanometre scale as 

revealed by Im et al with Ballistic Electron Emission Microscopy (BEEM) experiments242 on 

Schottky diodes with a high coverage of shallow barrier height patches.

The tunnelling terms of FE and TFE are based on a simple barrier shape, this is essential for 

providing an analytical solution which is practical to use, hence the popularity of the 

expressions. To provide accessible and useful terms for Schottky barrier tunnelling Padovani 

and Stratton use the barrier transmission probability provided by the one-dimensional 

Wentzel-Kramers-Brillouin (WKB) approximation which applies a semi-classical exponential 

as the wavefunction. The potential barrier is modelled as a parabolic function of distance 

from the interface and the one-dimensional time-independent WKB transmission
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probability for the barrier is a function of potential energy.96,97 The approximation required 

the terms for FE and TFE to have specific regimes where they are applicable, they are 

approximations for tunnelling at the Fermi-level or at a greater thermally excited level.

The FE temperature range discussed (section 7.4.3) specifies for large metal-semiconductor 

contacts the temperature at which the majority of charge carriers are located near the 

Fermi-level and the depletion region is narrow enough for tunnelling transmission. However 

in small contacts the depletion region is not the same across the contact and the width 

varies due to the additional effect of the high field created at the edge region. This is not an 

effect of semiconductor doping contracting the depletion region. However to simulate this 

effect with the FE and TFE terms we must artificially increase E0o- The tunnelling model of 

Padovani and Stratton and Crowell and Rideout assume Gaussian distribution of electrons 

around the Fermi-level or at a thermally excited level above. This creates a spread of 

electrons and many are available above and below the specific energy level. In the case here 

the edge effect induces a very narrow depletion region which allows tunnelling at all energy 

levels in the CB and the effect is enhanced with forward bias which compresses the 

depletion region further. The potential barrier which is independent of material parameters, 

as shown by Smit, is determined by contact size and the edge effect which negates the 

temperature validity range set out by Padovani and Stratton. The FE temperature range is 

dependent on E0o, 4>b and  ̂and by varying E0o to simulate a three-dimensional depletion 

with one-dimensional theory the temperature equality must be ignored. E0o in this model 

does not relate to the bulk semiconductor properties as specified in large contact FE and TFE 

theory.

The FE term has a large influence on the shape of the total calculated current. This shape is 

determined in the exponential term by the factor q /E 0o and the current magnitude is largely 

influenced by the value of Js. The value of E0o therefore dictates both the value of Js and the 

shape of the fit. In this model E0o was determined by the doping concentration calculated 

from the standard depletion approximation for each segment of the changing depletion 

width. Nd was locally determined by the value of (3 and the slope angle which provided the 

control in the model to match the experimental data. To produce a near linear output from 

the FE exponential E0o was required to be very large, and also Nd, along with a very thin local 

depletion. The large value of E0o also produces a large value of Js (which is proportional E00).
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Therefore a balance between current magnitude and shape was found by the fitting 

parameters.

The analysis of the Ohmic 37nm small contact could equally be expressed by a contact 

resistance, however to express the transition of l-V behaviour with transport phenomena 

we have fit one model to each contact. Fitting exponential functions to a linear l-V is not 

ideal although the model provides an excellent explanation for the transition seen. However 

the expressions of FE and TFE are limited because they do not give an explicit theory for 

tunnelling of non-alloyed non-degenerate semiconductor Ohmic contacts where emission 

can occur at the CBM, which is a possibility for the NW contacts measured.162 Also quantum- 

mechanical reflections are ignored in the FE expression which can have a probability of as 

much as 50% to scatter electrons back into the semiconductor when emitted at the Fermi- 

level. These would be included in the transmission probability in a full numerical solution of 

the contact, and may represent a large reduction in current which can lead to Ohmic contact 

currents being overestimated that may increase the influence of FE in our model.162

Regardless of these simplifications the fits produced show an approximation to the 

depletion region and the contact behaviour and demonstrate that tunnelling dominates the 

contact in the peripheral regions. This determines the transition from rectifying to Ohmic as 

the contact decreases in size and the edge induced field effect on the depletion region 

intensifies.

To correctly simulate the transport across small contacts on NWs it is necessary to solve the 

Poisson equation for a realistic potential barrier of the contact including size scaling effects. 

However to reveal something new it is also necessary to include the enhanced electric field 

because of the high curvature at the contact edge which will act to locally pinch-in the 

depletion region and to include semiconductor surface states around the contact that may 

induce surface depletion or accumulation as an additional influence. The SBH can be 

considered constant over the entire contact which was revealed by the high quality of the 

interface. The depletion region then becomes a three-dimensional landscape and Poisson's 

equation must be numerically solved. The transmission coefficient could then be calculated 

for the depletion region in a one-dimensional fully quantum mechanical calculation60'249
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w ith  all electrons at energy levels below the SBH maximum contributing to the tunnelling 

current.

It is proposed the current densities observed reflect a very high electric field at the particles 

edge which locally compresses the depletion region opening a tunnelling w indow. W ith 

increasing forward bias the w indow  increases in size and electrons can effectively tunnel 

through the barrier similar to  n+ regions used fo r Ohmic contacts Figure 127.

n-doped

n+ doped

Figure 127. The band diagram  fo r a highly doped n+ region near th e  in terface fo r an n -type contact. The Fermi level is 

below  the  conduction band but tunnelling  can still occur due to  th e  extrem e band bending near the  in terface, the  potentia l 
barrier becom es virtually  transparent to  tunnelling current.

Tunnelling in this case does not require a bulk degenerate semiconductor (Figure 127), as 

required fo r theoretical FE, but even w ith  a Fermi-level slightly below the CB the contact is 

altered by the induced electric field o f the n+ region and not the bulk properties of the 

semiconductor. This is where the FE model of Padovani and Stratton and the experimental 

data differ, the electric field driving the contact is beyond that of the applied or b u ilt- in  

voltage fo r planar contacts and is not to ta lly  dependent on bulk material parameters. This is 

the effect of the high electric field at the particle edge and the contact-size dependent 

depletion region, as the particle size decreases the influence of the Au-ZnO potentia l barrier 

on tunnelling current is reduced.

7.5 Catalytic and deposited Au Contact comparison

The study by Leonard et al21, Figure 119, is the most relevant work to  the contact 

measurements taken here. Pinning o f the Au-Ge bulk interface Fermi level is well 

established and the barrier height o f the  NW-Au contact is assumed by Leonard et al to  be 

the same. The main result shows increasing current density and ideality factor w ith  

decreasing NW diam eter contrary to  the expected decrease in conductivity stemming from
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the increasing influence of surface depletion in smaller NWs, the modelled depletion is 

shown in Figure 128.
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Figure 128. End-bonded m odel fo r Ge NW s in the  presence o f strong Ferm i-level pinning which fixes the  barrier to  0 .59ev  

regardless o f contact or N W  size. The contact covers the  entire  N W  diam eter and w hen the  is decreased th e  com bined  

effec t w ith surface states increases th e  depletion w id th  along th e  N W . R eproduced19.

By solving the Poisson equation fo r an end bonded NW Leonard et al show fo r a contact tha t 

covers the entire end facet in the presence of strong Fermi-level pinning coupled w ith  the 

influence o f surface states on the NW sides, the contact depletion region increases in w idth 

w ith  decreasing NW diameter. This is critical fo r the hypothesis o f e lectron-hole 

recombination in the depletion region which is the only mechanism tha t can fit  the 

increasing depletion size w ith  increasing current density. This model relies on the catalyst 

particle covering and contacting the entire NW end facet which is inappropriate fo r 

catalysed ZnO NWs. A diam eter dependent recombination tim e is also required to  f it  the 

data shown depicted in Figure 119. For conventional planar diodes solving the Poisson 

equation shows the depletion w idth becomes smaller w ith  diode diam eter and eventually 

becomes th in  enough fo r tunnelling to  dom inate as the size decreases below lOOnm, Figure

120.
60

To postulate on the transport mechanisms which contribute to  the contacts measured here 

we can construct a graph sim ilar to  Figure 119, which compares the low bias conductance 

w ith  Au contact diameter. The contact d iam eter fo r deposited contacts is the NW diameter, 

whereas the catalyst contact is the d iam eter o f Au particle. Although the exact vertical 

position o f the probes is not known to  allow quantifiable comparison of each contact, the 

m ajority o f measurements had the probes w ith in  one coarse piezo-step o f the NW tip  i.e. 

~ lp m  separation.
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Figure 129. a) Small-bias conductance density o f the  deposited ZnO-Au contacts against Au contact d iam eter, the  graph  

shows a sim ilar relationship to  Figure 13. b) the m ajor difference how ever is th e  current density o f the  Catalysed NWs  

increases in similar m anner but in dependent o f a change in N W  d iam ete r w ith  the  tw o  sm allest contacts on NW s of 
d iam eter 79nm  and 73n m .

The results fo r the catalysed NWs measured here show the increasing current density can 

be correlated to  the metal contact size and independently from  the NW. Figure 129a depicts 

the same increasing trend w ith  decreasing d iam eter as revealed by Leonard et a l21. The 

magnitude of the low bias conductance density o f deposited contacts also increases as the 

NW diameter decreases fo r NWs from  300 to  40nm diameter.

This may suggest the influence o f surface leakage which can form  an Ohmic like conduction 

path around the potentia l barrier.167,168'199 This conduction mechanism could stem from

surface state conduction o f intrinsic states, adsorbed 0 \  ions and o ther gases coupled w ith 

the Au nanoparticles on the NW side facets which uniform ly, but not continuously, covers 

some of the NW side facets. When coupled w ith  Fermi-level pinning due to  the adsorbates 

at the interface both the forw ard and reverse bias appear near linear. Surface leakage 

should, like all surface related mechanisms, obey a linear relationship w ith  contact diameter

(from the circumference) and the conductance density would then increase (dJ/dV) oc 1/J as

shown in Figure 130a. Scaling of the conductance density occurs according to  the 

circumference in relation to  the nanocontact area. Surface related electron-hole 

recombination does not f it  w ith  the expected small depletion region of the disordered 

nanoparticle form  and the linear l-V characteristics.
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Figure 130. a) The conductance density o f the  deposited contacts w ith  a surface related estim ated  fit  proportional to  the  

inverse o f th e  d iam eter, a sim ilar fit  has been used to  explain surface related e lec tron-ho le  recom bination in Ge N W s21 
how ever this could also apply to  surface leakage from  the  contact and N W  bypassing the  po ten tia l barrier in reverse bias 

which provides m ore Ohm ic like conduction199 and, b )  a linear like increase o f conductance w ith  d iam eter.

The spread in values is largely due to  inaccuracy of probe positioning however the results of 

Figure 130a provide a reasonable f it  to  the circumference. The least squares linear f it  o f the 

conductance against d iam eter (Figure 130b) may indicate a point o f transition where the 

conductance tends to  a m inim um  as the NW approaches 35nm.

The role o f surface leakage has been a ttribu ted to  the reduction in conductiv ity o f clean 

contacts exposed to  residual gases over tim e.62 The slow adsorption of gases is shown to 

reduce the conductance density o f nanoisland Schottky contacts by m odifying the surface 

state conduction and leaving only conduction through the space-charge region. The surface 

properties are altered by the slow exposure to  gases, however consideration fo r surface 

depletion is not given which could deplete the sem iconductor beneath the nanoisland and 

reduce the conductivity. All o f the NWs here have been exposed to  atmosphere and were 

not in itia lly  'clean' surfaces and w ill have a surface depletion layer even under the deposited 

contacts. This does not discount possible surface conduction and surface leakage as 

influentia l mechanisms fo r all o f the contacts. Although surface depletion is evident -  a 

surface related conduction mechanism is also apparent, although this does not govern the 

catalytic Au contact behaviour.

The non-catalysed NWs measured here are close to  the end-bonded NW model system, 

Figure 128, however the current density increase is seen at a larger NW diameter, perhaps 

revealing a greater extent o f the surface depletion. The recom bination model relies on a

decreasing recombination tim e scale (such th a t(d J /d V )o c l/d )  as more surface
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recombination contributes with decreasing diameter. Electron-hole recombination is more 

frequently associated with large Schottky barrier heights and semiconductors of relatively 

small bandgap as the case is with Au-Ge, but not with the large bandgap of ZnO.247 The 

nanometre scale contacts, relatively small depletion regions and low intrinsic carrier 

concentration make the number of recombination centres small which reduce the likelihood 

of recombination as a significant conduction mechanism16,62. Although, recombination 

centre's on the surface may have increasing effect. The transport process around the 

barrier is not clear but it appears likely there is a substantial surface influence on the two- 

probe results, and we can conclude the surface influence of nanostructures affects not only 

the bulk properties of the material but also the contacts formed. Surface conduction 

provides a bypass when the current is against the reduced barrier which is formed by the 

disordered Au nanoparticle contact pad and pinning at the interface from surface 

adsorbates.

7.6 Conclusions
The four-probe results show increasing NW resistivity with decreasing diameter as a surface 

depletion layer consumes greater proportions of the conductive channel. The surface 

depletion region that is a major influence on the NW resistivity's and spread is explained by 

a balance of trapped surface charge and initial NW n-type doping. We have also shown NWs 

of different growth methods have similar resistivity characteristics. It was possible to 

uncover these properties because the NWs were measured without intermediate processing 

that will change or passivate the surface effect e.g. no processing to disperse the NWs or to 

fabricate contacts. Considerable surface roughness that can increase the trap state density 

was shown not to be a common characteristic of the NWs; the majority were smooth 

surfaced. The spread and increase with diameter in resistivity occurred independently to 

substantial differences in surface morphology. Our consistent measurement and 

preparation methods therefore allow an assumption that the surface trap state density of 

the NWs is approximately similar and the resistivity spread is more influenced by the NW 

doping. This increases the likelihood that doping variations from NW to NW are significant. 

However, the four-probe measurements allowed the conclusion that the NWs measured in 

free-standing vertical configuration had reliable contacts because they had little or no
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surface depletion. Therefore, the NWs discussed in the two-probe measurements were at 

the high end of ZnO NW doping range.

Increasing resistivity with decreasing diameter does not appear to agree with two-probe 

measurements of the deposited Au contacts on non-catalysed NWs that show increasing 

conductance density with decreasing diameter. A combined depletion of the contact and 

surface impinge further on tunnelling current as the NWs decrease in size. For clean and 

intimate Au-ZnO contacts a large barrier is formed and at room temperature thermionic 

emission would not contribute significantly to the current. However, for the deposited 

contacts the l-V characteristics show in forward bias a near linear relationship and the 

nanoparticle structure of the contacts suffers from grain boundaries, nanoparticles forming 

around the contact edge and probable Fermi-level pinning due to adsorbed species. The 

structural characterisation of the deposited contacts shows a metal layer composed of many 

nanoparticles that in the absence of pinning would each form a narrow or low barrier easily 

tunnelled through or surmounted. These features all greatly affect the potential barrier that 

provides restriction to current flow and the transport across the barrier is simultaneously 

tunnelling and thermionic emission. Reverse bias displays a small barrier observable in the I- 

V characteristics (Figure 115) that is easily overcome with increasing reverse bias and the 

complete l-V curve is near linear. The barrier is bypassed in the reverse bias by a surface 

conduction mechanism, likely to be a combination of Au deposits and surface state 

conduction. Surface conduction becomes more influential in the l-V characteristics as the 

diameter of the NWs decreases and the conductance density increases. Deposited contacts 

provide repeatable and consistent behaviour desirable for Ohmic contact and charge 

injection with a metal that can also be used for rectifying contacts.

Contact measurements of the large 59nm catalyst particle that covers most of the top NW 

facet had similar current density to the deposited contacts. The smaller depletion regions of 

the smaller catalyst particles allow much greater current density due to the thinner barrier 

and increased tunnelling. Tunnelling occurs as a result of the contact depletion that no 

longer depends on the bulk semiconductor properties and presents a very thin barrier near 

the contact edge. The depletion width is influenced by the particle size and edge effects that 

effectively reduce the barrier and the extent of the depletion region to allow the overall 

conduction to be dominated by TFE and FE.
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Decreasing the catalyst particle interface relative to the NW decreases the size of the 

depletion region.60,201 The difference in size between the NW and the particle decouples the 

depletion region from the NW surface and the interface becomes more like a nanoparticle 

on a planar semiconductor60 194,195 which allows substantial tunnelling and very high current 

densities.60,62 NWs are known to exhibit extraordinary current densities before failure for 

example, gold NWs250 of 55nm diameter failed at 5 x l0 8Acm‘2, NiSi NWs of various sizes 

reputably failed >3xl08Acm'2 and Au catalyst contact on Ge NWs exhibited current densities 

(extrapolated to IV ) of >5x l06Acm‘2. This compares 2 x l06Acm‘2 at IV  for the 37nm catalyst 

particle and the very short total measurement time of 1 second avoids errors generated by 

Joule heating.250

Surface related mechanisms, combined with the main transport mechanisms of thermionic 

emission and tunnelling, apply to ZnO NWs with deposited contacts. Surface conduction did 

not have a significant influence in the measurement of the catalysed Au contacts and the 

change in behaviour from rectifying to Ohmic occurred independently of NW size. This rules 

out any noticeable in influence of surface conduction, and we have shown instead, the 

transport is dominated by tunnelling. A contact-size dependent barrier allows significant 

tunnelling in the region of the contact edge that becomes most influential below the 

characteristic length scale (~25nm  contact radius) of the system. The regime investigated 

here furthers our knowledge of NW and nanoscale contacts beyond recent work by Leonard 

et al and Hu et al who consider only contacts of the same size as the NW.21,200

Catalysed NW contacts of rectifying or low-resistance Ohmic nature are possible by 

controlling the Au particle size and for contacts below ~60nm  in diameter the depletion 

region allows tunnelling to dominate and current densities can be very high. Both contact 

schemes demonstrate methods for controlling the contact characteristics for vertical NW 

arrays without substantial processing.
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Chapter 8

8 Conclusions

ZnO NWs from initial growth experimentation and optimisation have been thoroughly 

characterised both structurally and electrically. The major finding in the results is the size 

dependence of Au catalyst particle contact transport behaviour and NW electrical 

properties that are dominated by the surface. Structural characterisation revealed the high 

quality of NWs from vapour phase and hydrothermal growth that translated to similar 

measurements of NW resistivity. We have confirmed as far as possible that no Au catalyst 

contaminates ZnO NWs, and in this respect they are in advantage against commonly used 

Silicon or GaAs NWs. Within the limits of atomic resolution HAADF the interface of the 

catalyst particle and the NW is abrupt, clean and intimate, with no Au diffusion, interfacial 

layers or roughness. TEM and STEM reveal the ZnO is epitaxial with the Au catalyst which is 

solid during growth. Using fabrication and contamination free nanoprobe measurements in 

UHV the transition of rectifying to Ohmic contacts is dependent on contact size and not the 

contact materials or structural variations, even when a large potential barrier is present. Au 

can form an Ohmic contact to a ZnO NW when the particle is <40nm in diameter, above this 

the contact becomes more rectifying as the particle increases in size, at 60nm diameter the 

contact is strongly rectifying. We have shown this with the application of the nanoprobe on 

free standing as-grown catalysed ZnO NWs.

The four-probe results show increasing NW resistivity with decreasing diameter as a surface 

depletion layer consumes greater proportions of the conductive channel, this fact does not 

appear to agree with the increasing conductance density of the deposited contacts. The 

combined depletion of the contact and surface should impinge further on tunnelling as the 

NW decreases in size. An inverse relationship with the NW diameter shows the increasing 

conductance density must be related to the surface which has greater influence on the 

smaller NWs combined with the main transport mechanisms of thermionic emission and 

tunnelling which overcome the weak barrier. On the basis of experimental evidence it was 

postulated the deposited contacts were dominated by the presence of strong Fermi-level 

pinning and a metal layer composed of many nanoparticles each forming a thin barrier that
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is easily tunnelled through or surmounted. Thermionic emission and tunnelling can combine 

and easily overcome the weak barrier in forward bias. The size dependence of the 

conductance density and near Ohmic-like l-V characteristics suggests a surface conduction 

mode that bypasses any interface barrier but still produces a slight deviation from linear 

behaviour at low reverse bias.

The NW with the large 59nm catalyst particle covering most of the top facet shows similar 

current density to the deposited contacts. Smaller depletion regions of the smaller catalyst 

particles allow much greater current density due to the thinner barrier and increased 

tunnelling. For each contact the depletion width is influenced by the particle size and edge 

effects which effectively reduce the barrier and the extent of the depletion region allowing 

the overall conduction to be dominated by TFE and FE. As the catalyst particle interface 

becomes smaller relative to the NW the depletion region decreases in size.60,201 The 

difference in size between the NW and the particle decouples the metal-induced depletion 

region from the surface state-induced depletion region and the potential energy barrier 

becomes more like a nanoparticle on a planar semiconductor50'194,195 which allows 

substantial tunnelling and very high current densities.60,62

The 59nm catalyst contact is rectifying and the smaller contacts become more Ohmic. 

Catalysed NW contacts of rectifying or low-resistance Ohmic nature are possible by 

controlling the particle size -  we have shown with a simplified but effective model of the 

size-dependent depletion region that tunnelling dominates near the edge of the contact and 

current densities can be very high. Both contact schemes demonstrate useful methods of 

contact formation to vertical NW arrays without complicated fabrication techniques and we 

have categorically identified and explained a regime of NW contact behaviour that is 

dependent on tunnelling.

8.1 ZnO nano wire growth
Vapour-phase growth of vertically aligned NWs (discussed in Chapter 5) was tailored for 

device fabrication and nanoprobe measurements. Extensive experiments were conducted 

with non-catalysed NWs, and although consistency is difficult, excellent NW arrays were 

achieved on metals, ITO, and roughened Sapphire. It was possible with some control to alter 

the growth product from a dense array to low-density vertical NWs suitable for two-probe
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measurements in Chapter 7. Metal contact formation was achieved with plasma assisted 

PVD and thermal evaporation. Entire metal layers can be formed on the NWs that can act as 

a contact plane to an array, and the base metal layers as a back contact. Individual contacts 

to NWs can be fabricated by thermal evaporation of small quantities of Au as shown in 

Chapters 5 and 6.

Catalysed growth provides greater control and the Au tips, when in place, act as suitable as- 

grown electrical contacts. The growth experiments revealed the Au tips were not always on 

the NW tips and this provided some criteria for selecting structures for two-probe 

measurements. When Au tips are not essential, perfect arrays of dense NWs can be 

achieved over large areas. Excellent arrays of NWs by catalysed and non-catalysed growth 

methods are possible on numerous substrates, even with considerable lattice mismatch.

8.2 Transmission Electron Microscopy
TEM study of the NWs showed they are single crystal and defect free. NWs from catalysed, 

non-catalysed and hydrothermal methods are crystallographically equivalent growing along 

[0001]. This is important when comparing electrical properties. Detailed study of the cross- 

sectional characteristics of catalysed arrays revealed scattered Au particles and a substantial 

base growth layer. An epitaxial layer of ZnO grows on the a-plane Al20 3 but has considerable 

crystal defects; however, these do not transmit to the NWs. The Au particles which cover a 

large size range are also found embedded in the ZnO layer and significant depletion regions 

could result from these nanoparticles.

Au contacts deposited on non-catalysed NWs by evaporation were also examined by TEM. 

The analysis revealed a thin layer of nanoparticles on top of the (0001) facet of the NWs, 

nanoparticles wrapping around the edge and a thin scattering on the NW sides. Au particles 

on catalysed NWs reveal a single nanoparticle, often single crystal, with the {111} lattice 

planes aligned with (0001) of ZnO suggesting they are epitaxial. Even in polycrystalline 

catalyst particles some crystallites still hold this relationship.

8.3 Scanning Transmission Electron Microscopy
High resolution examination of the Au particle interface with the ZnO NW is also in 

agreement with the alignment of the Au single crystal particle lattice with (0001) of the NW. 

The Au lattice spacing measurements agree with the a-lattice constant of the Au cubic
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structure. This alignment must stem from the epitaxy of the ZnO with the Au which strongly 

suggests the particle is solid during growth, and growth proceeds by surface diffusion of Zn 

around the Au, via a Vapour-Solid-Solid process.103,125 A disordered growth meniscus on the 

Au surface is strong evidence to substantiate this along with the alignment of the 

A u{lll}||ZnO (0001) displayed by the single crystal catalyst particles along with the major 

crystallites when the Au is polycrystalline.

Au catalyst on ZnO NWs, contrary to many other semiconductor NWs15,136,137, does not 

diffuse or become incorporated into the ZnO. No Au was found by atomic resolution high 

angle annular dark field (HAADF) imaging on the surface or within the bulk of any ZnO NWs. 

The interface is abrupt with no interfacial layer or diffusion gradient of Au and there is no 

presence of Zn within the Au particle; no substantial alloying was confirmed by TEM-EDX 

analysis and HAADF imaging. A structurally homogenous interface with no defects, with 

quality that surpasses even vacuum formed contacts on atomically clean surfaces, all but 

confirms the interface as 'atomically' abrupt, 3D tomography studies are required to state 

this. However, with no alloying, diffusion or interfacial layer the interface can be considered 

as an ideal intimate electrical contact.

Detecting Au within the ZnO matrix is challenging for HAADF imaging even with the atomic 

number of Au being much greater than Zn. No excess imaging intensity was found during 

catalysed NW analysis, as such it was necessary to justify the imaging technique for these 

particular materials. QSTEM65 was employed to simulate the presence of single Au atoms at 

various depths within ZnO slabs. The results showed if the Au was on or near to the exit 

surface, a substantial image intensity increase would be seen. To cover these possibilities 

through-focal series imaging depth-sections of the NWs were taken using the distinct 

advantage of the large convergence angles of aberration corrected STEM. To reduce the 

impact of beam channelling along the ZnO atomic columns imaging was also performed with 

tilt slightly away from the zone axis. This however did not reveal considerable atomic 

intensity increases with images comparable to the control non-catalysed sample.

8.4 Four probe electrical measurements
Having determined the crystallographic equivalence of the NWs from three growth methods 

comparison of the bulk electric properties could be accurately attributed to surface and bulk
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phenomena. 40 NWs from catalysed, non-catalysed and hydrothermal growth displayed the 

same spread in resistivity and increasing relationship with decreasing diameter. We have 

shown there is no Au within the NWs which is consistent with the four-probe measurements 

that showed the NWs had similar resistivity across the three growth methods. The 

increasing resistivity is attributed to the increasing influence of the surface which suffers 

from depletion due to the presence of surface adsorbates such as O', H' and O2' which 

deplete the NW of charge carriers inducing surface band bending. As the overall diameter of 

the NW decreases the depletion consumes proportionally more of the conductive core 

restricting current flow. However, as a spread in doping in ZnO NWs is common18, even in 

NWs from within the same array, the resulting resistivity is shown to vary from 0.01 Hem -1  

Hem. The measurements have significantly narrowed the resistivity range of ZnO NWs to an 

inherent spread symptomatic of the balance in surface and bulk properties. ZnO NWs are 

conductive and suitable as semiconductor device structures, the surface sensitivity is a 

means to tailor the properties, or to detect minute levels of atoms or particles.

The Four-probe measurements display a spread of resistivity across NW growth modes 

which is an expression of the shifting balance between surface trap states and doping 

density. Fundamentally we have shown the four-probe technique to provide repeatable 

consistent measurements at several separations on the same NW and these measurements 

obey Ohm's law.

8.5 Two probe electrical measurements
Two-probe measurements revealed very different transport behaviour across the fabricated 

and as-grown contacts. Non-catalysed deposited contacts show Ohmic behaviour which is 

likely a result of Fermi-level pinning at the interface and a surface conduction component 

that was revealed by a zero bias differential conductance which holds an increasing 

relationship oc 1 / dNW. Current along the easy surface conduction route in reverse bias 

bypasses any remaining interface barrier and the deposited contacts are then nearly Ohmic
; ^ 62,199in nature.

Catalysed as-grown contacts reveal a size dependent behaviour which spans the regime 

between 'nanoparticle on a plane' and an 'end bonded NW' contact formed by the Au 

catalyst particle on the NW (0001). The contact becomes less rectifying as the particle
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diameter is reduced from 59nm to 47 nm and then becomes Ohmic when of size 37nm. 

Modelling by Smit et al of such small particles shows the depletion region no longer 

depends on the semiconductor properties but on the size of the contact. When the contact 

is reduced in size the depletion region scales with the contact and the transport is driven by 

the depletion region that is very narrow near the contact edge. Tunnelling is accentuated by 

the additional edge effects which induce high electric fields that thin the already narrow 

depletion region. Smit et al showed a restricted depletion region with a small overhang at 

the contact edge60. When the depletion shape is coupled with a high electric field a locally 

thin Schottky barrier allows a tunnelling window to open in the contact periphery that 

dominates regardless of the large barrier height. This is modelled with a combination of 

Thermionic-field Emission and Field Emission near the contact edge in a window that 

increases with applied bias spreading the current across the contact area. These results 

greatly influence recent models of the Au-NW contact which rely on surface recombination 

modes to explain size dependent behaviour21 or strong rectifying properties on all Au 

particles for device output29.

ZnO NWs from the most common growth methods have been thoroughly characterised to 

allow the interpretation of electrical measurements of resistivity and Au end contacts. The 

size dependent behaviour of the contacts to ZnO NWs provides the necessary knowledge to 

fabricate ZnO NW devices with controlled properties and function. This overcomes a major 

step in producing nanodevices without complicated or difficult processing steps. A 

nanodevice can be fabricated from a substrate, with contacts, in one-step and with 

controlled contact properties by controlling the catalyst particle size.

8.6 Further work

There are many interesting and appropriate ways to further the study completed here. Most 

of these, especially those specific to each technique are listed at the end of each relevant 

chapter. However to gain a deeper understanding of the ZnO NWs and the measurements 

made already we can make full use of the nanoprobe and the knowledge of the NWs 

acquired:

1. Perform back-gated FET measurements with the nanoprobe and correlate to four- 

probe measurements to investigate the role of doping concentration on resistivity.
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These measurements will reveal the extent of doping variation from NW-to-NW and 

the impact this has on the resistivity magnitude spread measured here. A slightly 

more challenging experiment could be to expose the NWs to a gas, such as 0 2, in the 

nanoprobe chamber and repeating the above measurements. To gain the most 

useful information it would be necessary to also perform measurements on the NW  

after baking in-situ and cooling to remove adsorbed water and gas species, this could 

be considered a datum point for ZnO NWs. These experiments will reveal the full 

extent of the surface on the bulk conduction properties and how the doping 

concentration counteracts the surface depletion. To complete the characterisation 

conduction mechanisms could be studied at low temperatures.

2. Complete a comprehensive set of experiments detailing the electrical behaviour of 

Au catalysed contacts with NW size and surface depletion. In their bare, 'as- 

prepared' state the Au contact measurements should be correlated to the overall 

NW diameter. Introducing gases into the chamber would allow measurement of the 

influence surface depletion or accumulation has on the contact characteristics and 

current magnitudes. Also, again annealing the sample in UHV to remove surface 

adsorbates would allow measurements in the 'clean' state and low temperature l-V- 

T measurements could assess properties such as the Richardson constant. A parallel 

study to simulate the Au contact -  NW system by applying the Poisson equation to 

the case of a contact smaller than the NW diameter would provide a crucial insight21.

3. A very worthwhile but difficult study would be to apply high resolution STEM to 

study the effects of large currents on the ZnO NWs and the ZnO NW-Au interface. 

Studying NWs inspected at the atomic level that have been subjected to l-V 

measurements we could reveal any local changes in composition or crystal structure 

induced by the edge effects, large current densities and point contact probe tips.

This would require the use of the nanoprobe to initially conduct the measurements 

of the contacts and then to remove the NW from the array and transfer it to a 

suitable TEM grid.

Specific experiments for each technique are now briefly listed.
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8.6.1 Further work: nanowire growth
•  AFM of roughened substrates before every growth and correlate to NW morphology,

base layer thickness and etching procedure.

•  Detailed cross-sectional TEM study to examine the structure of the base layer and all 

sub-layers such as metals used to investigate the structural and compositional 

form.108

•  Doping of the growth to achieve a p* or n* base growth, p* or n* NWs and 

combinations of these

•  Electrical measurement of the metal-semiconductor-metal structure fabricated from  

NWs and metals deposition

•  Control the catalyst particle size with monodisperse Au nanoparticles and tailor the 

NW diameter with growth parameters. This could be used to refine the NW-Au 

diameter ratio, contact diameter and therefore the contact behaviour.

8.6.2 Further work: TEM and HAADF-STEM
•  3-D reconstruction tomography of the NWs, Au particles and pads, and the resulting

interface

•  Scanning Auger Microscopy of the base layer to inspect diffusion of substrate 

elements into the NW array at low concentration levels

•  FIB section analysis of non-catalysed NW arrays to investigate the wetting layer 

apparent from cross-section SEM

•  3-D imaging reconstruction133 of the Au catalyst interface and HAADF imaging on 

different zone axes

•  Analyse ZnO catalysed nanostructures of different growth orientations, such as NBs, 

with different catalyst metals for alloying, interdiffusion and catalyst impurities

•  Attempt a cross-section of a NW array for high-resolution HAADF analysis of Au 

atomic incorporation in the base growth -  very difficult due to the contamination 

created by the FIB process

• High resolution HAADF imaging of defective ZnO NWs and Au

•  High resolution HAADF imaging with no initial 120°C bake

•  Atom probe tomography of a catalysed ZnO NW
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•  HAADF imaging and EDX at SuperSTEM of the Au catalyst-NW interface after 

measurement and characterisation with the nanoprobe

8.6.3 Further work: Four-probe measurements
•  Heat the NW samples in-situ to remove adsorbed gases to reveal the intrinsic effect

of surface states on conductivity, and then introduce pure gases to measure the 

effect of surface depletion or accumulation

•  Surface treatment, such as with solvents, to investigate the influence on transport 

characteristics along with surface doping17 to tailor the surface effect on conductivity

•  Measure doping levels of many NWs from one growth with nanoprobe back gated 

FET measurements and correlate to the NW resistivity

•  Low-temperature four probe and contact measurements to investigate transport 

mechanisms

8.6.4 Further work: Two-probe measurements
•  TEM of Au-wire contact that has been measured by the two-probe nanoprobe

method to investigate any structural or local changes

•  Measure the properties of NWs, such as donor density and dielectric constant to 

apply more detailed analysis to Schottky measurements along with the

•  Measurement of the Richardson constant for a range of NW size

•  Using the measured properties of the NWs analyse the catalyst particle interface in 

relation to size and NW diameter e.g. correlate doping to l-V characteristics

•  Contact measurements before and after annealing the sample to remove adsorbed 

species to assess the effect of surface conduction, expose to different gases before 

measurement can accumulate or deplete the surface

•  Numerically simulate the depletion region of the nano-sized catalyst particles 

including surface charge, edge effects and the catalyst particle and NW shape. 

Correlate the results of the full depletion model to experimental measurements. This 

would involve numerically solving the Poisson equation of the potential landscape in 

a semiconductor of confined shape with a metal contact on the tip. The NW near the 

tip has slightly tapered sides to the contacts edge and the contact itself has high 

curvature near the junction with the NW. By solving the Poisson equation and 

obtaining a transmission coefficient for the barrier shape the transport properties
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can be calculated using one-dimensional quantum mechanics. The key to this is the 

correct modelling of the barrier and the potential effect of a high field at the contact 

edge which would locally contract the barrier. This would be a major advance on the 

work by Smit60 and Leonard21.
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9 Appendix A -  Growth parameter tables

9.1 Catalysed Growth Experiments

The table 9-A below provides parameters details and brief comments on all experiments of 

Au catalysed ZnO grow th, these are referred to  in the main text by experim ent number.

36 905 1.6 4 0.5 120 30 5 High 10 V.Long 

» 6 u m  30- 

60nm

Au only on 2- 

3um NWs at 

11cm

35 890 1.6 4 0.5 120 24 4 high 10 4-6um 30- 

60nm

Sample 3 two- 

probe 

measurements, 

much lower 

density various 

lengths and 

diameters

34 905 1.6 4 0.5 80 14 5 high 10 >5um 40nm + 

short thicker

thin with Au 

tips

33 905 1.6 4 0.5 35 14 5 med 9.5 very thin 

20nm

thin Au tips

32 905 1.6 2 0.5 30 14 4 low 8 d<20nm Au tips

31 GaN 905 1.6 6 0.5 35 14 3 low 11 d<20nm 

whips + flags

Au tips

30 905 1.6 2 0.5 35 14 4 low 8 20-50nm au tips, walls

29 905 1.6 6 0.5 45 24 1 n/a n/a n/a big Au particles

28 905 1.6 2 0.5 35 24 5 low 8 l-2um  30- 

50nm on 

walls

Au tips

27 905 1.6 2 0.5 25 24 2 low 7 stumps 30- 

50nm

26 Si 930 1.6 0 0 45 colloid 0 n/a n/a lumps

25 Si 930 0.8 0 0 45 colloid 0 n/a n/a lumps

24 900 0.8 0 0 45 colloid 0 n/a n/a lumps

23 900 0.8 0 0 45 24 5 high 0 2-3um 60- 

lOOnm

NWs on Walls

22 860 0.8 0 0 45 24 0 n/a n/a No growth

21 880 0.8 0 0 45 24 4 ? 0 lu m  50- 

lOOnm

No walls

20 905 1.6 2 0.5 45 24 1 n/a n/a random

structures

19 895 1.6 2 0.5 60 24 5 med 7.5 1.5um NWs on walls

18 905 1.6 2 0.5 45 24 5 low 7.5 1.5-2um Au tips

17 895 1.6 2 0.5 45 24 5 low 7.5 lu m  30-80 longer NWs Au 

tips

16 885 1.6 2 0.5 45 24 4 low 7.5 0.5-1.5um Au tips

15

14

905

885

1.6

1.6

2

1

0.5

0.5

30

45

3

3

0

0

n/a

n/a

n/a

n/a

no growth
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13 905 1.6 6 0.5 45 8 5 high 11.5 long thin some Au tips 

some walls

12 895 1.6 2 0.5 45 8 5 high 7.5 2-3um 50nm walls

11 905 1.6 4 0.5 45 8 5 high 9.5 l.Sum 50- 

lOOnm

400nm walls

lOGaN 905 1.6 6 0.5 45 12 2 n/a n/a poor

9 C-AI203 955 0.8 10 1 30 12 3 high 16 rods NWs

8 GaN 890 1.6 5 1 30 12 0 n/a n/a no growth

7 GaN 915 1.6 6 1 45 12 5 high 12 3-4um 30- 

60nm

walls

6 C-AI203 915 1.6 7 1 56 12 3 high 13 2-4um 30- 

50nm

tilted

5 C-AI203 940 1.6 10 1.5 45 12 3 high 16 4-5um 40- 

70nm

tilted

4 C-AI203 955 1.6 10 2.5 45 12 3 high 17.5 >2um 50- 

80nm

tilted

3HOPG 955 1.6 10 5.5 30 12 4 low n/a rods optimisation 

needed good 

signs

2 C-AI203 1005 0.8 14 1.5 30 12 2 low n/a poor

1 C-AI203 980 0.8 14 0.5 30 12 2 low n/a poor

Table 9-A  Catalysed G row th  Param eters

9.2 Non-Catalysed Growth Experiments

The table 9-B provides parameters details and brief comments on all experiments of non- 

catalysed ZnO growth, these are referred to  in the main text by experim ent number.

n
cr £ (7) •

N
um

ber
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3■o

*0

1c
rS
?

Source 
(g

1

o

Q.

l

s

0  
|

1  to -

D
ensity

(cm
)

n

9-

3
to

grow
th

3
3to3
O

3
(03

*0

O
ther

02
I i

3
5'

c

f
5 cr

a
01
a
5'
3

a-AI203

v. Low density vert 

>4um40nm NWs, some diagonal 

growth

Very thin

v.low density vert
216 10S0 1.6 0.6 23 0.5 60 4 low 30 5 >8um40-80nm

NWs, plus diagonal

215 1050 1.6 0.6 23 0.5 60 1 high n/a 5 mess

214 1050 1.6 0.6 23 0.5 60 1 high n/a 5 messy thin NWs

213 1050 1.6 0.6 23 1 60 4 high 31
tapered 3um cooler region no

70nm mess, tapered

212 1050 1.6 0.8 23 0.5 60 4 med 31 5 5umS0-110nm vert NW, some mess

Large area mostly
211 1050 1.6 1 23 0.5 60 4 high 32 5 >7um 60-200nm

huge diameter range

210 1050 1.6 1 23 2 60 3 high 33 30 3um lOOnm tapered
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209

208

207

206

205

204

203

202

201

200

199

198

Sl-Cf-W-ZnO

seed

186

185

184

183

182

181

180

179

178

177

176

1050 1.6 0.8

1050 1.6 0.8

1050 2.8 0.8

1050 1.6 0.8

1050 1.6 0.8

1050 1.6 0.6

1050 1.6 0.8

1050 1.6 0.8

1050 1.6 0.8

1050 1.6 0.8

1050 1.6 0.8

1050 1.6 0.8

2-15um

1100 1.5 0.8

1050 1.5 0.8

1100 1.1 0.8

1100 1.6 0.8

1100 1.7 0.8

1050 3 0.8

1050 1.7 0.8

1100 1.1 0.8

1050 1.1 0.8

1050 1.1 0.8

1100 1.1 0.8

23 2 120

23 2 60

23 2 60

23 2 60

23 2 60

23 2 60

23 2 60

23 2 56

23 2 60

23 2 50

23 2 60

23 2 60

23.5 1 52

23.5 1 52

23.5 3 60

23.5 2 60

23.5 2 60

23.5 1 60

23.5 1 60

23.5 1 60

23.5 1 60

23.5 0.5 45

23.5 0.5 60

2 high 32

3 med 32

3 v high 30

2 low n/a

2 low n/a

5 high 32

4 high 31

4 high 32

2 v. Low n/a

3 low 30

4 n/a 31

5 high 31

3 high 32

2 high 32

2 high 32.5

2 high 33

0 n/a n/a

1 high n/a

4 high 31.5

5 high 32

5 high 31

3 high 31

4 high 33

30 lum  lOOnm

30 3um lOOnm

30 >5um >150nm

5 n/a

5 n/a

30 3um 70nm

30 Sum 70nm

10 4um lOOnm

10 n/a

10 lum

10 3um

10 7um lOOnm

Zinc 

Acetate in 

100ml 

ethanol (g)

0.11 2um80-110nm

0.11 1.5um lOOnm

0.11 2um lOOnm

0.11 2um 150nm

O i l  no growth

0.11 mess lumpy

0.11 >10um 120nm

0.11 8um 80nm

0.11 6um 70-100nm

0.11 2um40nm

0.11 2um40nm

m ain te x tTable 9-B Non-Catalysed grow th param eters  referred  to  in the

tapered 

patchy 

overgrowth 

messy 

messy 

uniform 

with diagonal 

small area 

v small patches 

poor 

small patches 

large area

5 similar samples 

lumpy 

pointy tips 

pointy tips

3 v good samples at 

rear

3 excellent samples

good rear but 

tapered

short growth

short growth
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9.3 Appendix B -  Matlab Code

The Matlab code is the differential evolution fitting routine used to optimise the depletion 

region shape with Rdep=middep/ (3=bR and Wmax=Wmid.

%%%{%%%% Tunnel current through 47nm contact
format short g
clear

load d2.dat 

d = d2 ;

% Voltage range and step size 
% S.Vine = 100;
S.Vmax = 0.25;
% V = linspace(0,S .Vmax,S.Vine)'; % voltage

% Metal contact radius and Schottky barrier height 
S.cont = (47e-9)/2; contact radius metres 
S.phi = 0.65 ; barrier height eV 
%constants
S.q = 1.6022e-19 ; electron charge 
S.Ez = 8.66; relative permittivity ZnO 
S.Ev = 8.85e-12; permittivity vac 
S.mr = 0.24 ; relative electron mass 
S.k = 1.3807e-23 ; Boltzmann 
S .T = 2 9 8 ; t emp
S.Ar = 3.2e5 ; %Ar ZnO Richardson constant 
S.Xi = 0.01; Fermi level above CB 
S.MF = 1e10;
S.n = 235;

figure(3)
plot (d(:,1), d(:,2), 'o') ;

%perhaps put a minus here
i_dl = d (:,1) > 0;
d = d(i_dl,:);
i_dl = d(:,l) < S.Vmax;
d = d (i_dl,:);

figure(4)
plot(d(:, 1) , d (:,2), 'o') ;
S.dl = d;

V = S.dl(:,l); % voltage 
S.V = V;

% Parameters
bR = 0.01 ; % percentage of total depletion radius that overhangs metal contact edge 
middep = 20e-9 ; span of the depletion region in middle of the trapezoidal shape
Wmid = 23.5e-9; depletion width in middle of trapezoidal shape

P = [bR middep Wmid]; 
dP = P * 0.9 ;
%%
Regions = repmat(P,2,1);
Regions(1,:) = [0.001 le-10 21e-9];
Regions(2,:) = [0.2 (S.cont) 24e-9];

S.fname = 'T currentDE';

P = fit_TC(Regions,S) ;
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S.V = linspace(0,S .Vmax,100 
Ic = T_current_l(P, S) ; 
figure(2)
plot(S.V, Ic,'r-1, d ( 
xlim([0,S.Vmax]); 
grid on
title('tunnel current 
ylabel('Current / A ’) 
xlabel('Voltage / V')

voltage

,1), d (:,2), 'o')

Iwrite out fit I-V data to file
name='Sample_217 ISpectra #407 fit data';
fn = strcat('C :\Users\Alex Lord\Documents\Work\Project\Labs\Omicron 

measurements\October 2011\Matlab Contact fit\Rowan OptimiseX',name);

IVwrite = horzcat(S.V, Ic) ; 
save(fn, 'IVwrite', '-ASCII');

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%

function P = fit TC(Regions,R)

dims = size(Regions) ;
I_D = dims(2);
FVr_minbound = Regions(1,:); 
FVr_maxbound = Regions(2,:); 
I_NP = 30;
I_itermax = 100;
F_weight = 0.5;
F_CR = 0.9;
F_VTR = 0;
I_strategy = 1;
I_refresh = 1;
I plotting = 1;
I bnd constr = 
tol = le-10;

1:

%-----Problem dependent constant
R .I_NP = I_NP;
R.F weight = F weight;
R .F_CR = F_CR;
R. I_D = I _ D;
R.FVr minbound = FVr minbound;
R.FVr maxbound = FVr maxbound;
R .I bnd constr = I bnd constr;
R .I itermax = I itermax;
R .I strategy = I strategy;
R .I refresh = I refresh;
R .I plotting = I plotting;
R. tol = tol;
R .flag = 0;
R .F_VTR = F VTR;
R.sampled = 0;
R . LHC 0;

% Start of optimization
■ k ' k ' k - k k r k ' k ' k ' k ' k k ' k ' k ' k - k ' k - k ' k ' k k - k - k ' k - k - k - k ' k ' k ' k ' k ' k ' k - k ' k ' k - k ' k k ' k ' k ' k ' k ' k ' k - k ' k ' k - ■ k k ’k ' k ' k k - k ' k ' k ' k '

[P,S_y,I_nf] = DE_mrb(R) ;
end
%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%
% Parameters:
% S (I) Problem data vector (must remain fixed during the

minimization). For details see Rundeopt.m. 
%  members of S struct--------------------------------------
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f name 
F VTR

% FVr minbound (I)

FVr maxbound

I_D
I_NP
I_itermax
F_weight
F_CR
I_strategy 
I refresh

(I) String naming a function f(x,y) to minimize.
(I) "Value To Reach", deopt will stop its minimization

if either the maximum number of iterations "I_itermax" 
is reached or the best parameter vector "FVr bestmem" 

has found a value f {FVr_bestmem,y) <= F_VTR.
Vector of lower bounds FVr_minbound(1) ... FVr_minbound(I_D)

of initial population, 
note: these are not bound constraints!! ***
(I) Vector of upper bounds FVr_maxbound(1) ... FVr_maxbound(I_D)

of initial population.
(I) Number of parameters of the objective function.
(I) Number of population members.
;I) Maximum number of iterations (generations).
I) DE-stepsize F_weight from interval [0, 2].
I) Crossover probability constant from interval [0, 1].
iI) 1 — > DE/rand/l
(I) Intermediate output will be produced after "I refresh"

iterations. No intermediate output will be produced
if I refresh is < 1.

% Return value:

constraints

FVr_bestmem (0)
S_bestval.I_nc (0)
S bestval.FVr ca (0)

Best parameter vector.
Number of constraints 
Constraint values. 0 means the

are met. Values > 0 measure the distance
to a particular constraint. 

S_bestval.I_no (O) Number of objectives.
S bestval.FVr_oa (0) Objective function values.
I nfeval (0) Number of function evaluations.

%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%%% 
function [FVr_bestmem S_bestval I_nfeval S] = DE_mrb(S)

v  This is just for notational convenience and to keep the code uncluttered.---

f name 
I_NP
F_weight 
F_CR 
I D

= S.fname;
= S .I_NP;
= S.F_weight; 
= S .F_CR;
= S.I D;

FVr_minbound = S .FVr_minbound;
FVr_maxbound = S .FVr_maxbound;
I_bnd_constr = S .I_bnd_constr;
I_itermax = S.I_itermax;
F_VTR = S .F_VTR;

% d = zeros(I_itermax,4);

% Check input variables--------------------------------------------------
if (I_NP < 5)

I_NP = 5;
fprintf(l,' I_NP increased to minimal value 5\n');

end
if ((F_CR < 0) || (F_CR > 1))

F_CR = 0.5;
fprintf(1,’F_CR should be from interval [0,1]; set to default value 0.5\n');

end
if (I_itermax <= 0)

I_itermax = 200;
fprintf( 1 I_itermax should be > 0 ;  set to default value 2 0 0 \ n ' ) ;

end

% Initialize population and some arrays----------------------------
FM_pop = zeros(I_NP,I_D); initialize FM_pop to gain speed

% FM pop is a matrix of size I NPx(I D+l). It will be initialized-
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% with random values between the min and max values of the--------------
% parameters------------------------------------------------------------------

for k = 1:I_NP

FM_pop(k,:) = FVr_minbound + rand(1,I_D).*(FVr_maxbound - FVr_minbound);

end

FM_popold = zeros(size(FM_pop)); #ok<NASGU> % toggle population
FVr_bestmem = zeros(1,I_D); #ok<NASGU> % best population member ever
FVr_bestmemit = zeros(1,I_D); #ok<NASGU> - best population member in iteration
I_nfeval = 0; % number of function evaluations

%------ Evaluate the best member after initialization------------------------

I_best_index = 1; % start with first population member
S_val = feval(fname,FM_pop(I_best_index, :), S) ;

S_bestval = S_val(l); best objective function value so far
I_nfeval = I_nfeval + 1;

% d (1,:) = Sbestval;
d (1,:) = realsqrt(sum(FM pop.A2 , 2)');

for k = 2:I_NP % check the remaining members

S_val(k) = feval(fname,FM_pop(k,:),S);
I_nfeval = I_nfeval + 1;

if (left_win(S_val(k),S_bestval) == 1)
I_best_index = k; V save its location
S_bestval = S_val(k);

end

end

FVr_bestmemit = FM_pop(I_best index,:); best member of current iteration 
S bestvalit = S bestval; l#ok<NASGU> % best value of current iteration

FVr bestmem = FVr bestmemit; % best member ever

FM_pml
FM_pm2
FM_pm3
FM_pm4
FM_pm5

-DE-Minimization---------------------------------------------
-FM_popold is the population which has to compete. It is-
-static through one iteration. FM_pop is the newly-------
-emerging population.---------------------------------------

= zeros(I_NP,I_D) 
= zeros(I_NP,I_D) 
= zeros(I_NP,I_D) 
= zeros(I_NP,I_D) 
= zeros(I NP,I D)

FVr_rot = (0:1:I_NP-1); 
I iter = 1;

%#ok<NASGU> % initialize population matrix 1
%#ok<NASGU> % initialize population matrix 2
%#ok<NASGU> % initialize population matrix 3
%#ok<NASGU> % initialize population matrix 4
%#ok<NASGU> : initialize population matrix 5

% rotating index array (size I NP)

while ((I_iter < I_itermax) && (abs(S_bestval.FVr_oa(1) - F_VTR) > S.tol))

FM_popold = FM_pop; save the old population
S.FM_pop = FM_pop;
S .FVr bestmem = FVr bestmem;

FVr_ind = randperm(4);

FVr_al = randperm(I_NP);
FVr rt = rem(FVr rot+FVr ind(l),I NP);

% index pointer array

% shuffle locations of vectors 
% rotate indices by ind(l) positions
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FVr_a2 = FVr_al(FVr_rt+l); % rotate vector locations
FVr_rt = rem(FVr_rot+FVr_ind(2),I_NP);
FVr a3 = FVr a2(FVr rt+1);

FM_pml = FM_popold(FVr_al, 
FM_pm2 = FM_popold(FVr_a2, 
FM_pm3 = FM popold(FVr a3,

% shuffled population 1 
% shuffled population 2 
% shuffled population 3

% all random numbers < F_CR are 1, 0 otherwise 
FM_mui = rand(I_NP,I_D) < F_CR;
% inverse mask to FM_mui 
FM_mpo = not(FM_mui);

DE/rand/1
FM_ui = FM_pm3 + F_weight*(FM_pml - FM_pm2); differential variation
FM_ui = FM_popold.*FM_mpo + FM_ui.*FM_mui; i crossover
FM_origin = FM_pm3;

% Select which vectors are allowed to enter the new population---------
for k = 1:1 NP

%=====Only use this if boundary constraints are needed=========
if (I_bnd_constr == 1)

for j = 1:I_D % boundary constraints via bounce back----
if (FM_ui(k,j) > FVr_maxbound(j))

FM_ui(k,j) = FVr_maxbound(j) + rand*(FM_origin(k,j) - 
FVr_maxbound(j));

end
if (FM_ui(k,j) < FVr_minbound(j))

FM_ui(k,j) = FVr_minbound(j) + rand*(FM_origin(k, j) - 
FVr_minbound(j)) ;

end
end

end
%=====End boundary constraints=================================

S_tempval = feval(fname,FM_ui(k S ) ; % check cost of competitor
I_nfeval = I_nfeval + 1;

if (left_win(S_tempval,S_val(k)) == 1)

FM_pop(k,:) = F M _u i( k , : ) ;  % replace old vector with new one (for new
iteration)

S_val(k) = S_tempval; % % save value in "cost array"

% we update S_bestval only in case of success to save time-

if (left_win(S_tempval,S_bestval) == 1)
S_bestval = S_tempval; % new best value
FVr_bestmem = FM_ui(k,:); % new best parameter vector ever

end

end
end

S .errOr(I_iter) = S_bestval.FVr_oa(1); keep errOr

% Output section-------------------------------------------------------------
% removed
I_iter = I_iter + 1;

end % end while ((I_iter < I_itermax) ...

end

function S MSE = T current DE(P,S)
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N_V = numel(S.V);

Ic = T_current_l(P,S);

dy = (S.dl(:,2)-Ic)*S.MF;
F_cost = sum ( (dy.*dy))/N_V;

% strategy to put everything into a cost function-------------
S_MSE.I_nc = 0;%no constraints
S_MSE.FVr_ca = 0;%no constraint array
S_MSE.I_no = 1; number of objectives (costs)
S_MSE.Ic = Ic;
S_MSE.FVr_oa(1) = F_cost;

End

function Ic = T_current_l(P,S)

%%
N_V = numel(S.V);

bR = P (1); 
middep = P (2);
Wmid = P (3);

R = S.cont*( 1 + bR ); % total depletion radius at interface with metal
ang = atan(Wmid/(R-middep)); angle of depletion trapezoid sides \_/
t_ang = tan(ang);

Ic = zeros(N_V,1); 
qkT = S.q/(S.k*S.T);

n = S.n; , number of segments the depletion region is split for each voltage step
S.step = S.cont/n; the size of each step relative to the metal contact
radius, not the depletion radius at interface
cenwid = round(n*(middep)/S.cont); % number of steps for middle depletion section 
where W is constant

i_n = (1 : n)';
S.r = i_n*S.step;

W = ones(n,1)*Wmid;
Wi = i_n > cenwid;
W(Wi) = t_ang*(R - S.r(Wi));

for ii = 1: N_V sum over the voltage range

S.v = S.V(ii);

Nd = 2*S.Ez*S.Ev*S.phi./(W.*W*S.q) ; doping for which cirrespond to 
depletion width W

S.EOO = (18 . 5e-15) .*sqrt( Nd/(S.mr*S.Ez) ) ; tunnelling parameter
S.EO = S .E00.*coth(qkT*S.E00); % Thermionic Field Emission parameter

% calculate the current for this step

[vl, v2, Itfe, v3, Ibits] = current_l(S);

% total current across contact at voltage step 
Ic(ii) = Itfe;

end ; for i, move on to next voltage step

end
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function [Istep, i_ck, Itfe, Js] = current_l(S)

qkT = S.q/(S.k*S.T);

i_ck = qkT*S.E00 < 2.7;

pvX = (S.phi - S.v)/S.Xi;

calculate the saturation Js term, split into bits 
JsNum = 2*pi*S.Ar*S.T*S.q*S.E00.*exp(-S.phi./S.E00); numerator
JsDenl = S . k*log (2*pvX); %demoninator 1
JsDen2 = sin(pi*S.k*S.T*log(2*pvX) ./(2*S.q*S.E00)) ; ^denominator 2
Js = JsNum./ (JsDenl.*JsDen2); % full FE Js term
Istep = 2*pi*Js.*exp( S.v./S.EOO ).*( 1 - exp( -qkT*S.v ) ).*S.r*S.step;

■TFE applies in regions of larger W, linked to Nd and E00

tl = S .q*S.T*S.A r ./( S .k*cosh(qkT*S.E00) ); 
t2 = sqrt ( pi*S.E00* (S.phi - S.v + S.Xi) ); 
t3 = exp( qkT*S.Xi - (S.phi+S.Xi)./S.EO);
Jsl = tl.*t2.*t3;
Js(i_ck) = Jsl(i_ck);
% Full TFE Js term 
%current over area 2pi*r*dr

Istep = 2*pi*Js.*exp ( S.v./S.EO )*( 1-exp( -qkT*S.v ) ).*S.r*S.step;

Itfe = sum(Istep); count total TFE current

end
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