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Enhanced SWIR Light Detection in Organic Semiconductor
Photodetectors through Up-Conversion of Mid-Gap Trap

States

Stefan Zeiske, Nasim Zarrabi, Oskar J. Sandberg,* Sam Gielen, Wouter Maes,

Paul Meredith,* and Ardalan Armin*

Shortwave-infrared (SWIR) photodetectors are vital for many scientific and
industrial applications including surveillance, quality control and inspection.
In recent decades, photodetectors based on organic semiconductors

have emerged, demonstrating potential to add real value to broadband

and narrowband imaging and sensing scenarios, where factors such as
thermal budget sensitivity, large area aperture necessity, cost considerations,
and lightweight and conformal flexibility demands are prioritized. It is now
recognized that the performance of organic photodetectors (OPDs), notably
their specific detectivity, is ultimately limited by trap states, universally present
in disordered semiconductors. This work adopts an approach of utilizing
these mid-gap states to specifically create a SWIR photo-response. To this end,
this work introduces a somewhat counter-intuitive approach of “trap-doping”
in bulk heterojunction (BHJs) photodiodes, where small quantities of

a guest organic molecule are intentionally incorporated into a semiconducting
donor:acceptor host system. Following this approach, this work demonstrates
a proof-of-concept for a visible-to-SWIR broadband OPD, approaching

(and, to some extent, even exceeding) state-of-the-art performance across
critical photodetector metrics. The trap-doping approach is, even though

only a proof-of-concept currently, broadly applicable to various spectral
windows. It represents a new modality for engineering photodetection

using the unconventional strategy of turning a limitation into a feature.

1. Introduction

Photodetection across the ultraviolet (UV)
to the shortwave-infrared (SWIR; nor-
mally defined as ~1.3 to 2.5 um) spectral
range is crucial for scientific and indus-
trial applications, including (bio-)sensing
and imaging,'®) machine vision,l® and
communication.”" !l Over the past few
decades, devices based on next-generation,
organic semiconductors have emerged
showing potential for UV-SWIR broadband
and narrowband imaging and photode-
tection. Organic photodetectors (OPDs)
present a compelling alternative to the
state-of-the-art plethora of current technol-
ogy which is largely based upon Silicon (Si),
Germanium (Ge), and III-V semiconductor
compounds like Indium Gallium Arsenide
(InGaAs). While OPDs currently display in-
ferior specific detectivities (D*), compared
to conventional technologies, there are sev-
eral complementary scenarios where OPDs
could prove valuable, especially for SWIR
and broadband detection (spanning the
VIS to SWIR).['2) These scenarios prioritize
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Figure 1. Mid-gap trap states in OPDs and device architecture of trap-doped OPDs investigated in this work. a) State energy diagram and related mid-
gap trap state-related parameters in organic donor(D):acceptor(A) systems. The process of photon absorption via the effective gap, charge transfer (CT)
state, and mid-gap trap states are indicated by upward arrows; recombination pathways are represented by downward arrows. b) Schematic illustration
of the device architecture with relative energy level diagram of the D:A bulk heterojunction (BH]) host system and organic dopant.

factors such as thermal budget sensitivity, the necessity for
large area apertures, cost considerations, or the requirement for
lightweight and conformal flexibility.

The photo-active layer of an OPD typically comprises a blend
of two organic semiconductors, referred to as the donor (D) and
acceptor (A) [respectively the p- and n-type analogues from con-
ventional semiconductor nomenclature], forming a bulk hetero-
junction (BH]J) photodiode. While the spectral response of OPDs
generally depends on the absorption onset of the organic semi-
conductor component with the smaller optical (excitonic) gap,
the noise current is ideally only limited by the energy E.r of D-A
charge transfer (CT) states.'*'*] In general, E; reflects the en-
ergy difference between the highest occupied molecular orbital
(HOMO) of the donor and the lowest unoccupied molecular or-
bital (LUMO) of the acceptor. To achieve SWIR or broadband pho-
todetection with OPDs different approaches have been adopted.
These include combining near-IR-absorbing (NIR), narrow-gap
polymer donors with (non-) fullerene acceptors or dyes,!'>*°! im-
plementing (optical) microcavities through optical spacers!?"! or
fine-tuning of the photo-active layer thickness to enhance light
absorption via CT states,!2* or utilizing charge-collection nar-
rowing effects via optically and electrically thick junctions.[2>2¢]

However, several studies have now reported that the perfor-
mance of OPDs is limited by trap states within the gap.[?’-% The
performance-limiting traps were suggested to predominantly be
composed of mid-gap states, situated at an energy E, half of the
effective gap (E, & Ecr/2), and found to be universally present in
organic semiconductors.*"! These traps enhance the noise cur-
rent through their impact on the dark current, which is expected
to increase exponentially with decreasing E.p, thus being partic-
ularly detrimental in low-gap BH] systems relevant for SWIR de-
tection. Furthermore, these mid-gap trap states were shown to
contribute to both i) free charge carrier generation through a two-
step optical release process, referred to as “photo up-conversion”
[where a trapped charge is up-converted to a CT state via NIR
photons], and ii) subsequent non-geminate (radiative and non-
radiative) recombination.*}] Figure 1a shows a state energy dia-
gram depicting mid-gap trap state-related processes in an organic
semiconductor D:A BH]J system.

Whilst these mid-gap states do ultimately limit the perfor-
mance (notably D* via the noise current) in OPDs, especially in
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systems with small energy gaps, realizing that they seem ubiqui-
tous in disordered semiconductors, one could adopt an approach
of utilizing them especially to facilitate a SWIR photo-response.
In our current work, we introduce a somewhat counter-intuitive
approach of “trap-doping” in BH]Js to realize SWIR and broad-
band OPDs. The trap-doped OPDs are achieved by intentionally
incorporating small quantities of a guest organic molecule into
a D:A BH]J host system without modifying the thickness of the
photo-active layer. More precisely, the HOMO-level energy of the
organic additive is situated close to the mid-gap of the D:A host
material system, such that the guest molecules will act as par-
tially radiative traps within the D:A gap. Using this approach,
we present a proof-of-concept for a VIS-SWIR broadband OPD,
demonstrating both specific detectivities exceeding 10® Jones and
linear dynamic ranges surpassing 100 dB across the entire spec-
tral range from VIS up to sub-1 eV SWIR. Furthermore, we
demonstrate that trap-doped OPDs can be utilized to achieve en-
hanced sub-1 eV SWIR photodetection without simultaneously
compromising its performance in the complementary VIS spec-
trum.

2. Results and Discussion

The OPDs investigated in this work had the following device ar-
chitecture: Glass | ITO (150 nm) | interlayer | photo-active BHJ
layer | interlayer | Ag (100 nm). Detailed information on the de-
vice fabrication, chemical definitions and structures of the or-
ganic materials along with current density versus voltage curves
are provided in Supporting Information. Figure 1b, Supporting
Information shows a schematic illustration of the device archi-
tecture with the relative energy level diagram of a D:A BH]J host
and an organic additive. The trap-doping strategy involves delib-
erately incorporating small quantities of a guest organic molecule
into a D:A BHJ host system without modifying the thickness of
the active layer. Provided that the concentration of the additive
is small enough such that the embedded organic dopants are
well-dispersed within the intermixed D:A matrix to hinder direct
charge transport between pure additive sites, the guest molecules
will act as partially radiative traps within the D:A gap. Addition-
ally, to achieve enhanced photodetection in the SWIR, the align-
ment of the additive’s HOMO level (Ey;oy0 aaditive) With the host
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Figure 2. a) Energy levels and external quantum efficiency of trap-doped OPDs. a) HOMO and LUMO energy values, as taken from literaturel34411 of
donor, acceptor and additive materials investigated in this works. b) Normalized EQE of (upper panel) PM6:BTP-eC9 without (control; blue) and with
(trap-doped; green) the narrow-gap additive PTTQ(HD), (middle panel) PTB7-Th:EH-IDTBR without (control; orange) and with (trap-doped; pink) the
additive PTTQ(HD), and (lower panel) PCDTBT:PC71BM without (control; grey) and with (trap-doped; dark yellow) the wide-gap additive m-MTDATA.
The colored shaded areas mark the gain in EQE of the trap-doped OPD compared to the control devices. The vertical, grey dotted lines correspond to
a photon energy of ~0.95 eV. c) Calculated ratio of the EQE values at 0.95 eV of the trap-doped and control systems from panel (b) plotted against
the energetic offset between the corresponding D:A BHJ host’s mid-gap and the additive’s HOMO energy level. The error bars represent the uncertainty

commonly associated with the energy level determination.

D:A BHJ's mid-gap level (Epyy iq.40) S€TVes as a key design met-
ric. The closer Eyoyo additive 15 10 Eppy mig-gap» the higher the prob-
ability for radiative trap sites to participate in the trap-mediated
charge generation of free charge carriers from photons of energy
By, < Ecr. In this regard, ultra-sensitive external quantum effi-
ciency (EQE) measurements of three different cases were per-
formed: (Case 1) a PM6:BTP-eC9 host system with PTTQ(HD)
as additive; (Case 2) a PTB7-Th:EH-IDTBR host system with
PTTQ(HD) as additive; and (Case 3) a PCDTBT:PC,, BM host sys-
tem with m-MTDATA as the organic additive. The D:A BH]Js and
dopants were specifically chosen to present a broad range of en-
ergy level alignment between Ejjoyo aadgitive 309 Eppiy mid.gap (€St
mated from the energetic difference between D’s HOMO and A’s
LUMO energy level).

Figure 2a shows the HOMO and LUMO energy values of
the D, A, and organic dopant materials; the energy values were
extracted from literature using ultraviolet photoelectron spec-
troscopy (UPS) (for PCDTBT,* m-MTDATA,35! PBT7-Th,3¢
PM6,1*’l EH-IDTBR,*®] PCBM,**! and BTP-eC9.1*)) and cyclic
voltammetry (CV) (for PTTQ(HD)*!). The error bars represent
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the uncertainty in energy level determination in UPS and CV. In
Figure 2D, the normalized EQE for host D:A BH]Js without (con-
trol; dashed lines) and with 1 weight percent (w%) of additives
(trap-doped; solid lines) for Case 1, Case 2, and Case 3 are shown
as a function of photon energy in the upper, middle, and bottom
panels, respectively. The ultra-sensitive EQE measurements were
conducted at room temperature and over a wide range of photon
energies using a home-built EQE apparatus.[] No bias voltage
was applied (i.e., V;,c = 0V) Details of the EQE measurements
are provided in Supporting Information.

While the below-gap EQE signals (in the SWIR) are attributed
to trap-mediated charge generation, the EQE in the VIS region
originates from above-gap absorption in the host system, char-
acterized by direct band-to-band transitions leading to relatively
high responsivity. Furthermore, the significantly different EQE
spectra in the sub-1 eV SWIR regime between Cases 1-3 are at-
tributed to the differences in the relative energetics expected to
critically impact the trap-mediated charge generation. As demon-
strated in Case 1 (upper panel), the introduction of 1 w% of
the narrow-gap polymer PTTQ(HD) to the PM6:BTP-eC9 host
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Figure 3. Influence of PTTQ(HD) additive concentration on EQE, upper radiative limit of D*, and OPD’s extent of broadband light sensing. a) EQE
(left axis) of a PM6:BTP-eC9:PTTQ(HD) BH) OPD plotted as a function of photon energy and compared for different concentrations of the narrow-
gap polymer additive PTTQ(HD): 0 (control), 1, 2.5, and 5 w%. The red and purple vertical dashed lines mark the photon energy of ~ 0.95 and ~
2.4 eV, respectively, at which the theoretical upper limit of specific detectivity (D*) in the SWIR and VIS were examined. The normalized absorbance
of the neat PTTQ(HD) (right axis) is plotted against the photon energy. b) Upper radiative limit of D* plotted as a function of PTTQ(HD) additive
concentration in the PM6:BTP-eC9 host system and compared in the SWIR (red symbols) and VIS (purple symbols). c) Geometrical mean, as calculated
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system, where the additive’s HOMO level (—4.9 eV) closely aligns
with the host D:A BH]J’s mid-gap level (—4.7 eV), leads to a
significant improvement in SWIR absorption and correspond-
ing sub-gap EQE (see coloured shaded area). In Case 2 (middle
panel), where the PTTQ(HD) additive’s HOMO level is more
distant from the PTB7-Th:EH-IDTBR host BH]’s mid-gap level
(—4.6 eV), a much weaker EQE enhancement is obtained. A simi-
lar misalignment is observed for Case 3 (bottom panel), where the
wide-gap additive m-MTDATA, having a HOMO level of about
—5.0 eV compared to the PCDTBT:PC,, BM host system’s mid-
gap level of —4.6 €V, results in a much smaller EQE enhance-
ment relative to Case 1. In Figure 2c, the calculated ratios of the
corresponding EQE values at ~ 0.95 eV (see vertical grey dotted
line in Figure 2b), as a proxy for the degree of trap-doping related
SWIR EQE enhancement, of Cases 1-3 between the trap-doped
and control systems are plotted against the energetic offset be-
tween Egpy viggap @04 Epjono aadinve 10 @ log-linear plot. In Case
1, corresponding to the system with the most pronounced im-
provement in the SWIR-spectral range EQE, an enhancement
of over 3.5 orders of magnitude is observed. As a result, the
PM6:BTP:eC9:PTTQ(HD) (1 w%) system emerges as the most
promising candidate for achieving enhanced SWIR photodetec-
tion and will therefore be the primary focus of further investiga-
tion.

To find the optimal concentration of added, radiative mid-
gap states at which the SWIR (and broadband) photodetection
enhancement is maximized, ultra-sensitive EQE measurements
(under short-circuit conditions) were conducted on PM6:BTP-
eC9 devices with different concentration of the PTTQ(HD) ad-
ditive. Figure 3a shows the EQE spectra (left axis) of PM6:BTP-
eC9 OPDs plotted as a function of photon energy, and compared
for 0, 1, 2.5, and 5 w% PTTQ(HD) additive. As shown, the intro-
duction of trace amounts of PTTQ(HD) into the PM6:BTP-eC9
BH]J impacted both the VIS and SWIR spectral regime: While
the sub-gap EQE (at ~ 0.95 eV; see vertical red dashed line) in-
creased by approximately four orders of magnitude from 1077 to
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plotted against the PTTQ(HD) additive concentration. The star symbol marks the trap-doped OPD with superior D,

%
geo”

1073, a tenfold drop in the related VIS-regime EQE (at ~ 2.4 €V;
see vertical purple dashed line) was observed. The exact EQE val-
ues at 520 and 1310 nm are provide in Table S1, Supporting In-
formation. As evident from the normalized absorption spectrum
of neat PTTQ(HD) (Figure 3a, right axis), indicating a strong ab-
sorption peak ~1.1 eV, the increase in sub-gap EQE can be at-
tributed to charge carrier generation via the narrow-gap polymer
additive (see also Figure S3, Supporting Information). The re-
duced EQE in the VIS regime is attributed to a reduction of the
charge collection efficiency caused by increased trap-assisted re-
combination, giving rise to a drastic reduction in the short-circuit
current and open-circuit voltage in trap-doped devices measured
under artificial 1 sun illumination (see Figure S4, Supporting
Information). In the SWIR regime, the reduction in the collec-
tion efficiency is overshadowed by the drastic increase in trap-
mediated charge generation. Furthermore, the fact that the EQE
signal is redshifted suggests that the charge carrier generation in
the PM6:BPT-eC9:PTTQ(HD) blends is mediated indirectly via
the HOMO level of PTTQ(HD), as opposed to direct photon ab-
sorption and charge carrier generation via PTTQ(HD) only.

Next, we calculated the upper limit of D* and compared it in
the SWIR and VIS for each additive concentration. In this regard,
D* can be defined as:

AV AA EQE
SR M)

1

noise

where 4 is the wavelength, Af the frequency bandwidth, h the
Planck constant, A the device area, ¢ the speed of light, and i, ;.
denotes the noise current. Note that, when the contribution of
the ohmic leakage component (often referred to as shunt current
density, J,) to the dark current density is negligible, i ;.. in re-
verse bias can be identified with the dark saturation current den-
sity (J,) which is a native device property:

inoise =V quOAAf (2)

© 2024 The Author(s). Advanced Materials published by Wiley-VCH GmbH

85U8017 SUOWILLIOD BA11E81D) 3|qeot[dde auy) Aq peuenob ke S9oie YO ‘8sn JO s3I0} ARIqiT8UIUQ AB|IM UO (SUOTHIPUOD-PUB-SWSH /W00 A8 | 1M Ake.q)1|Bul1[UO//:SANY) SUORIPUOD pUe SWie | 8U18eS " [7202/20/52] Uo ArigiTauliuo A(Im AiseAlun essuens Ad T90S0vZ0Z eWPe/Z00T 0T/I0p/Wo 48| im Aiqieuljuo//Sdiy wolj pepeojumod ‘0 ‘Se0rTZST


http://www.advancedsciencenews.com
http://www.advmat.de

ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

An upper limit of D* can be estimated based on the radia-

tive limit of J, which, at small reverse bias, is given by ]}}AD =

q}oEQE(E)d)BB(E)dE, where ¢y denotes the spectral flux den-
0

sity of the black body spectrum at room temperature. Note that
EQE = EQEg., + EQE,,,, accounting for both (i) transitions as-
sociated with CT states or excitons (i.e., radiative band-to-band
transitions; EQEg..), and (ii) radiative transitions taking place
via mid-gap trap states (EQE,,,).!*’! Figure 3b shows the calcu-
lated upper radiative limit of the specific detectivity (D ;) based
on J{AP, as obtained from the integrated EQE, plotted against
the concentration of PTTQ(HD) additive, and compared in the
SWIR spectral range at =~ 0.95 eV (Dj,.; red symbols) and in
the VIS spectral range at ~ 2.4 eV (Dj,; purple symbols). Here,
two observations can be made: (i) the introduction of PTTQ(HD)
results in a significant decrease (increase) in Dy, (Dgy,z) bY
approximately two (three) orders of magnitude, and (ii) whilst
the change in Dg,, across the different PTTQ(HD) concentra-
tions is relatively negligible (amounting to roughly 3.6 x 10!
Jones), a noticeable drop in D from ~ 7.6 x 10" Jones (1
w%) down to ~ 1.2 X 10" Jones (5 w%) is observed. We note
that the introduction of the additional trap states will increase
the shot noise (see Equation 2). However, since the shot noise
will scale by 4/EQEgy, D* in the SWIR regime will increase
by v/EQEqyr (see Equation 1) leading to a net improvement in
detectivity of trap-doped OPDs. We want to emphasize that the
calculated values of D}, and D, in Figure 3b exclusively repre-
sent the upper theoretical limits, disregarding non-radiative loss
mechanisms and any additional noise sources beyond shot noise.
In this sense, these limits represent the art-of-the-possible using
the trap-doping mechanism. Figure 3¢ shows the calculated geo-
metrical mean, Dieo = V/Diyir X Dy (relevant to exponentially
different values), as a proxy to assess a photodetector’s extent of
broadband light sensing, plotted as a function of additive con-
centration. As shown, DZeO is maximized for the PM6:BTP-eC9
system with 1 w% of PTTQ(HD) (see star symbol in Figure 3c).

Having established the additive concentration for enhanced
SWIR and broadband photodetection, we next characterized the
photodetector performance of the PM6:BTP-eC9:PTTQ(HD) (1
w%) trap-doped OPD. To this end, we first examined the lin-
ear dynamic range (LDR) — a quantity providing information
about a photodetector’s range of linear photocurrent-to-incident
light intensity behavior — of the trap-doped OPD in the VIS and
SWIR spectral range and compared it to the control PM6:BPT-
eC9 OPD. Figure 4a shows the normalized EQE of the control
(blue) and trap-doped (green) OPD (under short-circuit condi-
tions) plotted as a function of photon energy; the red and purple
dashed lines mark the SWIR (i.e., A.,. = 1310 nm, or = 0.95 eV)
and VIS (i.e., A, = 520 nm, or ~ 2.4 eV) laser excitation wave-
lengths, respectively, at which the corresponding SWIR- and VIS-
LDRs were examined. Note that the measurements were carried
out in both ac- and dec-mode; technical details of the experimental
setup are provided in Supporting Information.

Figure 4b shows the photocurrent (at V,;,. = 0 V) of the con-
trol (blue symbols) and trap-doped (green symbols) OPD plotted
as a function of incident light intensity at an excitation wave-
length of A, = 1310 nm; square (star) symbols refer to the
dc-(ac-) mode measurements. While the horizontal lines mark
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the noise floors, black dashed lines are guides to the eye cor-
responding to a unity slope. The noise floors were determined
from the noise spectral density (NSD) spectra of the correspond-
ing OPDs (see Figure S1, Supporting Information); details are
provided in Supporting Information. It is expected that the noise
current level associated with traps in the trap-doped device is
higher as compared to the control OPD. However, a noise floor
of ipiee ® 4.3 X 107 A and i, = 4.5 X 107* A for the con-
trol and trap-doped OPD were determined, respectively, imply-
ing a similar D , (see Equation 1). The similarity in determined
noise current suggests that the noise in both devices is dominated
by thermal noise from external shunt effects (induced by non-
idealities in device structure) rather than by the internal noise
of the diodes themselves. As shown in Figure 4b, both OPDs
show a linear photocurrent-to-light power response in the probed
intensity range indicative of the absence of higher-order pho-
tocurrent loss mechanisms (e.g., bimolecular recombination).[*4]
From the intersect of noise floor and unity slope, the noise equiv-
alent power (NEP) was quantified, and found to be NEP_ ..., ~
2.3 % 107 WHz" /2 and NEP,,,, 4opeq ~ 5.7 X 1071 WHz 12, The

specific detectivity, as calculated via D* = \/K/ NEP, of the con-

trol OPD amounted to D ~ 8.7 x 10* Jones, which increased

by roughly three orders of magnitude to D;"mpf doped 3.6 x 108
Jones for the trap-doped device — a value that is close to state-
of-the art SWIR OPDs, with reported values approaching spe-
cific detectivities of #10° —10'° Jones at 0.95 eV.[1*174] Based on
the ratio of maximum device photocurrent density, ... (i.e., the
current associated with the light power at which bimolecular re-
combination initiates), and minimum current density (i.e., noise
floor), J,,in, the LDR for the probed intensity range was calculated
via LDR = 20l0g (J oy /Jmin)- Whilst the control device shows an
LDR in the SWIR of 40 dB, the trap-doped OPD demonstrates a
significant |60 dB| boost to ~110 dB.

Figure 3c is a repetition of panel (b), but plotted for the VIS
excitation wavelength. Table 1 summarizes the determined i .,
NEP, and D* for both the control and trap-doped OPD at 4,
= 520 nm and A, = 1310 nm. It is noteworthy that D*, NEP,
and i, ., as acquired for the VIS spectral range, exhibit striking
similarities between the two systems, confirming no drastic defi-
ciency in the photodetector performance within the VIS spectral
range subsequent to trap-doping.

Our proof-of-concept VIS-SWIR trap-doped OPD is partially
approaching, if not surpassing, the performance metrics of
state-of-the-art broadband OPDs in certain photodetector per-
formance parameters, such as D* or LDR. Here, it is important
to note that making a direct comparison of these performance
parameters can be challenging due to different measurement
conditions (e.g., probing the LDR under different electrical and
light biasing conditions) and calculation methods (e.g., deter-
mining D* based on NEP, i, or the dark current). In light of
these challenges, Jacoutot et al. reported on an ultra-low bandgap
polymer/non-fullerene acceptor OPD that detects SWIR light up
to 1800 nm, exhibiting D* values ranging between ~108and 10°
Jones (at Vi, = — 2 V) and thereby yielding slightly higher spe-
cific detectivities compared to our trap-doped OPD.!'%] However,
they determined much lower LDRs of merely 50 dB in the VIS
and SWIR when compared to the LDRy,¢ & 220 dB and LDRgy,x
~ 110 dB achieved in our trap-doped OPD. While there are
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Figure 4. Linear dynamic range: enhanced SWIR and broadband light sensing performance upon trap-doping. a) Normalized EQE plotted as a func-
tion of photon energy and compared between the 220 nm thick control (blue solid line) and T w% PTTQ(HD) trap-doped (green solid line) OPD.
The purple (red) vertical dashed line marks the VIS- (SWIR-) laser excitation wavelength at 520 nm (1310 nm). b) Photocurrent of the control (blue)
and trap-doped (green) OPD plotted against the incident light intensity at a laser excitation wavelength of 1310 nm. While square (star) symbols cor-
respond to data as obtained in dc-(ac-) mode, blue and green horizontal lines mark the noise floor of the control and trap-doped OPD, respectively.
Furthermore, black dashed lines are guides to the eye with a slope of T AW~". c) Repetition of panel (b) but plotted for a laser excitation wavelength of
520 nm.

Table 1. Photodetector broadband light-detection performance parameters. Calculated specific detectivity (D*) and Noise equivalent power (NEP), and
measured noise floor (i,ise) along with their estimated standard deviations, as obtained for the control and trap-doped OPDs, compared at different

laser excitation wavelengths (Aq,)-

OPD Aexc in [nm] D* in [Jones] NEP in [WHz /2] inoise iN [A]

Control 520 (1.5 +0.1) x 10" 13x 107 £9.5x 1071 (43+1)x 107"
1310 (8.7 £0.5) x 10* 23x107°+9.5%x 107" (43+1)x 107"

trap-doped 520 (2.6 £0.2) x 10" 7.5x 1071 £8.9x 107" (4.5+0.9) x 107
1310 (3.6 +0.2) x 10 57%x 10710 £ 8.9x 107" (4.5+0.9) x 107
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additional reports demonstrating SWIR broadband OPDs
achieving high specific detectivities (under reverse bias
voltages) ranging from 10° to even 10" Jones for SWIR
wavelength up to 1500 nm, these reports, however, lack
in the measurement and provision of corresponding LDR
values.[17:4¢]

We note that recent studies have shown EQE values ~0.2% at
1300 nm and dark currents as low as 2.52 + 0.19 x 1071° A cm™?
for a SWIR-OPD based on PCE10:BDP4C.["8] Tsaj et al. achieved
EQEs of #3% (up to 30% at —4 V reverse bias) for SWIR-OPDs
using a cross-linkable naphthalenediimide derivative as electron
transport layer.[*’] Furthermore, Luong et al. reported LDRs of up
to 144 dB at 1085 nm excitation wavelength for resonant-cavity
enhanced PTB7-Th:COTIC-4F OPDs,[*8 while Yin et al. achieved
detectivities exceeding 10'? Jones at 1300 nm under zero bias
voltage.[*]

Finally, we want to highlight that, although currently concep-
tual and aimed at SWIR and broadband photo-detection, we be-
lieve our trap-doping approach may have broader applications
across different spectral windows. In this regard, the selectivity
of the spectral window and the extent of broadband light sens-
ing of trap-doped OPDs are speculated to be influenced by fac-
tors such as absorption onset of the D:A host system, the specific
energetics of the mid-gap states, and the proper integration of
trace amounts of organic guest molecules into the D:A BHJ host
system.

3. Conclusion

In conclusion, we introduced the somewhat counter-intuitive ap-
proach of trap-doping in BHJ OPDs to achieve SWIR and broad-
band photodetection. This approach leverages ubiquitous mid-
gap states in disordered semiconductors to specifically enhance
the SWIR photo-response. We presented a proof-of-concept for
a VIS-SWIR broadband OPD that shows specific detectivities in
the SWIR spectral range at 0.95 eV and in the VIS spectral range
at 2.4 eV, each approximately equal to 10® and 10" Jones, re-
spectively. Additionally, the OPD exhibits linear dynamic ranges
of 110 dB in the SWIR spectral range and 220 dB in the VIS
spectral range. These performance metrics closely approach and
even partly surpass those of state-of-the-art VIS-SWIR broadband
OPDs. Although the trap-doping approach is currently in the
proof-of-concept stage, it shows broad applicability to different
spectral windows.
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