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Mobility-Lifetime Products in Organic Infrared Photodiodes
with Peak Absorption at 1550 nm

Bogyeom Seo, Tyler Bills, Paramasivam Mahalingavelar, Woojo Kim, Hyeong Ju Eun,
Jong H. Kim, Jason D. Azoulay, and Tse Nga Ng*

Infrared photodiodes based on organic semiconductors are promising for
low-cost sensors that operate at room temperature. However, their realization
remains hampered by poor device efficiency. Here, performance limitations
are analyzed by evaluating the mobility-lifetime products and charge
collection efficiency of devices operating in the shortwave infrared with a peak
absorption at 1550 nm. Through complementary impedance and
current-voltage measurements on devices with different donor-to-acceptor
semiconductor ratios, a trade-off between mobility and recombination time
and the need to balance between transport and interfacial charge transfer are
observed. Thus, this study revisits the mobility-lifetime metric to shed new
light on charge collection constraints in organic infrared photodiodes.

1. Introduction

Recent advances in narrow bandgap conjugated polymers have
demonstrated the potential of these semiconductor materi-
als for infrared sensing technologies that benefit from low-
cost fabrication and room-temperature operation.[1–11] How-
ever, organic infrared photodetectors are far less developed
than those operating in the visible region of the electromag-
netic spectrum, with new challenges arising from numerous
additional design constraints such as a higher probability of
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charge recombination[12] as the semicon-
ductor bandgap decreases. Non-radiative
recombination processes[13,14] hin-
der the collection of photogenerated
charge, reducing the photocurrent.
Meanwhile, generation-recombination
events in the dark increase the device
noise,[15,16] further diminishing the
signal-to-noise ratio and overall detectiv-
ity, D*, the figure of merit for detector
sensitivity.

To improve the detectivity of organic
infrared photodetectors, this work eval-
uates recombination losses and the ef-
ficiency of charge collection in a set
of diodes operating in the shortwave

infrared at 1550 nm. In these devices, charge collection effi-
ciency was related to the carrier drift length based on the Hecht
equation.[17,18] The drift length Ldrift is defined as Ldrift = μ𝜏E,
where μ is the charge carrier mobility, 𝜏 is the charge lifetime,
and E is the electric field. A larger mobility-lifetime product
μ𝜏 indicates a longer travel distance at a given field, signifying
lower recombination losses to facilitate charge extraction at the
electrodes.

The mobility-lifetime product has been studied extensively in
organic solar cells,[19–22] but studies related to infrared polymers
remain nascent. In this study, the composition of the photosen-
sitive layer was adjusted to determine the effect of varying donor-
to-acceptor ratios on μ𝜏 and to establish correlations with device
noise, external quantum efficiency (EQE), and detectivity. In ad-
dition, the impact of the semiconductor blend ratio on the density
of states (DOS) in the active layer was examined using impedance
measurements[23–27] to compare profiles of sub-bandgap states,
which may act as recombination centers and consequently affect
μ𝜏 and charge collection. The photodiode with the highest μ𝜏 was
characterized in terms of response speed and dynamic range.
This study shows the utility of revisiting the μ𝜏 metric to bet-
ter understand charge collection limits in novel organic infrared
photodiodes.

2. Results and Discussion

2.1. Device Characteristics: Noise, External Quantum Efficiency,
Detectivity

Figure 1a presents the chemical structures of the infrared con-
jugated polymers used in this study. The donor polymer was
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Figure 1. a) Chemical structures of the polymeric semiconductors. b) Normalized absorption spectra of neat and blend films. c) Energy band diagram
of the materials in the photodiode structure. d) DOS versus energy level for the neat films and bulk heterojunction blends. The 1D:1A blend was denoted
by the black curve and included in both plots for a comparison between neat versus blend films.

poly(4-(5-(4-(3,5-bis-(dodecyloxy)benzylidene)-4H-cyclopenta-
[2,1-b:3,4-b’]-dithiophen-2-yl)thiophen-2-yl)-6,7-dioctyl-9-(thiop-
hen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline), which has an ab-
sorption maximum (𝜆max) at 1100 nm.[1,28] The acceptor polymer,
poly(4-(4,4-dihexadecyl-4H-cyclopenta[2,1-b:3,4-b’]dithiophen-2-
yl)-6,7-di(thiophen-2-yl)-[1,2,5]thiadiazolo[3,4-g]quinoxaline) has
a 𝜆max = 1550 nm.[29] The donor and acceptor polymers were
blended at 3:1, 1:1, and 1:3 ratios by weight to form bulk hetero-
junction (BHJ) films. In Figure 1b and Figure S1 (Supporting
Information), the normalized absorbance of BHJ films indicates
that the peak absorption of the 1:1 blend was 1100 nm on ac-
count of the stronger absorption of the donor. In the1:3 blends,
the maximum absorption shifts to 1550 nm consistent with
the acceptor polymer forming the bulk of the films. Therefore,
our study focused on devices with more acceptor contribution
to increase the photoresponse at 1550 nm. All devices were
fabricated using an ITO/SnO2/donor:acceptor/MoOx/Ag archi-
tecture as shown in Figure 1c with the only variable being the

photoactive layer, which either had different BHJ ratios or was a
neat acceptor film.

Individual photoactive films were measured using energy-
resolved electrochemical impedance spectroscopy (ER-EIS)[30,31]

for comparison of the density-of-state (DOS) distributions intrin-
sic to the semiconductors prior to device integration. DOS is the
number of available states per unit volume that charge carriers
can occupy at each energy level. By sweeping the applied voltage
in ER-EIS (detailed procedure presented in Figure S2, Support-
ing Information), the sample DOS is mapped across the energy
spectrum from the highest occupied molecular orbital (HOMO)
to the lowest unoccupied molecular orbital (LUMO). Structural
disorder and defects[30,32–34] in the organic films may broaden the
DOS at the band edges or create localized trap states in the band
gap affecting charge recombination and transport.

Figure 1d compares the DOS of neat films (donor: green curve;
acceptor: blue curve), where the HOMO level was the same for
both films at −5.1 eV. The LUMO level was measured to be −4.1
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Figure 2. a) Current versus voltage characteristic and b) measured noise current versus frequency of photodiodes in the dark at different applied voltages.

eV for the acceptor and -3.7 eV for the donor. The donor film
showed a DOS of ≈1017 eV−1 cm−3 in the bandgap, which was
tenfold lower than the acceptor with a DOS of ≈1018 eV−1 cm−3.
As the donor and acceptor were mixed to form a BHJ, the DOS
profile mostly followed the acceptor on account of its narrower
bandgap than the donor. The total DOS of the blends matched or
slightly exceeded the sum of individual neat films at each energy
level. Considering the measurement uncertainties in Figure 1d, it
was difficult to differentiate the DOS of films with various blend
ratios using ER-EIS. However, after the films were integrated into
photodiodes, device current and impedance measurements al-
lowed for analysis of the relationship between blend ratios, sub-
bandgap DOS, and device performance, as discussed below.

Figure 2 presents the dark current and noise spectral density
of devices with donor:acceptor ratios of 1:1, 1:2, 1:3, and 1:4, and
solely acceptor comprising the photoactive layers. The dark cur-
rent primarily reflected shot noise and leakage contributions un-
der applied biases, whereas the noise spectral density accounted
for all noise components (shot, thermal, 1/f, etc.). Figure S3 (Sup-
porting Information) shows the dark current as a function of elec-
tric field, which accounted for the thickness differences of active
layers, and it shows the same trend as Figure 2. Figure S3 (Sup-
porting Information) shows the device structure used in this pa-
per, and it demonstrated good rectification when used with wider
bandgap materials. However, when we used this same structure
with our infrared acceptor which had a bandgap of 0.8 eV, the
rectification decreased significantly. The dark current and noise
spectral density increased with higher acceptor content because
the narrower bandgap of the acceptor led to more generation-
recombination events, as thermalization could more easily over-
come a smaller energy difference between band states. This trend
indicated the caveat of using a simple acceptor-only film, where
noise levels were higher compared to that of blended semicon-
ductors and could potentially be suppressed with an insulator
blend.[1]

Figure 3a provides examples of the photodiodes’ temporal re-
sponse under light modulation with a 1550 nm laser, enabling
comparisons of signal-to-noise characteristics as a function of the
photoactive layer. As the acceptor content increased, the dark cur-
rent Idark rose in the order of 1:1 BHJ < 1:2 BHJ < 1:3 BHJ <

1:4 BHJ < acceptor-only device, with the neat acceptor exhibiting
the worst noise. On the other hand, the photocurrent increased
when using a higher proportion of acceptor. The photocurrent is
defined as Iph = Iillumination – Idark, where Iillumination is the apparent
current under illumination. For instance, in Figure 3a, the pho-

tocurrent was 20 nA for the 1:1 BHJ and nearly tripled to 60 nA
for the photodiodes with 1:3 BHJ or neat acceptor. The difference
in photodiode response under light modulation was captured as
a function of applied bias to calculate the EQE in Figure 3b, ac-
cording to the equation EQE = (Iph/P)(hc/q𝜆), where P is the in-
cident light power, h is the Planck’s constant, c is the speed of
light, q is electron charge, and 𝜆 is the incident light wavelength.
The acceptor-only device initially displayed a similar EQE to the
1:3 BHJ at low voltage; but above -0.1 V, the 1:3 BHJ showed the
highest EQE of 0.1%, followed by the 1:4 BHJ, the neat acceptor,
the 1:2 BHJ and then the 1:1 BHJ.

As shown in Figure 3c, the detectivity D* was calcu-
lated from the EQE and noise measurements by D* =
EQE(q𝜆/hc)(AΔf)0.5/Inoise, where A is the device area, Δf is the
detection bandwidth, Inoise is the spectral noise measured in the
dark. For Figure 3c the Inoise was measured using a lock-in am-
plifier set at Δf = 1 Hz. The detectivity was high at 0 V due to
minimal noise without an applied bias. A drop in detectivity was
observed at low bias due to increasing background noise; how-
ever, the increase in signal began outpacing the increase in noise
at higher voltages to deliver a gradual rise in detectivity. Although
the photodiode with the acceptor-only active layer exhibited larger
EQEs compared to the 1:1 BHJ, its detectivities were lower be-
cause of higher noise. The detectivity increased in the following
order: neat acceptor < 1:4 BHJ < 1:1 BHJ < 1:2 BHJ < 1:3 BHJ,
with the 1:3 BHJ achieving a detectivity of 3.7 × 107 cmHz0.5/W
under 1550 nm light. In the analysis below, we showed data at
a low bias of −0.05 V where detectivity was at its lower bound,
while data at a higher bias of −0.5 V was also presented for a
more typical performance under bias. The performance differ-
ences among the devices are further analyzed by evaluating the
mobility-lifetime product and trap density in the next section. The
1:3 ratio showed the best balance between mobility and lifetime,
which directly reflects the device’s performance in terms of drift
length in Table 1.

2.2. Comparison of Mobility-Lifetime Products and Charge
Collection Efficiency

Here, the mobility-lifetime product μ𝜏 was determined by com-
plementary measurements of impedance and current-voltage
characteristics, and subsequently compared to model fitting re-
sults based on the Hecht equation. In Figure 4a, as a small
sine wave perturbation was applied to the photodiode across the
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Figure 3. a) Photocurrent versus time of photodiodes at 0 V bias. b) EQE and c) detectivity versus applied bias. All measurements were taken under 18
mW cm−2 illumination from a 1550 nm laser diode. The color legends in part (a) also apply to (b) and (c).

frequency range, the peak in the imaginary impedance indicated
the frequency at which carrier recombination was at its maxi-
mum. The recombination frequency f was converted to carrier
lifetime using 𝜏 = (2𝜋f)−1 and the resulting values are listed in
Table 1. The recombination frequency as a function of applied
bias is included in Figure S5 (Supporting Information).

The acceptor-only device showed the shortest lifetime before
recombination. This finding was corroborated by the DOS ex-
tracted from capacitance-frequency measurements,[25–27] where
the small sine wave perturbation probed and revealed the sub-
bandgap DOS in Figure 4b (calculations detailed in Experimen-
tal Section). Since sub-bandgap states often acted as charge trap-
ping and recombination sites, the large sub-bandgap DOS in

the acceptor-only device was not favorable for extending carrier
lifetime. In contrast, lower levels of sub-bandgap DOS were ob-
served in the 1:3 and 1:1 BHJ, consistent with their longer life-
times. The sub-bandgap DOS was in the sequence of acceptor-
only > 1:4> 1:3> 1:2 > 1:1 BHJ, resulting in a lifetime in the
order of 1:1 > 1:2 > 1:3 > 1:4 > acceptor-only.

Alongside carrier lifetime, carrier mobility is an equally im-
portant factor for determining charge collection efficiency, lead-
ing to the mobility-lifetime product as an essential parameter
for analysis. The mobility μ was estimated from current-voltage
characteristics using measurements of the space-charge limited
current:[35] J = (9/8) ɛ0 ɛr μ exp(𝛾 E0.5)V2/d3, where J is the
current density, ɛ0 is the vacuum permittivity, ɛr is the relative

Table 1. Measured parameters of photodiodes.

Donor: acceptor ratio Dark noise at 0 V at 2
Hz [pA/Hz0.5]

Dark noise at −0.05 V at 2
Hz [pA/Hz0.5]

Carrier lifetime at
−0.5V [μs]

Mobility [10−5

cm2/Vs]
Mobility*lifetime

[10−11 cm2/V]
Ldrift at E = −0.5 V per

200 nm [nm]

1:1 1.6 55 3 3 9 23

1:2 1.9 65 2.5 4.8 12 30

1:3 2.4 81 2 9 18 45

1:4 2.8 91 1.1 15 16.5 42

Acceptor only 3.0 97 0.8 20 16 40

Adv. Electron. Mater. 2025, 2400816 2400816 (4 of 8) © 2025 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202400816, W
iley O

nline Library on [27/02/2025]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License

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


www.advancedsciencenews.com www.advelectronicmat.de

Figure 4. a) Normalized imaginary impedance versus frequency at -0.5 V bias. b) Capacitance versus frequency at -0.05 V bias (left), used to extract the
DOS versus energy level away from the band edge (right). c) Current-voltage characteristics. All measurements were performed in the dark. d) Illustration
of trends in recombination lifetime and mobility.

permittivity (typically assumed to be ≈3 for semiconducting poly-
mers), 𝛾 is the electric-field coefficient[35] to the mobility (as-
sumed to be 0.01 cm0.5/V0.5), V is the applied bias and d is the de-
vice thickness. The fit values extracted from the data in Figure 4c
are presented in Table 1, and the mobility was on the order of
10−5 to 10−4 cm2 Vs−1, with the mobility of the acceptor-only de-
vice > 1:4 > 1:3 > 1:2 > 1:1 BHJ. This mobility trend was con-
sistent with reduced disorder in the neat acceptor film, which
had less interfacial disorder and more direct pathways for charge
transport compared to the BHJs with tortuous percolation be-
tween donor and acceptor domains. It may seem contradictory
to the finding in Figure 4b where the acceptor-only device had
more deep traps. However, this mobility trend can be explained
by considering that deep traps primarily affected recombination
lifetime (by Shockley-Read-Hall mechanism) rather than charge
transport, which occurred close to the band edge and was more
impacted by shallow traps induced by disorder.

As a function of donor:acceptor ratios, the μ𝜏 product was the
highest for the device with a 1:3 BHJ, corresponding with the
EQE results. The opposing trends of carrier lifetime and mobility
depicted in Figure 4d demonstrate that lifetime increased with ex-
tended delocalization across donor-acceptor interfaces, while mo-
bility decreased with more interfaces. As such, the 1:3 BHJ bal-
anced the competing requirements to perform better than other
compositions. The mobility-lifetime metric (𝜇𝜏) includes the ef-
fects of morphology and phase separation, capturing how they
influence transport and recombination. To keep the analysis fo-
cused, we fixed the interfacial layers to minimize other variables
and highlight the role of charge collection in the device’s perfor-
mance. Given the μ𝜏 products in Table 1, at an electric field of
−0.5 V per 200 nm, the calculated carrier drift length (Ldrift = μ𝜏E)

of the 1:3 BHJ would be 45 nm. This is roughly five times smaller
than the ≈200 nm film thickness, implying low charge collection
efficiency based on the Hecht equation:[14,17,18]

Q
Q0

= 𝜇𝜏E
d

(
1 − exp

(
− d
𝜇𝜏E

))
=

Ldrift

d

(
1 − exp

(
− d

Ldrift

))
(1)

where Q/Q0 is the fraction of photogenerated charge collected
by the electrodes and not lost to recombination, d is the active
layer thickness, and E = (V−Voc)/d is the applied electric field
accounting for the built-in open circuit voltage Voc.

The 1:3 ratio showed the best balance between mobility and
lifetime in terms of the drift length parameter in Table 1. In
Table 1, the drift lengths were in the order of 1:3 > 1:4 > A-only
> 1:2 > 1:1, and this trend reflects the EQE results in Figure 2b.
This trend suggests that the acceptor material contributed to the
1550 nm absorption, while the donor material played a role in
lowering the sub-bandgap DOS, which enhanced carrier lifetime.

As the photodiode with 1:3 BHJ showed the best performance,
it was characterized further in Figure 5. In Figure 5a the normal-
ized photocurrent of the device with the 1:3 BHJ was fitted to
Equation 1, and the μ𝜏 fit value was found to be in the range of
≈1.5 × 10−10 cm2 V−1. This fitting and the estimation methods
in Table 1 were complementary and validated each other. This
value is an order of magnitude lower than organic photodiodes
operating in the visible spectrum.[14,17–20] The charge collection
efficiency 𝜂collect = Q/Q0 was calculated as a function of μ𝜏 to
demonstrate the impact of improving μ𝜏 on the charge collec-
tion efficiency, which could reach 65% at -1 V if μ𝜏 is tripled
to 4.5 × 10−10 cm2 V−1. Thus, there is room to enhance the
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Figure 5. All parts are measured on the photodiode with 1:3
donor:acceptor. The incident light was from a laser diode of 1550
nm wavelength. a) Charge collection efficiency versus applied bias, as
a function of μ𝜏 values. The blue data was taken on a device under 30
mW cm−2 light. The fitting lines are calculated from the Hecht equation
based on different μ𝜏: 4.5 × 10−10 cm2 V−1 (dashed); 1.5 × 10−10 cm2 V−1

(solid); 1.0 × 10−10 cm2 V−1 (dotted). b) Photocurrent and c) detectivity
versus incident light intensity. Parts (b–c) under 0 V bias. Under 16
μW cm−2 light, d) Rise and fall times, and e) photoresponse versus
incident light frequency, under -0.05 V bias.

efficiency of organic infrared photodiodes from reducing recom-
bination and increasing carrier mobility, such as adjusting molec-
ular structures that increase delocalization[36] and reduce disor-
der by promoting compact aggregates.

The μ𝜏 product is mainly related to limitations in charge col-
lection, but efficiency losses in absorption 𝜂absorb and exciton dis-
sociation 𝜂dissociate also contributed to the low device EQE (EQE
= 𝜂absorb 𝜂dissociate 𝜂collect). The charge collection percentage calcu-
lated from the Hecht model can be used to compare dissociation
and collection efficiencies, to identify how each process affects
EQE loss. Given an EQE of ≈0.1% at −0.2 V (Figure 3b) and as-
suming efficient absorption (𝜂absorb at 80%), with our extracted
𝜂collect of 8% (Figure 5a), the 𝜂dissociate was calculated to be 2%
[0.001/((0.8)(0.08)) = 𝜂dissociate]. This rough estimation highlights

that exciton dissociation efficiency was similarly low as collection
efficiency. In order to holistically improve device performance,
future work needs to improve the efficiencies of both processes.

2.3. Device Dynamic Range and Temporal Response

When the incident light intensity was adjusted from 5 μW to 10
mW per cm2, the photocurrent sub-linearly increased from 2 nA
to 0.1 μA in Figure 5b. The detectivity lowered with light intensity
in Figure 5c, indicative of bimolecular recombination as photo-
generated charge population increased. At low light intensity, the
detectivity was 4 × 107 cmHz0.5 W−1. The temporal response of
the photodiode with 1:3 BHJ was measured in Figure 5d, display-
ing a rise/fall time of 150 μs at −0.05 V. In Figure 5e, the device’s
−3dB cutoff frequency was found to be 2.4 kHz at -0.05 V, allow-
ing kilohertz response speed.

3. Conclusion

This work evaluated the metrics for organic infrared semiconduc-
tors to understand the influence of donor:acceptor ratio on device
efficiency, particularly relating the μ𝜏 product to explain the better
performance of the 1:3 BHJ compared to other composition ra-
tios. The μ𝜏 products were validated by complementary measure-
ments and Hecht model fitting. The mobility and recombination
time followed opposite trends with the mixture ratios, requiring
a balance between minimal disorder for good charge transport
and adequate interfacial mixing for extending delocalization and
carrier lifetime. The current μ𝜏 products in the infrared photo-
diodes were relatively low, highlighting the need for future work
to enhance charge collection by improving aggregate or conjuga-
tion designs. Moreover, the collection efficiency calculated from
Hecht model can be used to compare whether losses are mainly
attributed to dissociation or collection processes, to identify the
key bottleneck affecting the overall device efficiency.

4. Experimental Section
Materials Preparation: The donor and acceptor polymers were synthe-

sized as discussed in refs. [1,37], respectively. The chemical solvents were
purchased from Sigma and used as received. The donor and the acceptor
were dissolved in chlorobenzene at a concentration of 10 mg mL−1 and 25
mg mL−1, respectively. The BHJ was a mixture of the donor and acceptor
polymers at a weight ratio of 1:1 and 1:3, and it was dissolved in chloroben-
zene at a total concentration of 16 and 20 mg mL−1, respectively. For better
film formation, 1-chloronaphthalene was added to the BHJ solution to con-
stitute 3% of the total solution volume. The solution was heated at 80 °C
and stirred overnight to ensure dissolution of the polymer. The processing
and measurements were carried out within a nitrogen glovebox.

ER-EIS Setup: The ER-EIS system was in a three-electrode configura-
tion including a working electrode (WE), a counter electrode (CE), and a
reference electrode (RE). The WE was the semiconductor sample on an
ITO electrode on top of a glass substrate (sheet resistance of 15Ω/sq,
AMG, Korea). A platinum wire (Electron Microscopy Sciences) was used
for the CE, and RE is an Ag/Ag[+ ]electrode (CH Instruments). All elec-
trodes were immersed in an electrolyte solution within a well. The elec-
trolyte was 0.1 M TEABF4 in a solvent of propylene carbonate and ethylene
carbonate at a 1:1 ratio by volume. The film area exposed to the electrolyte
was 0.12 cm2. The film thicknesses were 250 nm for the neat donor, 150
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nm for the neat acceptor, and 200 nm and 180 nm for the 1:1 and 1:3 BHJ,
respectively.

The potentiostat was a Bio-Logic SP200. The small sine wave pertur-
bation was 10 mV peak-to-peak in ER-EIS. The sweeping frequency was
between 0.1 Hz–1 MHz. To prevent delamination problems due to film
swelling from the insertion of electrolyte salt ions,[38,39] the applied voltage
scan rates in ER-EIS were fine-tuned to obtain useful data in the shortest
possible time.

Device Fabrication: On a glass substrate with patterned ITO elec-
trodes, a 0.07 M precursor solution of tin chloride in ethanol was spin
coated at 3000 rpm for 40 s and then annealed at 200 °C for 1 h to form
the electron-transporting layer. The semiconductor, which was either the
donor, acceptor, or BHJ solution, was spin-coated in two steps where the
first step was 800 rpm for 90 s and the second step was 2000 rpm for 5 s,
resulting in a film thickness 200 nm for 1D:1A, 180 nm for 1D:3A and 150
nm for acceptor only. Then the hole-transporting materials were deposited
by thermal evaporation, with 10 nm molybdenum oxide, and 100 nm of sil-
ver electrode to complete the device. The device area was 0.09 cm2. The
device was encapsulated by gluing a glass coverslip onto the substrate,
and the devices were measured in the ambient.

Device Characterization: The infrared light source was a 1550 nm laser
diode (Thorlabs, part number ML925B45F). The light intensity was con-
trolled by adjusting the driving current to the laser diode controlled by a
power supply (Hewlett Packard, HP 6218A) for fixed light intensity. For
3dB test and dynamic range test, a function generator (Rigol, DG 2401A)
was used to control the laser diode. A germanium detector from Newport
(model: 818IR) was the reference light meter for calibration of the light
source intensity. The device current at each applied bias was measured
with the electrometer (Keithley 2400). The noise spectral densities were
measured using a pre-amplifier (SRS 570) connected to a lock-in ampli-
fier (SRS 530). Temporal signal was acquired using a pre-amplifier con-
nected to an oscilloscope (Rigol, DS1054). The admittance spectroscopy
was carried out with the potentiostat Bio-Logic SP200. The small sine wave
perturbation was 20 mV peak-to-peak, and the sweeping frequency was
between 10 Hz–1 MHz. The sub-bandgap DOS was calculated[25–27] by
DOS(E𝜔) = −Vbi

qAdkBT
𝜕C(𝜔)
𝜕ln(𝜔)

, where Ew = kBT ln(𝜔0/𝜔), where kB is the Boltz-

man’s constant, T is the temperature, and 𝜔0 is the rate of trap release and
assigned 1012 s−1 for typical organic photodiodes. C(𝜔) is the capacitance
at the perturbation frequency 𝜔 and Vbi is the built-in bias.
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