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ABSTRACT: The distribution of trap states in an organic <100

electronic device plays a critical role in their optoelectronic %

performance. These traps not only hinder the transport of £ 10l

photogenerated carriers but also cause severe recombination, :‘;

thus deteriorating the overall photoresponse in the detector. S

Understanding and eliminating the traps in an organic photo- g 1{-=-w/o soaking
detector is essential to promote and stabilize the response § —=w soaking |
performances. This work examines the effects of trap distribution 2 400 800 1200

on the photoresponse performance in a shortwave infrared light Wavelength (nm)

detector, by interpreting charge transport dynamics and impedance

characteristics. It is found that traps remaining in the device hinder the charge transport and collection in the detector because the
traps can serve as recombination centers that deteriorate the photoresponse. The analysis of charge collection efficiency from
current—voltage characteristics also validates this hypothesis. A dramatic trap reduction is realized by a proper exposure of the device
to high-energy photons, which largely improves and stabilizes the photoresponse of the organic photodiode. It is also observed that
the light-induced trap reduction is dependent on the wavelength and light intensity. The findings in this work reveal the fundamental
mechanisms in the narrow-bandgap infrared sensing systems, paving the way for practical and stable infrared sensing application
settings.

KEYWORDS: shortwave infrared light detection, density of states, trap distribution, trap reduction, light soaking effect,
impedance spectroscopy

Bl INTRODUCTION of organic devices is usually correlated to material degradation

The sensing and imaging of infrared photons are essential as a function of time or light stress, e.zg., delamination, material
dimerization, and mutual interaction.”" It should be noted that

technologies in a variety of applications including industrial
. & . ty. ppHicat & ’ organic devices can be ultrastable even under high-intensity
military, and civilian settings, covering areas such as safety 27

I . . . . C . stress.
monitoring, medical diagnostics, optical communication, and o L )
1-7 .\ 1 .. However, the intrinsic disorder characteristics of organic
so on. ' Compared to traditional epitaxial inorganic infrared

. o . semiconducting materials inherently exhibit traps that are
technology, solution-processable organic infrared semiconduc- . . o
. . detrimental to the photoresponse. Meanwhile, the vulnerability
tor-based sensing systems are under rapid development,

rendering them appealing for next-generation flexible and of the organic layers to oxygen or 'humidi't}'r ng‘ilg) det'eriorate
large-area optoelectronics due to their versatile chemical, the overéll P hoﬁoresponse and d_eVlce .stablhty'. Itis found
optical, and mechanical characteristics.”’~ Organic semi- that the instability of the organic devices typically stems from
con duétin svstem aimine for infrared licht detection is one of the traps that are associated with inherent material disorders or
the most };gro}r’nising resea%ch topics in orgganic electronics, 1012 defects created after exposing the material to ambient air,

. S 24 o T
High photoresponse and tunable response spectrum have been which lower the charge mobility,™ disturb field distribution

; . . . . . inside the device,”’ and serve as recombination centers for
realized by advancing the material synthesis and manipulating 3234 .
the device engineering.">~'® photogenerated charges, as well as the origin of dark

. . . currents in the device.>>*° It is thus concluded that materials
However, besides the much-improved performances in

photoresponse, the stability and durability of the organic
infrared devices remain an obstacle for practical applications.”” Received:  September 27, 2022
It is noted that the stability of organic devices usually stems
from simultaneously extrinsic and intrinsic instabilities."”>*
The extrinsic instability originates from humidity, and oxygen
exposure, which leads to the deterioration of the device
performance.”* "> On the other hand, the intrinsic instability
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Figure 1. Photoresponse characteristics of the detector with and without light soaking. The light soaking is performed under white light from a
tungsten lamp at an intensity of ~20 mW/cm? for 3 min. (a) Spectral photoresponse measured at 0 V. (b) Bias-dependent current—voltage
relationship and (c) the corresponding responsivity measured under 1050 nm (~6 mW/cm?). The photocurrent extracted from (b) is fitted in (d)
using a theoretical model, and the corresponding efficiencies are extrapolated in (e), including the collection efficiency, dissociation efficiency, and
internal quantum efficiency. The inset in (d) is a schematic illustration of the detector structure.

that are prone to degradation via trap generation under
environmental stresses, such as ultraviolet, oxygen, and
humidity, are less stable in optoelectronic devices. The nature
of these intrinsic or extrinsic traps, and their physical and
chemical properties, including the energetic distribution,
density, and dependency on materials, are essential problems
in organic electronics.

Substantial efforts have been made to mitigate the impacts of
traps on the performance of organic devices.””* It is observed
that proper exposure of the organic devices to light (light
soaking) would give rise to better performances.’”~"" Ultra-
violet light-induced trap filling*' and interface dipole
reinstation®” are proposed as reasons responsible for the
improved performance after the light soaking process.
However, a precise evaluation method of the traps regarding
such a light-induced effect is still missing. An in-depth
understanding of how the light soaking process is effective in
manipulating the carrier dynamics is in urgent demand.

In this work here, we pay attention to the distribution of the
trap states in a narrow-bandgap infrared detector and study the
role of the traps in affecting the charge transport and
collection. A specific perspective is provided to explain how
light soaking is advantageous to improving the device
performance by correlating the density of states (DOS),
impedance spectroscopy results, and photoresponse efficien-
cies. The phenomenon of light-induced trap reduction is
explained in detail by analyzing the current—voltage character-
istics, equivalent circuit fitting, and capacitance—frequency
results. The DOS distribution reveals deep trap reduction
during the light soaking process, leading to much improved

internal conductivity, validated by the impedance spectroscopy
analysis. The dependency on the wavelength, soaking time, and
aging time of the soaking effect is also investigated. The
findings presented here are critical in understanding the device
physics and optimizing the performance of the organic infrared
detectors.

B RESULTS AND DISCUSSION

In this work, a narrow-bandgap organic photodiode, with a
multilayered configuration shown in Figure 1, is studied for
shortwave infrared light sensing. The bulk heterojunction
(BHJ) active layer is a blend of one narrow-bandgap
semiconducting polymer (CDT-TQ, p-type) and one n-type
acceptor material (PC,;BM, or ITIC-M, or ITIC-F) (see Table
S1 for more details). The two semiconducting materials in the
BH]J blend form type-II heterojunction as depicted in the
energy diagram (Figure S1), featuring percolating networks in
morphology (Figure 1d) for efficient photogenerated exciton
dissociation and charge separation. The ZnO and MoO, layers
serve as electron and hole collection layers; the Ag and ITO
layers are anode and cathode, respectively.

In the characterization experiments, it is observed that the
device performance is very sensitive to light irradiance. By
exposing the CDT-TQ:PC,;BM device to the white light from
the tungsten lamp (hereafter we use “light soaking” for this
process) for 3 min, the photoresponse can be promoted
dramatically, as seen in the spectral photoresponse presented
in Figure la. For example, the photoresponse at 1000 nm is
improved by more than 4-fold. The light-soaking-induced
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improvement in photoresponse is broadband without any
wavelength selectivity. This phenomenon is also evident in
nonfullerene acceptor-based devices (Figure S2a), but the
light-induced photoresponse improvement is less obvious
compared to that in fullerene-based devices. It should be
noted that light soaking for >3 min is enough to achieve a
much improved and stable photoresponse in the detectors.

To understand the physical mechanisms determining the
light-soaking-induced response improvement, a series of tests
were conducted to illustrate how the optical and electrical
characteristics of the device are correlated to its photo-
response. The improved photoresponse after light soaking can
be from the increase in exciton dissociation efficiency (74,)
and/or charge collection efficiency (7.y) since the photo-
response is determined and proportional to light absorption
efficiency (#,,,), exciton dissociation efficiency, and charge
collection efficiency and given the fact that absorption is
independent of light soaking process in our case. The exciton
dissociation and charge collection efficiency can be extrapo-
lated by analyzing the photocurrent (J,,) vs the effective
electric field (E.q) relationship.'®

The current—voltage characteristics for the CDT-
TQ:PC,;BM BH]J-based device before and after light soaking
are presented in Figure 1b. The current from the detector
under light (1050 nm) is higher after light soaking, resulting in
higher responsivity, as shown in Figure lc. The much-
improved responsivity at 0 V here is in good accordance
with the spectral responsivity (measured at 0 V), as shown in
Figure 1la. It is interesting that there is an evident increase in
the dark current in the detector as well, which most probably
indicates a much-improved conductance of the device after
light soaking. As a comparison, the light-soaking-induced
variation of current—voltage characteristics in non-fullerene-
based detectors is less significant as shown in Figure S2b,c.

It should be noted that a higher dark current is detrimental
to the specific detectivity of the detector due to the increased
shot noise. The shot noise from dark current is dominant at
reverse bias, and it can be roughly estimated by

Schot = /29l - Note that this direct calculation would

underestimate the total noise. Here, we estimate the specific
detectivity of the detector using this simple assumption that
shot noise dominates at 0.1 V. The corresponding specific
detectivity for the CDT-TQ:PC,,BM detector at 0.1 V is 2.5 X
10'° Jones before light soaking and 4.4 X 10" Jones after light
soaking. The increase in photoresponse after light soaking
surpasses the increase in noise in our case.

In Figure 1d, the experimental data points are fitted to a
model to extract the efficiencies.'® The product of 774, and 77y
is the internal quantum efficiency (IQE). The details of the
model are explained in the Experimental Section, and the
fitting parameters are presented in Table 1. From the results in
Figure le, there is a clear improvement in charge collection
efficiency (from 66 to 80% at S V/um), which is the main
reason for a higher photoresponse in the device with light

Table 1. Parameters Used in the Photocurrent Fitting for
the CDT-TQ:PC,;BM Device

fitting parameters w/o soaking with soaking
Juat (mA/cm?) 3.95 445

ut (X107 m?/V) 1.7 33

kg (X107 s71) 0.75 0.74

soaking. The exciton dissociation efficiency in the device with
light soaking is slightly higher than that in the pristine device,
e.g., from 30 to 30.2% at 5 V/um, but not as obvious as the
difference in collection efficiency.

We hypothesize that the improved charge collection
efficiency most probably arises from the reduction of traps
after the light soaking process. To validate this hypothesis, we
first look at the DOS distribution within the bandgap of the
semiconducting system in the organic detector. The sub-
bandgap trap states can be extracted from the capacitance vs
frequency relationship measured for the device.'”***® The
charges at different energy levels within the bandgap can
respond to certain frequency ranges modulated by the external
alternating field.”* Both the density and depth of the traps can
be determined in this technique. The details for the calculation
are available in the Experimental Section. From the
capacitance—frequency data measured for the CDT-
TQ:PC,BM detector, as shown in Figure 2a, the DOS vs
energy is extrapolated and presented in Figure 2b. It is worth
noting that the slope of the capacitance—frequency curve is
proportional to the DOS density. The sharp capacitance
change in the low-frequency region in the device without light
soaking (Figure 2a) gives rise to a higher distribution of states
in deep states. As a result, there is a negligible difference in the
exponential part of the DOS for the device with and without
light soaking, but a dramatic difference is observed in the
Gaussian part of the DOS distribution. The exponential
component represents the bandtail states,”* while the Gaussian
component is usually responsible for the subgap states.'” The
results indicate a predominant reduction in subgap states in the
semiconducting system. In general, the bandtail states arise
from the material disorder while the deeper traps within the
bandgap are associated with point detects, impurities, and
extended defects.”™ Tt is thus anticipated that the light
soaking effect in this work has nothing to do with the bandtail
states but rather heals the traps that locate at the deep
energetic sites,*! probably correlated to the structural defects.
The same phenomenon is also observed in ITIC-M and ITIC-
F-based devices (Figure S3). The ITIC-M system exhibits less
light soaking dependency, which is due to the much lower
subgap DOS, similar to our previous reports."

From the DOS analysis, one can conclude that light soaking
suppresses the subgap trap states in the active layer. The
reduction of subgap traps is essential to improve the response
efficiency by reducing the charge recombination.

Besides the study of the distribution of traps as energy levels
in the active layer, the internal resistance and quality of the
interface can be analyzed by impedance spectroscopy.” The
traps in a multilayered device can act as recombination centers
or obstacles for charge collection. To understand the charge
transport model of the detector, the Nyquist plot of the
detector is fitted by equivalent circuits. The equivalent circuit
is simplified to a series resistor combined with resistor—
capacitor pairs**° to account for different layers and interfaces
in the device. The Nyquist plots (1 Hz to 1 MHz) of the CDT-
TQ:PC,BM device before and after light soaking are
presented in Figure 2¢,d. There is a dramatic reduction in
impedance after light soaking, which is a sign of conductance
improvement,”” and the shape of the Nyquist plot is
transferred from a double-arc to a semicircle.**® The fitting
is first performed using standard capacitor and resistor
combinations as shown in the inset of Figure S4, and the
fitting results are also shown. The corresponding fitting
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Figure 2. Subgap state distribution and impedance spectroscopy analysis for the CDT-TQ:PC,;BM bulk heterojunction-based detector with and
without light soaking process. (a) Capacitance—frequency characteristics and (b) subgap density of states extrapolated from (a). (c, d) Nyquist plot
of the impedance for the detector, and their corresponding equivalent circuit fitting results. The insets in (¢, d) illustrate the equivalent circuits.

Table 2. Fitting Parameters for the CDT-TQ:PC,,BM Detector Using CPE Component

fitting parameters w/o soaking with soaking
R, (Q) 374 212
R, (Q) 5.5 x 10* 9.4 x 10*
CPE2 Q, = 7.3 x 1072 (Fs™%); n, = 0.92 Q, = 7.4 x 107° (Fs™); n, = 0.93
R, (Q) 1.6 x 10° na
CPE3 Q; = 4.1 X 1078 (Fs™*%); ny = 0.97 na
(@) — (b) —~
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Figure 3. Wavelength, light intensity, and soaking time dependency of the light soaking effect in the CDT-TQ;PC,,;BM detector. (a) Normalized
photocurrent versus time in the detector under light illumination at different wavelengths. (b) Normalized photocurrent in the detector as a
function of time and light intensity at 370 nm. In (a, b), the photocurrent is normalized to the instant photonic response before the light soaking
induced by the continuous light illumination of each wavelength. (c) Responsivity of the detector as a function of soaking time and aging time.

parameters are provided in Table S2. From these results, the
fitting is a bit off the measured data in both cases, which is

most probably due to the nonperfect interfaces in the device.*

6

To account for this nonperfection, a constant phase element

(CPE)*** is used in the fitting to compensate for the Ehase
uncertainty, which is caused by material inhomogeneity.”*

The
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definition of the CPE is explained in the Experimental Section.
The corresponding fitting results and the equivalent circuits are
presented in Figure 2¢,d. The upgraded fitting model by
replacing the standard capacitor with a CPE is more precise to
account for the measured data, which is readily practical to
unravel the underlying physical mechanism of the device.

The fitting details are summarized in Table 2. There is a
clear reduction in the internal resistance (mainly shunt
resistance), from R, = 5.5 X 10%, R; = 1.6 X 10° to R, = 9.4
x10* Q after the light soaking process. This is in good
accordance with the dark current—voltage characteristics. The
transition of the Nyquist plot from a double-arc feature to a
single-arc feature after light soaking indeed is evidence of the
reduction of resistance, leading to one less pair of resistor—
capacitor in the fitting. We hypothesize that the reduction in
resistance is due to the reduction of traps in the device after
the light soaking process, which gives rise to better charge
collection.

The shape transition of the Nyquist plot is also identified in
ITIC-F-based device, as shown in Figure SS. This phenom-
enon is much less obvious in the ITIC-M device, indicating a
much less trap distribution. This also explains why the light
soaking effect is less significant in the ITIC-M device. Fitting
parameters for the two detectors using the CPE component are
summarized in Tables S3 and S4.

The light soaking is performed under white light from the
tungsten lamp for the results discussed so far. It is critical to
understand which wavelength is responsible for the light
soaking effect. To deal with this problem, the photocurrent of
the device (without soaking) under different wavelengths (370,
385, 600, 940, 1050, and 1550 nm) spanning from ultraviolet
(UV) to shortwave infrared, is recorded to check the light
soaking effect. Figure 3a shows the normalized photocurrent as
a function of illumination time under different wavelengths.
The light intensity for all of the wavelengths is controlled to be
at similar levels to roll out the intensity dependency.

From the results, the photocurrent under UV light (e.g., 370
and 385 nm) is increasing as the illumination time gets longer.
On the other hand, the photocurrent is independent of
illumination time under visible and infrared light. This means
that the UV photons from the broadband tungsten light are
responsible for the light soaking effect in our devices.

It takes more than 100 s for the photocurrent to settle down
under 385 nm. A shorter period of time is required for the
photocurrent to stabilize under a shorter wavelength of 370
nm, at even lower light intensity. These results reveal that the
light soaking effect is wavelength-dependent. It should be
noted that there is a sharp increase in photocurrent upon 385
nm illumination, which is due to the fast response of the
detector, followed by a slow increase owing to the light soaking
effect. The instant photocurrent upon 370 nm illumination is
low because of the less photoresponse at this wavelength.

It is also observed that this effect is intensity-dependent.
Here, the intensity of the 370 nm light is tuned from 0.5 to
10.8 mW/cm? and the normalized photocurrent from a
pristine device without light soaking is recorded and presented
in Figure 3b. The photocurrent stabilizes faster under a higher
intensity of UV light. It takes more than 200 s for the current
to stabilize at a light intensity of 0.54 mW/cm?, while only 6 s
is required when the light intensity is up to 10.8 mW/cm”
This is expected because there are more photons to eliminate
the trap sites in the device.

From the results so far, it can be anticipated that the traps
are deeply located within the bandgap of the semiconductors,
which requires high-energy photons to mitigate. Meanwhile, it
is interesting that the wavelengths of the UV photons used in
the light soaking process are close to the transition state of the
ZnO material."”*® Tt is observed in previous studies that the
absorption and desorption processes of the oxygen molecules
at the ZnO interface are possible, which is highly correlated to
the conductivity of the ZnO layer.”’~*’ Holes generated in the
ZnO layer after absorption of UV photons would migrate to
the locations where oxidizing molecules, e.g., oxygen, are
absorbed by the ZnO layer, and neutralize the negatively
charged oxidizing molecules, which can be regarded as a
desorption process. This process would largely improve the
surface conductivity of the ZnO layer. This process is highly
possible in our devices, which contributes to the light soaking
effect. But it should be noted that our devices are encapsulated
after fabrication and the ZnO NP layer is covered with
multiple layers instead of exposed directly to the air. It is thus
anticipated that the absorption and desorption processes of the
oxygen molecules are not as obvious as that in devices with
active films directly exposed to the air.

The long-term effect of the light soaking process is also
investigated. Here, the spectral response of the devices with
and without light soaking is recorded as a function of aging
time, as shown in Figure 3c. It is interesting that a 1 min
exposition to the white light (~20 mW/cm?) from the
tungsten lamp is enough to achieve the saturated photo-
response. However, for the time being, the photoresponse
quickly shrinks to the pre-soaking level after 24 h. The light
soaking effect is reversible'' once the soaking time is not
sufficient. By extending the light soaking time, e.g., 10 or 30
min, the degradation becomes less obvious. It should be noted
that the light soaking effect is not permanent. The degradation
of spectral responsivity from the device without light soaking is
also compared to rule out the intrinsic degradation of the
device. It is most probable that the degradation in the device
after 10 or 30 min light soaking is from the sum of intrinsic
degradation due to the imperfect encapsulation and the fading
of the light soaking effect. It should be noted that prolonged
light soaking may introduce traps in the organic device.”*”"

The effect of light soaking on the transient response
characteristics of the detector is also investigated. The transient
photoresponse characteristics of the CDT-TQ:PC,BM
detector are plotted in Figure S6. The rise times are estimated
to be 20.5 and 15 us for the device without and with light
soaking, corresponding to the 3 dB bandwidths of 23 and 40
kHz.

We also demonstrate the multifunctionality of the CDT-
TQ:PC,,BM infrared detector as thermal sensor and photo-
plethysmography (PPG) sensor to show its potential for
practical applications. The details can be found in the
Supporting Information, and the results are presented in
Figure S7.

B CONCLUSIONS

This work studied the effects of light exposure, ie., light
soaking, on charge transport and collection in a narrow-
bandgap organic photodetector. The analysis of the DOS
distribution and impedance spectroscopy revealed deep trap
reduction in the organic infrared detector after the light
soaking process. As a result, the improvement in the
photoresponse is observed, mainly due to the efliciency
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enhancement in the photogenerated charge collection. It is also
found that the light soaking effect is dependent on the light
intensity and duration time of the soaking process. A few
seconds of UV light soaking is viable to stabilize the
photoresponse performances. The light soaking effect can be
maintained for up to ~24 h.

This work provides an analysis method to elucidate the
effects of the light soaking process and quantify the changes in
traps in the infrared detector, by illustrating trap distribution
and quantity from experimental measurements and theoretical
fittings. These results are inspiring and offer guidelines for
device design and performance optimization in organic
infrared detectors.

B EXPERIMENTAL SECTION

J-V Fitting Model. The photocurrent (J,;,) in a photo-
diode can be described in the following equation'®

]ph = ]sat‘r]diss.ncoll

where ], and ], are the photocurrent and saturation
photocurrent at a specific light intensity, respectively, 74 is
the exciton dissociation efficiency, and 7.y is the charge
collection efficiency.

The effective electric field is defined as E.¢ = (Viuiin —
Voop)/d, where Vi i, is the built-in voltage, V,,, is the applied
bias, and d is the thickness. The dissociation efficiency at an
effective voltage can be described by the exciton dissociation
rate (kp) and recombination rate (ky) in the form of

ndiSS(Eeff) — kD(Eeff)
kp(Eeg) + kg

The exciton dissociation rate at effective electric field
kp(E.s) is a function of binding energy (Eg), local carrier
mobility (u), electron/hole initial separation distance in an
exciton (a = 1.2 nm), and the dielectric characteristics of the
material, which can be expressed as follows

3qu ( E] LR
kp(Eg) = ———exp| ——= 1 + b+ — + — + -
o(Eer) tregea® T\ KT 3018
where E; = ——, g, and ¢, are the vacuum permittivity

4negea
and dielectric constant (4.7) for the active layer, respectively, k
is the Boltzmann constant, T is the temperature, and b is a
OEeg
8reqe k> T
dissociation efficiency can be obtained by integrating #74iss(Ee)
over the electron—hole pair separation distance.
From the Hecht model,”" the charge collection efficiency is
explained as

2utE ¢
rlcoll = d 1= eXpl —

where d represents the active layer thickness and u7 represents
the mobility-lifetime product.

DOS Fitting Model. The density of states (DOS)
distribution is obtained by analyzing the capacitance—
frequency relationship.'”***° The following equation describes
the relation between DOS at energy E, and capacitance—
frequency characteristics measured in a photodiode.

parameter that is given in b= Finally, the

2ptE g ]

Vi 0C(w)
gAtkT dln(w)

DOS(E,) = —

In this equation, Vj; represents the built-in potential, g
represents the elementary charge, A represents the active area, t
represents the device thickness, k represents the Boltzmann
constant, T represents the temperature, and C(w) represents
the capacitance of the diode at a particular angular frequency
®. The energy level for a trap state (E,) is defined as E,, =
kT In(w,/®), where @, represents the rate pre-factor for
thermal excitation from the trap and is usually assumed to be
10" s™" in a typical organic photodiode.”*>” It should be noted
that this technique does not distinguish the trap type, either for
holes or for electrons.

Impedance Spectroscopy. The constant phase element
(CPE) is a mathematical component that accounts for the
nonideality of the capacitor, and its impedance (Zcpg) can be
described as™®

1
Zepp = ———
CPE Q(}(D)n

where j = /=1, @ is the radial frequency, and n and Q are
constant numbers. When 0.7 < n < 1, the CPE can be
considered as an imperfect capacitor, and once n = 1, the CPE
is reduced to the case of an ideal capacitor.*>>
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