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ABSTRACT: Near-infrared (NIR) organic photodetectors (OPDs) are pivotal in
numerous technological applications due to their excellent responsivity within the
NIR region. Polyethylenimine ethoxylated (PEIE) has conventionally been
employed as an electron transport layer (hole-blocking layer) to suppress dark
current (JD) and enhance charge transport. However, the limitations of PEIE in
chemical stability, processing conditions, environmental impact, and absorption
range have spurred the development of alternative materials. In this study, we
introduced a novel solution: a hybrid of sol−gel zinc oxide (ZnO) and N,N′-
bis(N,N-dimethylpropan-1-amine oxide)perylene-3,4,9,10-tetracarboxylic diimide
(PDINO) as the electron transport layer for NIR-OPDs. Our fabricated OPD
exhibited significantly improved responsivity, reduced internal traps, and enhanced
charge transfer efficiency. The detectivity, spanning from 400 to 1100 nm,
surpassed ∼5 × 1012 Jones, reaching ∼1.1 × 1012 Jones at 1000 nm, accompanied
by an increased responsivity of 0.47 A/W. Also, the unpackaged OPD remarkedly demonstrated stable JD and external quantum
efficiency (EQE) over 1000 h under dark storage conditions. This innovative approach not only addresses the drawbacks of
conventional PEIE-based OPDs but also offers promising avenues for the development of high-performance OPDs in the future.
KEYWORDS: near-infrared organic photodetectors, PDINO, electron transport layer, charge transport, dark current

1. INTRODUCTION
Near-infrared (NIR) photodetectors (PDs) are state-of-the-art
devices for optical communication, environmental monitoring,
biomedical imaging, and sensing.1,2 Most of the commercially
available NIR-PDs are typically made from inorganic semi-
conductor materials such as silicon (Si), germanium (Ge),
indium gallium arsenide (InGaAs), and lead sulfide (PbS).3,4

Inorganic PDs (IPDs) offer high responsivities and detectivity,
cover a broad range of wavelengths, and exhibit good stability
and reliability over time.5 However, high cost, low optical
absorption, and complex manufacturing processes limit the
successive development of IPDs.6 In contrast, NIR organic
photodetectors (OPDs) demonstrate low cost, optical
tunability, and solution processability that have extensively
overcome the IPDs’ drawbacks.7,8

The NIR-OPD involves a bulk heterostructure junction
(BHJ) formed by blending a donor material and an acceptor
material to act as a light absorber layer that generates charge
carriers. Typically, the donor materials are conjugated
polymers7,9 or small molecules10,11 while the acceptor
materials are mainly fullerene derivatives and nonfullerene
small molecules. Recently, many novel nonfullerene acceptor
(NFA) materials12,13 have shown excellent absorption
characteristics in the wavelength ranging from 900 to 1000
nm, such as COI-4F, COI-4Cl, IEICO-4F,14 COTIC-4F,12,15

and COTIC-4Cl.16 These materials enable the external

quantum efficiency (EQE) of the OPD to increase to levels
close to that of the Si-based PD. However, as the absorption
spectra of the material shift to the NIR light region, the carriers
would be more easily injected due to its narrow energy level,
also increasing the dark current (JD) by several orders of
magnitude.9,17 However, a low JD is essential to obtaining high
detectivity for OPDs.18 To effectively suppress the JD, varying
methods have been proposed, such as adding barrier
layers,10,14 reducing the interfacial defect density,13,19 enhanc-
ing the active layer thickness,20 and using the inverted
structure.21 Huang et al.9 reduced the JD from 2 × 10−7 to 7
× 10−9 A/cm2 at −2 V, by increasing the thickness of the active
layer, while the thick active layer led to a reduction in EQE
from 65 to 59% at a wavelength of 940 nm. They then
increased the injection barrier by adding CuSCN as an
electron-blocking layer to modulate the JD at −0.1 V from 2.3
× 10−8 to 2.7 × 10−10 A/cm2. On the other hand, Xu et al.22

induced Y6 as an interfacial layer by solvent vapor annealing to
reduce the interface defects, resulting in a reduced JD from 1.9
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× 10−6 to 1.2 × 10−9 A/cm2 at −0.1 V. Although the
generation of JD can be prevented at low bias voltages (< −0.5
V) by employing an interfacial layer, JD increases significantly
with increasing bias voltage. Zinc oxide (ZnO) is the most
common electron transport layer (ETL) material in the
inverted-structure OPDs and organic photovoltaics (OPVs),
which is inexpensive and has strong mobility, and thus is
frequently utilized for JD modulation.23 However, oxygen
vacancies in ZnO tend to increase JD because of electron
injection, making it crucial to substitute the vacancies with
other materials to reduce the JD. A variety of materials such as
PFN-Br,24 LiF,25 BCP,26 Bphen,27 and PEIE28 have been
employed as a hybrid to ZnO. Recently, the team led by Li13

demonstrated reducing interface defects by blending PEIE with
ZnO. Since the nitrogen element in PEIE fills the oxygen
vacancies in ZnO, the lowest JD is effectively achieved at 1.91 ×
10−9 A/cm2 at −1 V. Nonetheless, the C�O bond in the
NFAs will react with the amine group in PEIE, destroying the
original electrical structure of the NFAs. This effect
consequently reduces the stability of the OPD,29−31 and the
insulating properties of PEIE itself also require precise control
of the thickness and concentration.32−34 For these reasons, it is
necessary to choose a material to replace PEIE to fill in the
oxygen vacancies in ZnO. In recent OPV studies, N,N′-
bis(N,N-dimethylpropan-1-amine oxide)perylene-3,4,9,10-tet-
racarboxylic diimide (PDINO) is found to be a potential
material as an ETL due to its amino N-oxide group with strong
electron affinity, electron mobility, and a π-delocalized planar
structure.34,35 PDINO is mostly used as a cathode interlayer in
conventional-structure OPVs and is rarely used in inverted-
structure OPVs. Marsal et al.35 provided a systematic analysis
for the stability of inverted OPVs with different ETLs, and
their results demonstrate that the OPVs have superior
photostability by replacing ZnO with PDINO as a cathode
interlayer. However, the performance influencing factors in
OPVs and OPDs are different and the relevant potential of
PDINO in inverted NIR-OPDs is still unexplored.
In this work, we demonstrate the optimization of the ETL

with ZnO to achieve a high-performance NIR-OPD, by
forming a hybrid layer with the small-molecule PDINO to
reduce the oxygen defects and suppress the JD. The blend of
poly{4,8-bis[5-(2-ethylhexyl)thiophen-2-yl]benzo[1,2-b:4,5-
b′]-dithiophene-2,6-diyl-alt-3-fluoro-2-[(2-ethylhexyl)-
carbonyl]-thieno[3,4-b]thiophene-4,6-diyl} (PTB7-Th) and
COTIC-4F was used as the active layer in this study. For
the reduction of JD, due to the hybrid of PDINO with ZnO,
the work function of ZnO is reduced from ∼4.79 to ∼4.68 eV,

which consequently increases its injection barrier by 0.11 eV,
and finally reduces the JD from 2.1 × 10−7 to 2.1 × 10−8 A/cm2

at −1 V. Notably, the EQE has maintained ∼50% with a high
light response at 1000 nm, therefore increasing its specific
detectivity obtained from noise current (Dn*) to 1.1 × 1012
Jones. This Dn* is also the highest value under the same
operating conditions in the PTB7-COTIC-4F system in the
current literature, indicating that the PDINO modification
indeed improves the detecting performance considerably.
Furthermore, the OPDs with PDINO-modified ETL exhibit
excellent stability. Under 1000 h of dark storage, the JD of the
PEIE-modified OPDs increased by two orders of magnitude
while the JD of the PDINO-modified OPDs remained almost
unchanged. Our study demonstrates a new type of ETL
structure that has great potential to achieve high-performance
NIR-OPD.

2. METHODOLOGY
2.1. Materials. PTB7-Th, COTIC-4F, and PDINO were

purchased from 1-Material Inc. Zinc acetate was obtained from
Alfa Aesar. 2-Methoxylethanol, ethanolamine, chlorobenzene
(CB), ortho-xylene (o-xylene), 1-chloronaphthalene (CN),
MoO3, and PEIE were availed from Sigma-Aldrich. All reagents
and solvents were used without further purification. The
chemical structures of PTB7-Th, COTIC-4F, PDINO, and
PEIE are presented in Figure 1a. ZnO was synthesized through
the sol−gel method, according to a previous report.18 Here,
the PDINO solution was prepared at 0.5 mg/mL in methanol
and the PEIE solution was diluted in 2-methoxyethanol
prepared into 0.4 wt % of solution. For the hybrid ETLs, the
sol−gel ZnO precursor was mixed with different volume ratios
of PDINO or PEIE solutions.
2.2. Device Fabrication. The OPD was fabricated on

commercially available indium tin oxide (ITO)/glass substrate
that was precleaned through ultrasonication in deionized
water, acetone, and isopropanol consecutively each for 30 min.
The as-prepared ZnO was deposited at a spin coating rate of
3000 rpm for 30 s on the ITO/glass substrate, followed by
annealing treatment at 180 °C for 20 min. Here, the
introduction of PDINO and PEIE was done in two methods.
The first method involved the one-step hybridization of
PDINO and PEIE separately with ZnO in a sol−gel solution;
the devices are herein labeled as ZnO:PDINO and ZnO:PEIE,
respectively. The second method involved the deposition of
PDINO and PEIE separately on the ZnO layer (demonstrating
a two-step bilayer process), effectively serving as an interfacial
layer on the ETL; the devices are herein named ZnO/PDINO

Figure 1. (a) Chemical structures of PTB7-Th, COTIC-4F, PDINO, and PEIE. (b) Schematic energy band diagram of the OPD device.
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and ZnO/PEIE, respectively. Subsequently, the substrates were
transferred to an N2-filled glovebox. The PTB7-Th:COTIC-4F
active layer solution (20 mg/mL in o-xylene and o-xylene with
0.5 vol % CN) was stirred at 65 °C for 12 h in a glovebox. This
active layer solution was spin-coated on the ETL at 3000 rpm
for 30 s in a glovebox. Additionally, MoO3 (5 nm, HTL) and
Ag (100 nm) were successively deposited on the active layer
through thermal evaporation. The final OPD area is 0.04 cm2,
and the energy band diagram of the OPD structure is
demonstrated in Figure 1b.
2.3. Characterization. The film thickness was measured

using Alpha-stepper (Bruker). The morphology and roughness
of the film surface were measured using atomic force
microscopy (AFM; Bruker). The work function of the film
was measured using the scanning kelvin probe (KP
Technology SKP5050), which is a surface analyzer used to
directly measure work function differences and surface
potential variations on solid surfaces. The JD−voltage (JD−V)
characteristics of the devices were recorded using a Keithley
2400 source meter. EQE spectra and responsivities at
wavelengths ranging 300−1200 nm were recorded in DC
mode using a QE-R system (Enlitech, Taiwan) and a Si-based
PD (Hamamatsu S1337), which was employed programmati-
cally to calibrate the monochromatic beam, according to the
IEC 60904-8:20146 standard. The ultraviolet−visible (UV−
vis) spectrophotometer (Jasco V-750) was used to measure the
absorption behavior and calculate the bandgap energy of the
active layer. The current density−voltage (J−V) characteristics
and the noise current were recorded using a programmable
source meter (Keithley, model 2636A) in the dark. The
photocurrent response to the light intensity was measured
through the evaluation of the linear dynamic range (LDR). To
measure the LDR, light-emitting diode (LED; Thorlabs,
M940L2) beams with a wavelength of 940 nm were pointed
at a motor-driven filter wheel (Thorlabs, FW102CNEB) to
produce a controlled light intensity over the area of the OPD
device. The frequency response of the OPD was measured by

using a commercial LED (Thorlabs) having a luminous flux
density of 1 mW/cm2 at 940 nm, connected to a function
generator (Tektronix, AFG3102C) to generate a pulse to
trigger the OPDs. The output pulse of the OPD was amplified
by a preamplifier operated at a low noise current with an A/V
gain factor of 10−6; the amplified output pulse was then
captured and plotted by a 2.5 GHz oscilloscope (Teledyne
LeCroy, WaveRunner 625Zi). Electrochemical impedance
spectroscopy (EIS; Solartron, Materials Lab XM) was used
to analyze sinusoidal AC signals in the 10−1 to 1 MHz sweep
mode with an amplitude of 1 V, while the defect density and
charge mobility were calculated by space-charge-limited
current (SCLC). The extraction time and recombination rate
of the charge carriers were obtained from transient photo-
voltage (TPV) and transient photocurrent (TPC) measure-
ments, using a Paios 4.0 instrument (FLUXiM AG, Switzer-
land). Highly sensitive EQE was measured using an integrated
Fourier-transform photocurrent spectroscopy system (FTPS,
Enlitech), where the photocurrent was amplified and
modulated by a lock-in instrument. ELEQE measurements
were performed by applying external voltage/current sources
through the devices (REPS+, Enlitech). All of the devices were
prepared for ELEQE measurements according to the optimal
device fabrication conditions. ELEQE measurements were
carried out from 0 to 3 V.

3. RESULTS AND DISCUSSION
ZnO can be used as an ETL and an interface layer at the same
time; however, the oxygen vacancies in the film become the
main source of charge tunneling under reverse bias, resulting in
a large amount of current leakage and reduction of the
detecting performance. To suppress the generation of leakage
current, we first hybrid PDINO in ZnO (ZnO:PDINO) to
reduce the formation of oxygen defects. Figure 2a shows the
JD−V curves of ZnO:PDINO at different hybrid ratios of 0, 10,
30, and 50 vol % of PDINO, named ZnO, ZnO:PDINO10,
ZnO:PDINO30, and ZnO:PDINO50, respectively. It is shown

Figure 2. (a) JD−V curves, (b) SCLC plots, and (c) calculated electron mobilities of OPDs with various ZnO:PDINO ETLs at different hybrid
ratios of 0, 10, 30, and 50 vol % of PDINO.
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that blending PDINO in ZnO can effectively reduce the JD
with the best result obtained under the condition of 30 vol %
(ZnO:PDINO30). The JD at −1 V can be reduced from 2.1 ×
10−7 to 2.1 × 10−8 A/cm2, which can be attributed to the shift
of the work function of the ZnO thin film by adding PDINO
(Figure S1). Figure 2b shows the SCLC measurements to
quantify the defect density in the OPD with ZnO:PDINO
hybrid ETL. An electron-only device was fabricated for this
measurement. It is noteworthy that the double logarithmic
forward bias J−V reveals the power-law behavior of J ∼ Vn,
where n denotes the slope of each region. The n value varies

with the injection level and is linked with the distribution of
trapping centers. The region of n ∼ 1 reflects the ohmic region,
n ∼ 2 is the SCLC region, and n > 2 represents the trap-limited
region.36,37 Here, the corresponding SCLC curve of the
ZnO:PDINO blend demonstrates three visible curves. The JD−
V curve characterized in SCLC can be described by38,39

=J
V V

L
9
8

( )BI
2

3 (1)

where J represents the current density, ε represents the
dielectric constant, μ represents the carrier mobility, V

Table 1. Calculated Values of JD, μe, VTFL, and Nt of OPDs with Various ZnO:PDINO ETLs at Hybrid Ratios of 0, 10, 30, and
50 vol% of PDINO

ETL JD(A/cm2)a μe(cm2 V−1 s−1) VTFL(V) Nt(cm−3)

ZnO 2.1 × 10−7 (2.4 ± 0.3 × 10−7) 1.1 × 10−4 0.69 7.7 × 1015

ZnO:PDINO10 3.6 × 10−8 (3.8 ± 0.2 × 10−8) 1.2 × 10−4 0.67 6.2 × 1015

ZnO:PDINO30 2.1 × 10−8 (2.3 ± 0.2 × 10−8) 3.2 × 10−4 0.61 2.7 × 1015

ZnO:PDINO50 3.7 × 10−8 (4.0 ± 0.3 × 10−8) 2.7 × 10−4 0.65 5.2 × 1015
aThe average data are obtained from 10 devices for each ETL.

Figure 3. (a) EQE spectrum, (b) responsivity spectrum, (c) noise spectral density, (d) detectivity spectrum, (e) Nyquist plots, and (f) LDR
measurements of OPDs with ZnO:PDINO hybrid ETLs at varying ratios of 0, 10, 30, and 50 vol % of PDINO. EQE and responsivity are obtained
at 300−1000 nm wavelength under −1 V bias. The inset in (e) shows the corresponding RC circuit diagram of the system.
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represents applied voltage, VBI represents built-in voltage, and
L represents the thickness of the organic layer. From eq 2, the
trap density (Nt) can be expressed by

38

=V
qN L

2TFL
t

2

(2)

where VTFL represents the trap-filled-limited voltage curve and
q represents the elementary charge particle. Following this, the
SCLC curve demonstrates that PDINO can effectively reduce
the defect density and increase electron mobility, as shown in
Figure 2c. Furthermore, the SCLC curve of the device with
PEIE demonstrates a spatial constraint that is significantly
lower than PDINO (Figure S2). All obtained values of JD, μe,
VTFL, and Nt of OPD with different ZnO:PDINO ETL are
shown in Table 1. These results demonstrate that PDINO can
effectively reduce the JD and improve charge transfer. To
elucidate the effect of PDINO hybrid with ZnO on its surface
morphologies, AFM measurements are obtained, as shown in
Figure S3. It was found that the photoactive layer deposited on
various ZnO:PDINO ETLs at hybrid ratios of 0, 10, 30, and 50
vol % of PDINO demonstrates a roughness of 1.7, 1.6, 1.65,
and 1.55 mm, respectively. The minimal decrease in the surface
roughness of the active layer with ZnO:PDINO hybrid ETL
suggests that the passivation of defects on the surface of the
ZnO may influence variations in JD and responsivity.
To further analyze the effect of PDINO on the performance

of ZnO:PDINO hybrid ETL-based OPD, the absorption
behavior and the bandgap energy of the active layer (PTB7-Th
and COTIC-4F) were initially measured using the UV−vis
absorption spectra (Figure S4). The main regions of the
absorption for PTB7-Th and COTIC-4F were 400−800 and
600−1200 nm, respectively. The complementary absorption
behavior of these two materials enabled the response range of
PTB7-Th:COTIC-4F blends to cover wavelengths from the
visible to the NIR. The EQE, representing the charge
generation and collection ability of the OPD, is also observed
in Figure 3a. The EQE can be well explained by eq 3:40

= =
T

V
L

EQE 2 (3)

where χ represents the fraction of dissociated excitons, τ
represents the lifetime of trapped electrons, T is the hole
transport time, μ represents carrier mobility, V is the applied
bias, and L represents the active layer thickness. Here, no
significant EQE deterioration was observed, and the EQE was
still as high as 57% at a wavelength of 1000 nm. Also, OPDs
with an increased amount of PDINO exhibited a slight increase
in the EQE. Figure 3b displays the responsivity of the OPD,
illustrating the ratio of the optical power of the material to the
collected current under illumination. The responsivity can be
calculated by eq 4:20,28

=
× ×

= ×R
A

W
q

hc
EQE EQE

100% 1240(nm )w
A

i
k
jjj y

{
zzz

(4)

where R represents the responsivity, q represents the electric
charge, and λ represents the incident light wavelength. For
OPDs, the specific detectivity (D*) describes the ability of
OPD to sense light, and this performance mainly depends on
the JD and light response. The calculation for D* of the
material following JD is expressed by the following requa-
tion:7,18

* =
× ×

D
R

q J
( )

2 D (5)

However, this definition only includes JD as the source of noise,
leading to inaccuracies in D* calculations with overestimated
results.18 By utilizing white noise for calculation, the equation
for Dn* is determined as follows:8,18

* =D
R A f

in
n (6)

where A represents the active area of the OPD, Δf represents
the measurement system bandwidth, and in represents the
white noise. The calculated responsivity of the OPD displays a
slight increase with an increase in PDINO. Figure 3c
demonstrates the in−frequency (N−F) curve of the OPD
with varying PDINO hybrid blending. According to the
literature,11 in occurs in an interval that has nothing to do with
frequency; thus, the in between 100 and 1000 Hz as the source
of in was utilized. In the hybrid ETL, the devices based on
ZnO:PDINO30 achieved the lowest in of 2.4 × 10−14 A/Hz.
Figure 3d shows the D* of the OPDs with varying
ZnO:PDINO ETLs. Here, the ZnO:PDINO30 device demon-
strates the highest D*; however, a further increase of up to 50
vol % of PDINO shows an evident decrease in the D*. The
overall performances of the OPDs with ZnO:PDINO ETLs of
varying PDINO ratios are displayed in Table 2.
Moreover, we conducted EIS to precisely investigate the

effects of hybrid PDINO on the interfacial resistance and
charge behavior of the OPDs. Figure 3e shows the Nyquist
plots of the OPDs with ZnO:PDINO ETLs. According to the
literature, the semicircle arc at high frequencies (left-hand
side) can be attributed to the charge transport behavior
whereas the semicircle arc at low frequencies (right-hand side)
is connected to the charge recombination process.41,42 Also,
the semicircle diameter extending on the real axis represents
the influence of RCT, where higher RCT leads to a reduction of
JD.

41,42 As shown in the inset of Figure 3e, the OPD can be
represented by an equivalent circuit consisting of an internal
series resistance (RS), a charge transport resistance (RCT), and
a constant phase element (CPE). The OPD device based on
ZnO:PDINO30 ETL exhibits higher RCT compared to other

Table 2. Values of EQE, R, D*, Dn*, and LDR of OPDs with ZnO:PDINO Hybrid ETLs at Varying Ratios of 0, 10, 30, and 50
vol% of PDINO

ETLa EQEb (%) responsivity (A/W) D*(Jones) Dn*(Jones) LDR (dB)

ZnO 57.2 (57.1 ± 0.1) 0.46 1.57 × 1012 3.26 × 1011 75
ZnO:PDINO10 57.1 (56.8 ± 0.3) 0.46 3.54 × 1012 6.05 × 1011 94
ZnO:PDINO30 57.7 (57.5 ± 0.2) 0.47 4.99 × 1012 1.09 × 1012 95
ZnO:PDINO50 57.6 (57.4 ± 0.2) 0.47 3.92 × 1012 8.48 × 1011 90

aThe average data are obtained from 10 devices for each ETL. bEQE and responsivity values were obtained at a wavelength of 1000 nm under −1
V bias.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c01466
ACS Appl. Mater. Interfaces 2024, 16, 27576−27586

27580

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c01466/suppl_file/am4c01466_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c01466/suppl_file/am4c01466_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c01466/suppl_file/am4c01466_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c01466?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


OPDs, indicating that the ZnO:PDINO30 ETL-based OPDs
have better interfacial contact and charge transport behavior.
The increase in RCT suggests that PDINO can effectively assist
in the reduction of leakage current and JD, resulting in high
responsivity of the OPDs. Figure 3f shows the photocurrent
density as a function of light intensity of the OPD
characterized by the LDR. The LDR measurement was
recorded under 940 nm light with modulated power light
intensities at 1 mW. The OPDs fabricated from ZnO:PDINO30
exhibit the highest LDR of 95 dB, indicating that OPDs can
detect light within the largest light intensity range. Figure S5
shows the fitted relationship between LDR and JD. It can be
observed that the measured minimum photocurrent and JD are
very close to each other. This result also implies that the ETL
of ZnO:PDINO30 exhibits low trap density. Based on the
above results, we have improved the charge transport and
defect passivation at the interface between the transparent
electrode and the active layer by blending ZnO and PDINO as
the ETL for OPDs, proving that PDINO is a promising
cathode interlayer.
To further verify the generalization of PDINO as a cathode

interlayer, we fabricated the OPDs with the commonly used
bilayer structured ETL (ZnO/PDINO) and compared the
performance. Figure 4a illustrates the effect of ZnO/PDINO
ETL on the JD of OPDs. In comparison to OPDs with 0 vol %
of PDINO, OPDs with bilayer ETL showed a reduced JD from
2.1 × 10−7 to 6.1 × 10−8 A/cm2 at −1 V. This result suggests
that the deposition of PDINO on the ZnO layer reduce JD,
implying that PDINO can fill the surface defects. However,
compared with the OPDs fabricated from hybrid ETL (Table
1), the bilayer-ETL-based OPDs are less effective in
suppressing the generated current leakage. This means that
internal defects cannot be filled by the bilayer structure, which
makes the JD susceptible to increase due to the charge
tunneling caused by internal defects. Figure 4b shows the
responsivity spectrum of the OPD devices with these ETLs.
NIR-OPDs based on the pristine ZnO and bilayer ETL

demonstrated the same responsivity of 0.46 A/W, while hybrid
ETL demonstrated a responsivity of 0.47 A/W at a wavelength
of 1000 nm. The nearly identical responsivities indicate that
the EQE in the systems mainly depends on the selection of the
active layer materials, on which the ETL has little influence on
the overall EQE of OPDs. Figure 4c shows the N−F curves of
the OPDs with ZnO, ZnO:PDINO, and ZnO/PDINO ETLs.
The noise current of OPDs with PDINO, either bilayer or
hybrid structured ETLs, is significantly lower than that of
OPDs with pristine ZnO, which means that the introduction of
PDINO can improve the overall defects in ZnO. Finally, the
detectivity of the OPDs fabricated from ZnO, bilayer, and
hybrid ETLs illustrates that the addition of PDINO in either
way can substantially increase the detectivity, as shown in
Figure 4d. Among them, the hybrid ETL-based OPD with the
highest detectivity measuring 1.09 × 1012 Jones at −1 V and
1000 nm wavelength. These results demonstrate that PDINO
is a promising cathode interlayer, which can be used to reduce
JD and improve the responsivity and detectivity of the OPD
devices efficiently. To elucidate the difference in the perform-
ance of the OPD device with ZnO:PDINO and ZnO/PDINO
ETLs, the change of energy loss was investigated using FTPS-
EQE and electroluminescence of quantum efficiency
(ELEQE).

43,44 Figure S6 displays the characteristic values of
charge transfer state energy (ECT) of the active layer with
various ETL systems with PDINO. Here, ECT demonstrated
indistinct values for various ETL systems. The insignificant
change observed in ECT is suggested by the little effect of the
modulation of ETL on the state energy in the active layer
material. However, it can be observed that the hybrid ETL-
based OPD displays a higher ELEQE of 7.83 × 10−4 than the
bilayer and ZnO ETL-based OPD (Figure 4e). This increase in
ELEQE correlates with a decrease in energy loss.45−47 In
addition, a significant energy shift in the bilayer ETL-based
OPDs can be observed in the normalized ELEQE spectra
(Figure 4f), which may have contributed to the energy loss in
the bilayer ETL-based OPD devices. Our direct comparative

Figure 4. (a) JD−V curves, (b) Responsivity, (c) N−F curve, (d) detectivity, and (e, f) ELEQE spectra of the OPDs with ZnO, ZnO:PDINO30
(hybrid), and ZnO/PDINO (bilayer) ETLs.
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analyses of ETL for two-step (bilayer) and one-step (hybrid)
deposit processes reveal the effectiveness of PDINO in both
ETL structures. Notably, our results indicate that the hybrid
ETL not only offers enhanced process convenience but also
demonstrates superior performance in defect passivation,
charge-transport behavior, and energy loss, leading to notable
improvement of OPDs.
To further demonstrate the superiority of our ZnO:PDINO

hybrid ETL on the OPD devices, commonly used PEIE was
also blended with the ZnO in hybrid and bilayer structures. As
shown in Figure S7, OPDs with PEIE-hybrid ETLs
demonstrated higher performance than OPDs with PEIE-
bilayer ETLs, which is consistent with the OPDs with PDINO-
based ETLs. The JD of the OPDs with ETLs of ZnO,
ZnO:PEIE, and ZnO:PDINO are compared (Figure 3a) and
Figure S7a), where ZnO:PDINO-based OPD demonstrated a
significant JD drop as compared to ZnO:PEIE-based OPD. The
N−F curve demonstrates a comparable lower in in ZnO:PEIE
and ZnO:PDINO hybrid ETL-based OPDs than that of ZnO
ETL-based OPDs, which is attributed to the significant effects
of the hybrid system in efficiently filling the overall defects,
interfacial and internal defects in ZnO, as shown in Figure 3c
and Figure S7d. Also, ZnO:PEIE-hybrid ETL-based OPD
demonstrates an increased Dn* (Figure S7e) and RCT (Figure
S7f). Figure S6 displays the SCLC results of PEIE-based
OPDs, demonstrating the electron mobility and trap density of
the OPDs fabricated from PEIE-hybrid ETLs with various
PEIE amounts. We found that the electron mobility and trap
density of the PEIE-hybrid-based OPDs are about one order of
magnitude lower than those of the PDINO-hybrid-based
OPDs, regardless of the PEIE−hybrid ratio, which is attributed
to the high electron mobility of PDINO. The observed overall
enhancements found in ZnO:PEIE30 display less effectivity
than ZnO:PDINO30, which is attributed to the insulating
property of PEIE, which reduces the efficiency of charge
collection.

Figure 5a is the capacitance-frequency (C−F) plots of the
OPDs with ETLs of ZnO:PEIE and ZnO:PDINO, where the
impedance response in low and intermediate frequency regions
is attributed to the charge dynamic processes at the ETL/
active layers interface.48 As the forward bias is applied under
dark, the inner charge dynamics can be treated as an electron
back transfer process where electrons are injected from the
external circuit to ETL and then pass through the ETL/active
layer interface and then to the BHJ just opposite to the flowing
direction in operation. The larger capacitance of the ZnO
ETL-based device implies a more serious interfacial charge
accumulation indicative of large electron transfer resistance.
Upon introduction of PEIE and PDINO in hybrid systems
with ZnO ETL, the device demonstrates lower C−F plots.
Hybrid ETL OPD displays a significant reduction of the
capacitance indicating that the hybrid ETL system can respond
more effectively to higher frequencies of incident light. The
hybrid ETL with PDINO demonstrates a lower C−F plot than
that of PEIE, which may have originated from the lower
dielectric constants and/or lower electronic polarizability of
PDINO that can result in lower capacitance. Subsequently, we
study the response speed of the OPD with ZnO and hybrid
ETLs to the light signal and investigate its transient response
time. OPDs are generally operated under reverse bias voltage,
which improves the charge extraction behavior of the
devices.48,49 Response speed defines the charge transfer
capability of the photoelectric detecting element under
transient light, which is represented by rise time and fall
time, respectively.10 The rise time is affected by the charge
collection ability, and the fall time is affected by the charge
output.50,51 Figure 5b and c shows the rise and fall times,
respectively, of the OPDs with ZnO and hybrid ETLs. Under
light with a wavelength of 940 nm, the ZnO:PDINO30 ETL-
based OPD demonstrates the fastest rising speed of 410 ns,
which is attributed to the good conductivity of PDINO. This,
in turn, improves the ability of charge collection, while the
falling time of the ZnO:PDINO30 ETL-based OPD also

Figure 5. (a) C−F plots, (b) rise time, (c) fall time, (d) cutoff frequencies, (e) JD, and (f) EQE stability of the OPDs with ZnO, ZnO:PDINO30
hybrid, and ZnO:PEIE30 hybrid bilayer ETLs.
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reaches a maximum of 330 ns. The fast charge output
capability of the ZnO:PDINO30 ETL-based OPD is attributed
to the hybrid method reducing the overall defect in ZnO, thus
improving the performance of charge transfer. As demon-
strated by ZnO:PEIE, the charge transport performance is also
significantly improved; however, the charge collection and
output ability of PEIE is slightly lower than that of PDINO,
which is attributed to the insulating characteristics of PEIE. We
also measured the response rate of ZnO:PEIE ETL with
varying ratios of PEIE, as shown in Figure S8. The resultant
response speeds of these components are proportional to the
mobility, indicating that high electron mobility can increase the
response speed of the components. In addition, we deeply
explored the response limit of the OPD with ZnO,
ZnO:PEIE30, and ZnO:PDINO30 hybrid ETLs to NIR light,
where the cutoff frequency of the samples was observed. The
cutoff frequency ( f−3dB) defines the light frequency of the OPD
at −3 dB, which is mainly related to the charge transfer time
and series resistance of the material, as shown in Figure 5d.
Due to the high conductivity of PDINO, the time of charge
transfer is improved, thereby improving the cutoff frequency of
the OPD. All obtained values of the rise time, fall time, and
f−3dB of the OPD with ZnO, ZnO:PEIE30, and ZnO:PDINO30
are listed in Table 3.

Finally, we investigated the stability of the ZnO:PDINO30
hybrid ETL OPD. Figure 5e displays the JD stability of the
unencapsulated OPDs with various ETLs under dark storage.
It was found that the OPDs with ZnO:PDINO30 ETL
maintained consistent JD levels even after exposure to ambient
environment for 1000 h. In contrast, the OPD with
ZnO:PEIE30 ETL demonstrates a significant increase in JD
after 1000 h of exposure in an ambient environment. This is
attributed to the amine group in PEIE, which destroys the
structure of nonfullerene materials in ambient conditions.29

We evaluated the JD stability of the device, as well as the
photocurrent stability under 530 and 1000 nm illumination for
10 days (Figure S9). From Figure S9, we observed that the
photocurrents of the devices fabricated from the three ETLs
show a slight variation under reverse bias after 10 days of
illumination, which indicates that the photocurrent stability of
the devices is good. However, in terms of JD stability, the JD of
the devices based on ZnO:PEIE ETL increases significantly
compared to the other two devices after 10 days of storage in a
dry cabinet (∼25 °C and 50%RH). This result suggests that
the addition of PEIE does destabilize the JD of the OPDs. In
addition, we also simulated the actual operation of OPDs at
different light intensities and frequencies using a 940 nm laser,
by which we evaluated the change in response speed of the
OPDs after 10 days of storage, as shown in Figure S10. The
results show that there is no obvious change in the response
speeds of the three devices at 1 kHz and 10 kHz, but at the
high frequency of 100 kHz, the response speeds of these
devices exhibit a significant difference. At high frequency (100
kHz) and low light intensity (10 μW), the ZnO-based OPDs
reveal a reducing response speed, which is due to the high
intrinsic JD of the devices. On the other hand, although the JD
of the ZnO:PEIE-based devices has been improved, the devices
still exhibit slower response speeds under this condition, which

Table 3. Calculated Values of Rise Time, Fall Time, and
f−3dB of OPD with ZnO, ZnO:PEIE30, and ZnO:PDINO30
Hybrid ETL

ETLa rise time (ns) fall time (ns) f−3dB(kHz)

ZnO 530 600 310
ZnO:PEIE30 450 480 320
ZnO:PDINO30 410 330 400

aThe data are obtained from best devices for each ETL.

Table 4. List of Recent State-of-the-Art Reports on High-Performance NIR-OPD

yeara active layer
spectral

region (nm) Jd (A/cm2) −3 dB/τr, τf R (A/W) maximum Da (Jones)

this work PTB7-Th:COTIC-4F 300−1100 2.1 × 10−8

@−1 V
400 kHz
400/320 (ns)

0.46 1000 nm @−1 V 5.0 × 1012 (based on Jd) @1000 nm
1.1 × 1012 (based on Sn)

this work @
0.1 V

PTB7-Th:COTIC-4F 300−1100 1.4 × 10−9

@0.1 V
0.44 @1000 nm
@−0.1 V

2.0 × 1013 (based on Jd) @1000 nm

202116 PTB7-Th:COTIC-
4Cl: PC71BM

300−1200 1.1 × 10−8

@−0.1 V
1 MHz
780/940 (ns)

0.35 @1060 nm
@−0.1 V

5.9 × 1012@1060 nm (based on Jd)

202114 PTB7-Th:COTIC-4F 400−1050 5.0 × 10−9

@−2 V
0.25 A/W @1050 nm
@−2 V

6.0 × 1012 @1050 nm (based on Jd)

202215 PTB7-Th:COTIC-4F 400−1100 8.5 × 10−7

@−1 V
21/24 (μs) 0.42 A/W @1000 nm

@−1 V
7.95 × 1011 @940 nm (based on Jd)

202222 PTB7-Th:COTIC-
4F: Y6

400−1100 1.2 × 10−9

@−0.1 V
45 kHz
13.6/12.5 (μs)

0.41 A/W @1060 nm
@−0.1 V

2.10 × 1013 @940 nm (based on Jd)

202252 PTB7-Th:COTIC-
4F: Y6

400−1070 5.61 × 10−10

@−0.1 V
60 kHz 0.45 A/W @1050 nm

@−0.1 V
7.13 × 1012 @1050 nm (based on Sn)

202253 PD004:PD-A2 350−1100 8.60 × 10−8

@−8 V
350 Hz
0.45 (ms)

0.46 A/W @1080 nm
@−8 V

2.34 × 1012 (based on Jd) @1080 nm
1.7 × 1010 (based on Sn)

202354 PTB7-Th:COTCN2 300−1200 1.08× 10−7

@−0.5 V
61.5 kHz 0.23 A/W @1000 nm

@−0.5 V
1.18 × 1012 (based on Jd) @1080 nm
1.33 × 1011 (based on Sn)

202355 PTB7-Th:COB 300−1100 5.22 × 10−8

@−0.5 V
52.1 kHz 0.455 A/W @970 nm

@−0.5 V
3.29 × 1012 @970 nm (based on Sn)

202356 PTB7-Th:YOR1 300−1000 1.58 × 10−10

@−0.1 V
0.141 A/W @950 nm
@−0.1 V

1.98 × 1013 (based on Jd) @950 nm
1.29 × 1012 (based on Sn)

202357 PCE10:BTPV-4F-
eC9

360−1050 4.65 × 10−10

@0 V
>100 kHz
8/7.6 (μs)

0.14 A/W @1030 nm
@0 V

1.14 × 1013 (based on Jd) @1080 nm
2.0 × 1012 (based on Sn)

202458 PTB7-Th:COTIC-4F 350−1100 2.30 × 10−8

@−1 V
0.339 A/W
@1000 nm @−1 V

3.9 × 1012 @1000 nm (based on Jd)

aThe references from the list were reported between the years 2021 and 2024.
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suggests that more internal traps lead to a prolonged charge-
filling time. The ZnO:PDINO-based OPDs exhibit stable
response speeds, indicating that the ZnO:PDINO layer is still
an excellent ETL for OPDs even at high frequency with low
light intensity. Additionally, the EQE stability of ZnO:PDI-
NO30 hybrid ETL OPD at a wavelength of 1000 nm is shown
in Figure 5f. After 1000 h of storage in an ambient
environment, no significant decrease in the EQE was found,
indicating that the charge extraction of aging devices is the
same as as-cast devices. The above investigations imply that
ZnO:PDINO30 hybrid ETL can not only effectively optimize
the performance of the OPDs but also possess high stability in
ambient conditions. Our overall performance analyses of OPD
with PDINO as a hybrid blend in ETL indicate that PDINO
significantly contributes as a cathode interlayer. For compar-
ison of our results,52−58 Table 4 provides a list of the recent
state-of-the-art reports on high-performance NIR-OPD while
Figure S11 provides a summary of the specific detectivity
(Dn*) of NIR-OPDs at similar wavelengths. Notably, our
OPDs fabricated from ZnO:PDINO hybrid ETL exhibit the
highest Dn* under the same operating conditions in the PTB7-
COTIC-4F system. In addition, NIR-OPDs are commonly
fabricated from glass/ITO substrates, but the reflectance and
transmittance of ITO in the NIR region (especially over 1000
nm) increased significantly (more than 20%), which is one of
the reasons for the low EQE.59 Some research groups have
demonstrated promising alternative electrodes that maintain
good electrical and high transmittance in the NIR region.60,61

These electrodes are expected to contribute to the improve-
ment of the EQE and responsivity of the NIR-OPDs.

4. CONCLUSIONS
In this study, we systematically investigated the impact of
PDINO blended in a hybrid system with ZnO ETL on
modulating JD for OPDs. Employing PDINO in hybrid systems
led to an outstanding drop in JD to 2.1 × 10−8 A/cm2 at −1 V,
coupled with a remarkably high responsivity of 0.47 A/W at a
1000 nm wavelength. This reduction in JD also resulted in a
notably enhanced detectivity of 1.09 × 1012 Jones. Also, the
effects of PDINO in hybrid and bilayer ETL systems were
thoroughly studied. Here, the PDINO in both systems
participated in the enhancement of the OPD; however, the
hybrid system is suggested to effectively restrain JD generation
than the bilayer system by efficiently filling oxygen vacancies
within and on the surface of the ZnO film layer, thereby
reducing injection current due to charge tunneling. Further-
more, the effectiveness of PDINO as a blend in ETL versus the
commonly used PEIE was investigated. In comparison to
PEIE, PDINO revealed a significant improvement in the RCT
of the OPD, indicating enhanced charge transport between
interfaces. Also, the high conductivity of PDINO with ZnO
ETL assisted in the reduction of capacitance, which effectively
lowers the interfacial charge accumulation that leads to charge
transfer resistance. These improvements were also evident in
the transient response speed results, with a rise time of 410 ns
and a fall time of 330 ns achieved under illumination with a
940 nm wavelength light source at −1 V. These results
demonstrate the efficient charge collection and transport
capabilities in the ZnO:PDINO hybrid ETL-based OPD.
Finally, the excellent compatibility of PDINO with non-
fullerene materials demonstrated prolonged highly stable EQE
for an impressive 1000 h at room temperature without the
need for packaging. This research provides valuable insights

into the optimization of ETL for OPDs, offering a promising
avenue for the development of highly efficient, stable, and
sensitive PDs for a wide array of applications.
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