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ABSTRACT



We report a high-speed low dark current near-infrared (NIR) organic photodetector (OPD) on
silicon substrate with amorphous indium gallium zinc oxide (a-IGZO) as electron transport layer
(ETL). In-depth understanding on the origin of dark current is obtained using an elaborate set of
characterization techniques, including temperature-dependent current-voltage measurements,
current-based deep-level transient spectroscopy (Q-DLTS) and transient photovoltage (TPV)
decay measurements. These characterization results are complemented by energy band structures
deduced from ultraviolet photoelectron spectroscopy (UPS). The presence of trap states and a
strong dependency of activation energy on the applied reverse bias voltage point to a dark
current mechanism based on trap-assisted field-enhanced thermal emission (Poole-Frenkel
emission). We significantly reduce this emission by introducing a thin interfacial layer between
the donor: acceptor blend and the a-IGZO ETL, and obtain a dark current as low as 125 pA/cm?
at an applied reverse bias of —1 V. Thanks to the use of high-mobility metal-oxide transport
layers, a fast photo response time of 639 ns (rise) and 1497 ns (fall) is achieved, which, to the
best of our knowledge, is among the fastest reported for NIR OPDs. Finally, we present an
imager integrating the NIR OPD on a CMOS Read-Out Circuit (ROIC), demonstrating the
significance of the improved dark current characteristics in capturing high-quality sample images

with this technology.

1. INTRODUCTION

After decades of parallel development with organic photovoltaics, organic photodetectors
(OPDs) have become one of the key candidates for photo-sensing applications including

imaging, optical communication, industrial sorting, environmental and biomedical monitoring,



and artificial vision.'” High-performance ultraviolet (UV) and visible light (VIS) OPDs are
demonstrated.*”” With higher information depth, NIR light sensing is particularly interesting for
next-generation automotive and biological imaging, however, the effort towards developing
high-performance NIR OPDs has remained rather limited compared to UV-VIS.31* To date, the
NIR imaging and sensing industry is dominated by epitaxially grown crystalline III-V
semiconductors such as InGaAs and HgCdTe.'"!* However, III-V photodetector diode arrays
require flip-chip bonding at the chip level to read-out ICs to make imagers, which results in
costly assembly and limited pixel pitch (typically 5-10 um).'>'* Therefore, alternative
semiconductors for NIR detection are being pursued. One such alternative photodetector is based
on colloidal quantum dots (QDs) such as PbS, HgTe, and InAs'>!*!5 while other photodetectors

3-5,11

are based on metal-free organic semiconductors , utilized in this work.

The reverse dark current density (Jp) negatively influences the specific detectivity (D*) of a
photodetector as it is one of the dominant contributors to the noise current.'®! Therefore, it is
important to improve the understanding of dark current mechanisms. The dark current density in
organic photodetectors is predominantly attributed to either bulk thermal generation within the
photoactive layer or charge carrier injection from metal electrodes.!!%!:1617 Although most of
the studies on the intrinsic origin of Jp primarily focus on OPDs with UV-VIS materials, recent

reports'’ 1Y

include NIR absorbers, expose a discrepancy between the experimentally measured
and the theoretically expected dark current by band-to-band thermal generation. The presence of
energetically disordered states and distributed trap states in the D-A blend are the most likely

reasons for the deviation of Jp from its ideal value.!”! Therefore, it is crucial to quantify the trap

states and understand how the traps affect the performance of OPDs.



The two key performance parameters of fast photodetectors are the optical response time
(typically measured in terms of rise and fall times) and responsivity (R). The response time of
organic photodetectors is usually slow because of the low carrier mobility of organic
semiconductors (both in the organic absorber and in transport layers) in the OPD stack.!** One
way to improve the response time is by using inorganic semiconductors with higher mobility (>1
cm?/Vs) for the transport layers (both for electrons and holes).?' >3 Recent reports on high-speed
photodetectors suggest that combining organic bulk heterojunction (BHJ) and organic-inorganic
hybrid perovskite (OIHP) can be another way to improve the optical response time, however
with an increased dark current compared to pure OPDs.?*?% Therefore, devices with both low

dark current (< 1 nA/cm?) and fast response time (< 1 ps) are yet to be achieved.

Herein, we report high-speed low dark current organic photodetectors with amorphous indium
gallium zinc oxide (a-IGZO) as the electron transport layer (ETL). The OPD with a-IGZO as
ETL reaches a fast rise time of 607 ns and a fall time of 1163 ns, however, we observe a high
reverse dark current density of 4.26 uA/cm? at —3.50 V. To achieve a NIR OPD with both fast
response time and low dark current density (< 1 nA/cm?), we introduce a thin interfacial layer of
co-evaporated C60:LiF between the organic bulk heterojunction (BHJ) and a-IGZO. This
reduces the dark current density by more than three orders of magnitude. We find a trap density
of ~9.59% 10*cm? at an energy depth of ~0.30 eV for the OPD without interfacial layer. We
infer that these traps at the interface between organic BHJ and a-IGZO play a major role in
assisting thermally-generated dark current without the interfacial layer. This study brings a good
insight into the dark current mechanism in NIR OPD by presenting a detailed characterization of
trap states, temperature-dependent current-voltage (J-V) characteristics, and energy band

structure models of both OPD stacks. We also demonstrate imagers based on these two devices,



where the device with the interfacial layer can capture high-quality images benefiting from the

low dark current.
2. RESULTS AND DISCUSSION
2.1 Device characterization

Figure la shows the schematic diagram of the NIR OPD stack using a-IGZO as ETL. It
comprises, from bottom to top: a patterned TiN bottom electrode, an a-IGZO layer (ETL), the
organic bulk heterojunction (BHJ) with PTB7-th and IEICO-4f (donor-acceptor (D-A)), MoOx
(HTL), and ITO as transparent top electrode. The current-voltage characteristics (J-V) under dark
and NIR light (~927 W/m? at 943 nm) in Figure 1b exhibit a reverse dark and photocurrent
density of 4.26 pA/cm? and 6.16 mA/cm?, respectively at —3.50 V. The high photocurrent
density of 6.16 mA/cm? suggests the good absorption of NIR light by the organic D-A pair and
favorable energy band alignment for photogenerated carrier extraction. The EQE of ~57% at 900
nm (Figure Ic) is in line with previous reports using the same organic D-A pair.!!**?® EQE at

900 nm as a function of applied reverse bias voltages (Figure 1d) demonstrates that the device
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Figure 1. (a) Schematic diagram of OPD with a-IGZO as ETL. (b) J-V characteristics under
dark and NIR light, and EQE as a function of wavelength and reverse bias voltages in (c)-(d),
respectively.



can deliver ~50% EQE down to —1.0 V. To address the origin of high dark current using a-IGZO
as ETL, we fabricate an OPD with TiO> as ETL to replace the a-IGZO layer. Although both a-
IGZO and TiO; show favorable energy structure (Figure S1, SI) to extract electrons from the
BHJ via the LUMO level of IEICO-4f (BHJ acceptor molecule), the OPD with TiO> shows
almost 2 orders of magnitude lower dark current compared to that with a-IGZO as ETL (Figure
S2). This indicates that the energy band offset is not the reason behind the origin of high dark
current using a-IGZO as ETL. Instead, we hypothesize that the high dark current is the result of a

high trap density at the a-IGZO/BH] interface.

To improve the quality of the a-IGZO/BH]J interface we introduce a thin (7 nm) interfacial layer
of co-evaporated C60 and LiF (C60:LiF) between the BHJ and a-IGZO layers. A detailed

characterization of the C60:LiF layer can be found in our previous report,!' where we
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Figure 2. (a) Dark and NIR photocurrent density of OPD with IGZO-C60:LiF. (b) EQE
profile as a function of wavelength at —3.5 V. (¢) EQE vs voltage at 900 and 920 nm. (d)
Responsivity (black) and shot noise limited specific detectivity D* as a function of
wavelength (e) Evolution of current density with applied illumination at different reverse
biases of —3.5, —2 and —1 V (f) Transient photocurrent (TPC) shows the rise and fall times
of the OPD (inset: the utilized NIR light pulse).



demonstrated that a C60:LiF layer can passivate trap states. The dark J-V characteristic of the
OPD with a LiF:C60 interfacial layer between the BHJ blend and the a-IGZO ETL, reported in
Figure 2a, shows a low dark current density of 1.33 nA/cm? at —3.5 V which is one of the lowest
ever reported for a NIR OPD. Operating the OPD at biases of —2 V and —1 V even yields a Jp of
270 pA/cm? and 125 pA/cm?, respectively. To further strengthen our claim of low dark current
with this NIR OPD stack, we present dark J-V characteristics of 10 devices from a substrate in
Figure S3a, showing good uniformity. A high NIR photocurrent density of 4.42 mA/cm? in
Figure 2a shows 6.52 orders of magnitude jump from the corresponding dark current at —3.5 V
which confirms that the C60:LiF interfacial layer does not have negative impact on the
photogenerated carrier extraction. Over 50% EQE can be seen throughout the spectral range of
600-920 nm, peaking at ~55% EQE at 900 nm (Figure 2b). EQE vs wavelength uniformity is
also evident in Figure S3b. Figure 2c shows that the EQE is relatively constant over a wide range
of applied reverse biases (—1 to —3.5 V), which is important for integrating the photogenerated
charge carriers in a read-out IC for imaging applications'*!* The high EQE in the NIR region and
low dark current density of the OPD result in a high responsivity of 0.41 AW at ~900 nm and
>10'3 Jones of shot-noise limited specific detectivity (D*), shown in Figure 2d. The photocurrent
density as a function of the irradiance is a crucial measure for the linearity of the photo response
of a photodetector. We observe a good linearity of the reversed biased OPD at —3.5V, —=2.0 V,

and —1.0 V upon illuminating under a white LED light in Figure 2e.

One of the key achievements of this NIR OPD is the fast response time of transient photocurrent
(TPC) measured by the standard square wave method.?*° We utilize a NIR light (peaking at 943
nm) pulse of 100 ps of ~927 W/m? to record the transient rise and fall times (10% to 90% of the

steady state signal and vice-versa) of the photocurrent. Figure 2f shows the measured rise and



fall times of 639 ns and 1497 ns, respectively, which, to the best of our knowledge, are amongst
the fastest reported for NIR OPDs.%!!313% Comparing this rise/fall (639/1497 ns) time with a-
IGZO-only OPD (607/1163 ns) in Figure S4f, we show that the response speed is well
maintained when introducing the interfacial layer. We compare dark and NIR light illuminated
current density, EQE vs wavelength, EQE vs voltage, responsivity, shot noise limited specific
detectivity (D*) and TPC rise/fall times of both OPD with and without C60:LiF interfacial layer
together in Figure S4 and further confirm that the OPD with IGZO-C60:LiF shows large
improvement over the IGZO-only OPD in terms of D* benefiting from the low dark current
while still delivers similar EQE, responsibility and TPC response speed. All the parameters of

Figure S4 are also summarized in Table S1.

To explain the origin of the low dark current, we first look at the complete energy band diagram,
deduced from ultraviolet photoelectron spectroscopy (UPS). Each layer of the stack (Figure 3a)
is characterized by UPS to extract secondary cut-off and valence band positions, as can be seen

in Figure 3b. Figure S5 shows the detailed procedure to calculate ionization energy and work
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Figure 3. (a) Schematic diagram of OPD stack with IGZO-C60:LiF. (b) UPS spectra of
PTB7-th, IEICO-4f, MoOx, a-IGZO, and C60 exhibiting secondary electron cutoff and
valence level energy. (c) Complete energy band diagram of the OPD stack referenced to the
vacuum energy level.



function from the extracted cut-off and valence band position. The electron affinity is adapted by
adding the bandgap of each layer obtained by absorption spectroscopy. The complete energy
band diagram of the OPD stack referenced to the vacuum energy level in Figure 3¢ indicates the
presence of an energy barrier between the BHJ acceptor molecule IEICO-4f and the C60 LUMO
level. The Fermi-referenced energy band diagram (Figure S6) confirms this intrinsic energy
barrier at thermal equilibrium as ~0.30 eV, which can restrict the electron flow from the BHJ
materials to a-IGZO at the reverse dark condition. This partially explains why we achieve a

lower dark current using an interfacial layer.

2.2 Investigation on the origin of dark current
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Figure 4. Temperature-dependent dark J-V characteristics, activation energies of 2 different

temperature ranges from respective Arrhenius plots, and Poole-Frenkel plot (In(J/E) vs VE)
for IGZO-only OPD and OPD with IGZO-C60:LiF are in (a)-(c) and (d)-(f), respectively.



We carry out temperature-dependent dark J-V measurements on devices with a-IGZO as ETL,
both with and without the interfacial layer, to study the effect of temperature and bias on reverse
dark current. To avoid confusion and allow a smooth reading experience, from now on we refer
to these devices as “IGZO-only OPD” (Figure 1a) and “OPD with IGZO-C60:LiF” (Figure 3a).
The dark current of the IGZO-only OPD shows a strong temperature dependency (Figure 4a),
especially at small reverse bias voltages (0 to —1.0 V), exhibiting low dark current at low
temperatures. This large temperature dependency of the reverse dark current for this voltage
range over the temperature range 235 K to 300 K indicates that thermal assistance plays a big
role in the origin of high dark current. However, when further increasing the reverse bias (>1 V),
the dark current shows greater dependency on the electric field. This indicates that both
temperature and field contribute to the origin of dark current, therefore, it is worth looking at the
activation energies for 2 different temperature ranges, namely 235-300 K and 300-350 K. The
activation energies (Ea) of the IGZO-only OPD devices from Arrhenius plots (shown in Figure
S7a-b) in the range 235-300 K and 300-350 K are plotted versus the reverse bias in Figure 4b.
For the applied reverse bias range —0.20 to —3.5 V, E. in Figure 4b changes from 0.46 eV to
0.13 eV in the temperature range 235-300 K and from 0.42 eV to 0.22 eV in the range 300-350
K. In both temperature ranges, this means that both the electric field and temperature contribute
to the dark current mechanism. However, the field activation of the dark current becomes more
prominent at —3.5 V at lower temperatures (235-300 K), having a smaller activation energy of
0.13 eV (compared to 0.22 eV at elevated temperatures 300-350 K), since the thermal

contribution becomes smaller at low temperature. '8

Kublitski et al. calculated thermally-generated dark current (Jo) within the radiative limit as a

function of charge-transfer state energy (Ecr) of various organic D-A blends (a Jo of ~1072
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A/em? was calculated for D-A blend of similar Ect of ~1.1 eV to this work), where Jo was found
to be several orders of magnitude lower than the experimentally measured Jp.!” Several key
works on the origin of dark current reported the presence of traps within the D-A blend interfaces
and energy disorder of organics as the primary source of the large discrepancy between the
experimentally measured and the ideal thermally-generated dark current.!”!* Herein, we obtain a
maximum activation energy of 0.46 eV at —0.2 V, which is well below the Ecr of ~1.1 eV. This
suggests that the thermal generation of CT states is highly unlikely. We propose that the carriers
(electrons in this case) can thermally emit from the BHJ via trap states within the BHJ D-A blend
or D-A/IGZO interface to the IGZO.'*!° In the presence of electric field, this carrier emission

d35,36

process can be enhance , a process known as Poole-Frenkel emission. A linear relation

between In(J/E) and VE (Poole-Frenkel (P-F) plot) is widely considered as the evidence of field-
enhanced emission.'®2%>*7 OPD with IGZO exhibits a linear P-F region (Figure 4c) between 230-
435 (V/em)"? which corresponds to the reverse bias voltages between —1.0 to —3.5 V. This
linearity agrees with the temperature-dependent J-V curves and the field-dependent activation
energy plot. The In(J/E) is independent of VE for smaller reserve bias (<1 V), which reveals the
electric field has very little to no influence on the activation barrier, so Jp is rather thermally

activated in this region.

Thanks to the interfacial layer C60:LiF, the dark current of the device approaches the thermal
limit"? (~107'2 A/cm?) at low temperatures and low reverse biases (=<1 V). As mentioned earlier,
the C60 LUMO level introduces an intrinsic energy barrier of 0.30 eV to the LUMO of acceptor
IEICO-4f, which results in a higher emission barrier. Thus, the probability of carrier emission via
this interface becomes lower and we achieve ~107'? A/cm? at low temperatures and low biases.

The activation energy in Figure 4e still shows dependency on the electric field, however, a high

11



activation energy of 0.64 eV at —1.0 V for the OPD with IGZO-C60:LiF (compared to 0.37 eV
for the IGZO-only OPD) indicates a reduced field effect. The linearity of P-F plot at =370

(V/em)'? in Figure 4f further confirms the reduced field effect.

To further elucidate the mechanism of the dark current generation, we next characterize the trap
states that facilitate field-enhanced thermionic emission.>>>” Several groups have successfully
employed current-based deep-level transient spectroscopy (Q-DLTS) to quantify deep-lying trap
states in PbS nanocrystals treated with organic ligands, organic semiconductors, and
perovskites.’*#* Herein, we utilize Q-DLTS to characterize the trap states (including trap
emission density (Ng1), trap activation energy (AEt) and capture cross-section (ot)) within our

OPD stack with IGZO. All equations used for Q-DLTS analysis are denoted in note 1, SI, which
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Figure 5. (a) Temperature-dependent transient current exhibiting trap emission current Jg(t)
features. (b) Q-DLTS spectra (AQ) for varying different time constants (7,) at different
temperatures (c) Trap activation energy from linear fit of Arrhenius plot connecting the (AQ)
peak points with corresponding 7, and temperatures. (d) Normalized TPV of IGZO-only
OPD and OPD with IGZO-C60:LiF.
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are adapted from the report of Bozyigit et al.*® We apply a constant reverse Vp of —1.2 V to the
OPD and then switch the Vp to 0 V for 10 ms to monitor the transient current Jp(t)
characteristics. During the first transition from —1.2 to 0 V, the traps within the depletion region
are filled by charge carriers, which are then emitted during the next transition of the pulse from 0
to —1.2 V in order to achieve a new thermal equilibrium.3® Temperature activation is evident
from the transient current plot of the OPD in Figure 5a from 325 to 220 K. Prior to calculating
the DLTS spectra (AQ) (equation 5 in note 1, SI), the trap emission current density Jg(t) is
calculated from the transient current in Figure 5a by subtracting the capacitive displacement
current and steady-state dark current. We calculate AQ for the timeframe between 10 ps and 1
ms, which defines the detector time constant (Tq) (equation 6 in note 1 SI).® The resulting
temperature-activated Q-DLTS spectra (AQ) for 298-77 K (Figure 5b) show a peak shift towards
longer tq as the de-trapping process becomes slower with decreasing temperature, and
eventually, the peak disappears after 220 K as the carriers freeze out.***! Going beyond room
temperature, the peak moves to longer tq (slower de-trapping process), which might be caused
by multiple trapping de-trapping cycles at elevated temperatures.*> Figure 5c demonstrates the
Arrhenius plot of time constants corresponding to the Q-DLTS peaks at respective temperatures
(250-298 K). The linear fit of the Arrhenius plot reveals a trap activation energy of ~0.30 eV and
a capture cross-section (ot) of ~1.75X 10716cm? (SI, equations 3 and 6). We calculate a trap
density (N7 49gK) 0f ~9.59x 10%¢cm? at 298 K (SI, equation 4). To further verify the presence of
trap states we perform transient photovoltage decay (TPV) under the open-circuit condition,
where a faster charge-recombination lifetime relates to a higher trap density.**** A charge-
recombination lifetime of 0.94 ms for IGZO-only OPD compared to 2.27 ms for OPD with

IGZO-C60:LiF validates the trap quantification by Q-DLTS in terms of the presence of active
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traps at the a-IGZO/BHIJ interface. The Q-DLTS spectra for the OPD with IGZO-C60:LiF in
Figure S8 exhibit no temperature activation. This verifies the long carrier lifetime of 2.27 ms
using the interfacial layer and proves our hypothesis on improving the quality of the interface in

terms of reduced trap density.

By now combining the energy band diagram measured by UPS with the findings of temperature-
dependent J-V, Q-DLTS, and TPV measurements, we can present in Figure 6 a picture of the
reverse-biased band diagrams under the dark condition and the origin of high dark current. Since
we observe the presence of high trap density in IGZO-only OPD by Q-DLTS combined with an
improved carrier lifetime upon using C60:LiF interfacial layer, we conclude that the trap density
of ~9.59% 10*¢cm? at ~0.30 eV depth is located at the a-IGZO/BH]J interface as shown in Figure
6a. In the dark under the smaller reverse bias (Figure 6a), electrons from the IEICO-4f HOMO

level can be thermally emitted via trap sites at the interface and reach the IGZO conduction band.
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Figure 6. Carrier dynamics derived from Fermi-refenced energy band diagram under dark
condition at two different applied reverse bias voltage ranges, (a)-(b) for IGZO-only OPD
and (c)-(d) for OPD with IGZO-C60:LiF.
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On the other hand, the corresponding holes can readily travel to the MoOx layer via the PTB7-th
HOMO level, where they most likely recombine with electrons from the conduction band of
MoOx*, which is balanced by subsequent electron injection from the ITO electrode. Increasing
reverse bias voltage will amplify the number of thermally ejected electrons (Figure 6b) by
lowering the emission barrier as explained earlier from both P-F and field-dependent activation
energy plots. In the device with LiF:C60 interfacial layer (Figure 6¢), the LUMO to reach for
trap-assisted thermionic-emitted electrons from the IEICO-4f HOMO level is 0.30 eV higher,
and moreover, the trap density to assist that thermionic emission is lower. That explains the low

dark current density Jp ~125 pA/cm? at —1 V. However, for this device, we observe linearity in

In(J/E) vs VE for reverse bias >3 V, which suggests that a small number of carriers can

thermally emit under a high field (Figure 6d).

Figure 7. (a) OPD imager chip. Images of fingertip captured by our optimized OPD (with
interfacial layer) imager (b) and by smartphone (c). Unlike visible imaging with smartphone
(d), looking through the brown vials with OPD NIR imaging (e) reveals significant contrast
difference between soil, coffee, and tea.

15



2.3 Application: OPD imager on Si read-out IC

To demonstrate NIR imagers, we monolithically integrate an array of OPDs on a CMOS read-out
IC (ROIC), designed and fabricated in 130 nm technology. The CMOS ROIC features 3-
transistor (3T) architecture, 5 um pixel pitch and the array consists of 512Xx768 pixels. Light
impinges from the top transparent ITO electrode and the electrons are collected at the bottom
contact, then transferred to the read-out IC and integrated into a storage capacitor to be converted
into a voltage at the sensing node. Figure 7a displays a photograph of the imager chip. We
measure dark currents of 2.90 pA/cm? for IGZO-only OPD, and 38.7 nA/cm? (Read-out IC pixel
architecture limited) for OPD with IGZO-C60:LiF at —3.3 V, which correspond well to the
device level dark currents mentioned earlier. Pictures taken by these two imagers, shown in
Figure S9a-b, clearly reveal the benefit of low dark current, as the OPD imager with high dark
current struggles to attain any detail (Figure S9a) due to low signal-to-noise ratio. On the other
hand, pictures captured by OPD with low dark current (high signal-to-noise ratio) in Figure 7b
and Figure S9b exhibit good contrast and detail (reference pictures taken by smartphone camera,
Figures 7c and S9c). Having longer wavelengths, NIR light has certain advantages as it can
reveal distinctive details that cannot be resolved by visible imaging.'! We show an example in
Figure 7d-e. The smartphone camera struggles to acquire information through a semi-transparent
brown vial and offers only a poor contrast between soil, coffee, and tea (Figure 7d). On the
contrary, NIR imaging with our optimized OPD retrieves rich information through the brown

glass and shows substantial contrast differences between soil, coffee, and tea (Figure 7e).

3. CONCLUSIONS
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We present a NIR OPD stack with low dark current density (<1 nA/cm?) over a wide range of
applied reverse bias voltages, high EQE of over 50% (900-910 nm), and fast response time. We
present a model for dark current generation by combining UPS, temperature-dependent J-V
characteristics, Q-DLTS, and TPV measurements, that explains the effect on the dark current
upon adding a thin LiF:C60 layer between the bulk heterojunction active layer and the IGZO
ETL layer of our photodiodes. We integrate our OPD on a CMOS read-out IC to create a NIR
imager and show the benefit of the low dark current for capturing high-contrast fine detail

images.

4. EXPERIMENT

We prepared isolated films on gold (Au) coated silicon substrates for ultraviolet photoelectron
spectroscopy (UPS) measurements, which were carried out using a PHI 5000 VersaProbe tool
equipped with a photon beam of 21.2 eV (He I) from Physical Electronics. Prior to recording
sample spectra, the spectrometer was calibrated with Ag foil to determine the Fermi energy
reference, and a sample bias of —5 V was applied during all the measurements to detect the
secondary electron (SE) emission edge. Sputter cleaning was carried out on the samples using a
gas cluster Ar beam (GCIB) at 2.5 KV energy/atom for 30 s to remove surface hydrocarbon.
Post-processing of spectra was performed using MultiPak (data reduction software for XPS and

AES by ULVAC-PHI).

For OPDs, first, a silicon substrate with a pre-pattern TiN bottom electrode was cleaned in an
ultrasonic bath with acetone and isopropyl alcohol. Then, IGZO was sputtered from a target with
In:Ga:Zn ratio 1:1:1, and subsequently patterned by photolithography to form islands. A co-

evaporated thin layer of C60 and LiF with an evaporation rate ratio of 1:4 was deposited using an
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Angstrom evaporation tool. Active layer PTB7-th/IEICO-4f was spin-coated at 1000 rpm for 60s
from a 20 mg mL™! solution with a ratio of 1:1.5 by weight in chlorobenzene. The chemical
formulas of PTB7-th and IEICO-4f can be found elsewhere.!' HTL MoOx and transparent top

electrode ITO were deposited by thermal evaporation and sputtering, respectively.

To develop the imager, we started from a custom-designed readout IC (ROIC) in 130-nm CMOS
technology, that features arrays containing 768x512 pixels with a pixel pitch of 5 um. A 3T pixel
readout architecture was used and pixel outputs were buffered and serially multiplexed on chip,
then digitized by on-board 16-bit analog-to-digital converter (ADC). More details on the pixel
architecture can be found in our previous report'*. The processing of the organic photodetector
stack was carried out on chip level. First, the ETL IGZO was deposited using a shadow mask.
Then, C60 and LiF were co-evaporated as the interfacial layer using the same shadow mask. The
organic layer PTB7-th/IEICO-4f was spin-coated and carefully scratched out to expose the
contact areas. Both HTL and top electrode were also deposited using shadow masks. Finally, the
obtained OPD image sensor was wire bonded to a printed circuit board and packaged for testing

as shown in Figure 7a.

We refer to our previous report for the characterization detail of J-V and EQE."!

Temperature-dependent J-V characteristics were measured with an Agilent 4156 semiconductor
parameter analyzer in the dark paired with a cryostat from Lake Shore Cryotronics, Inc. Current
based deep-level transient spectroscopy (Q-DLTS) and transient photovoltage (TPV) decay
measurements were performed using Paios System (Fluxim AG, Switzerland). The system was

paired with a cryostat from Lake Shore Cryotronics, Inc. for Q-DLTS.

Supporting Information
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Energy band alignment, device schematics, J-V characteristics, EQE, responsivity, shot noise
limited specific detectivity, TPC, UPS, Arrhenius plots, Q-DLTS spectra, OPD imager, Q-DLTS

equations
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