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Abstract Combining the strategies of introducing larger heteroatom, regio-regular backbone and extended branching position of side-chain,
we developed polymer semiconductors (PPCPD) with narrow band-gap to construct the photosensing layer of thin-film photodiodes and image
arrays. The spectral response of the resulting organic photodiodes spans from the near ultra-violet to short-wavelength infrared region. The
performance of these short-wavelength infrared photodiodes in 900-1200 nm range achieved a level competitive with that of indium gallium
arsenide-based inorganic crystalline detectors, exhibiting a specific detectivity of 5.55x10'? Jones at 1.15 um. High photodetectivity and
quantum efficiency in photodiode with amorphous/nanocrystalline thin-films of 100—200 nm thickness enabled high pixel-density image arrays
without pixel-level-patterning in the sensing layer. 1 x 256 linear diode arrays with 25 pym x 25 pm pixel pitch were achieved, enabling high pixel-

density short-wavelength infrared imaging at room temperature.
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INTRODUCTION

High pixel-count, low-cost, near-infrared (NIR, 700-1000 nm)
and short-wavelength infrared (SWIR, 1.0-1.5 pm) focal-plane
arrays have attracted broad attention due to their potential
applications in artificial intelligence, such as three-dimensional
face-identification,  augmented/virtual  reality,  robotics,
automatic vehicles and unmanned aerial vehicles (drones).l'®
For example, fingerprint sensor in mobile phones has been
replaced with an active-sensing infrared face-identification
system, comprising a structured 940 nm laser beam, a micro-
projector and a silicon-on-insulator (SOIl)-based silicon
photodiode array fused over a complementary metal oxide-
semiconductor pixel-readout chip.”! Despite high-intensity
light-emitting diodes and laser arrays at 850 and 940 nm have
been used for all-weather and security-camera systems, the
long-term effects of these near-infrared light sources on the
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human eye remain a concern.® Thus, SWIR cameras (refers to
the working wavelength of InGaAs photodiode) with high pixel
density and large dynamic range are in high demand for various
artificial intelligent systems, with those having high-power laser
sources and a sensing distance range of near-eye to remote
(e.g., 10-100 m) being preferred.

Traditionally, SWIR photodiodes are based on crystalline
germanium (Ge) and indium gallium arsenide (InGaAs).
However, Ge photodiodes have a high dark current that is not
suitable for weak-light sensing at room temperature. It is also
difficult to pattern InGaAs and Si-based NIR photodiodes into
high pixel-density sensor arrays without sacrificing their per-
formance, as complicated dry-etching and post-etching pas-
sivation processes are required.-1" Infrared photodiodes can
also be made from other semiconductors including low-
band-gap organic semiconductors'2-14 and quantum
dots.['516] In contrast to photodetectors based on high carri-
er-mobility, low defect-density single-crystal inorganic semi-
conductors, photodiodes based on amorphous or nanocrys-
talline organic semiconductors have the priority to assemble
into planar, non-planar, or conformable focal plane thin-film
configurations.[17-19]

The high optical absorption coefficient of organic semicon-
ductors enables thin film photodetectors. Incident photons
can be effectively absorbed in thin films of a few hundred of
nanometers. Although the carrier mobility in organic semi-
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conductors is lower than their inorganic counterparts, the
photo-generated charge carriers formed from the absorbed
photons can be effectively separated and collected at the
contact electrodes with devices incorporating, for example,
bulk or graded heterojunctions.[20-221 A low dark current can
also be achieved, due to the low charge-defect density in the
energy gap and the relatively low mobility of charge carriers.
These features enable the fabrication of thin-film organic
photodetectors (TFOPDs) with detectivity as good as their in-
organic crystalline counterparts.2324 |n addition, image-
sensor arrays can be made with sensing pixels defined only
by the bottom electrode patterns, with a non-patterned sens-
ing layer, and the top electrode layer, such as large full-color
image arrays with a large dynamic range and negligible
crosstalk between neighboring pixels.l'819.25] arge-area ultra-
violet/visible image arrays for X-ray digital imagers with pixel
pitches of 200 and 127 um.['7:26271 |t is of great scientific and
commercial interests to determine whether the aforemen-
tioned simple imaging array can be made from an organic
semiconductor-based sensing layer that has only a patterned
bottom electrode, is active in the SWIR range, and can be ap-
plied for developing small pixel-pitch, high pixel-count cam-
eras. In this work, we introduce SWIR TFOPDs incorporating
low band-gap organic semiconductor blends with perform-
ance parameters comparable to that of InGaAs. We also re-
port the use of these SWIR TFOPDs in 1 x 256 linear sensor ar-
rays with 25 pym pixel pitch and high-speed NIR/SWIR ima-

ging.

EXPERIMENTAL

Synthesis of 4,4’-(4,4-Dihexadecyl-4H-
cyclopenta[2,1-b:3,4-b’1dithiophene-2,6-diyl)bis
(7-bromo-[1,2,5]selenadiazolo[3,4-c]pyridine)

Under the protection of nitrogen, 4,7-dibromo-[1,2,5]
selenadiazolo[3,4-c]pyridine (0.79 g, 23 mmol), (44-
dihexadecyl-4H-cyclopenta[2,1-b:3,4-b'1dithiophene-2,6-
diyl)bis(trimethylstannane) (0.95 g, 1 mmol) and tetrakis
(triphenylphosphine)palladium(0) (Pd(PPh;),) (57.8 mg, 0.05
mmol) a dissolved in 30 mL of anhydrous toluene. The reaction
was heated to 120 °C and stirred for 24 h. After cooling, the
reaction solution was extracted with 200 mL of
dichloromethane, washed with 100 mL of deionized water for
three times and dried with anhydrous magnesium sulfate. After
filtering and removing solvent under reduced pressure, the
crude product was purified by silica column with petroleum
ether:chloroform (3:1, V:V) to obtain 1.01 g of dark-blue solid,
yield 88%. "H-NMR (400 MHz, CDCls, 8, ppm): 8.56 (s, 2H), 8.49
(s, 2H), 2.03 (m, 4H), 1.33-1.01 (m, 56H), 0.86 (t, J = 6.9 Hz, 6H).
BC-NMR (126 MHz, CDCl;, 8, ppm): 160.07, 153.32, 128.05,
110.05, 67.99, 58.50, 54.68, 37.83, 31.92, 29.96, 29.73, 29.67,
29.64, 29.58, 29.35, 26.92, 25.62, 24.70, 22.69, 1845, 14.13. The
related NMR spectra are plotted in Figs. S1 and S2 (in the
electronic supplementary information, ESI).

Synthesis of PPCPD

The other monomers (4,4-dihexadecyl-4H-cyclopental[2,1-b:3,4-
b'ldithiophene-2,6-diyl)bis(trimethylstannane), 4,7-dibromo-
[1,2,5]selenadiazolo[3,4-c]pyridine, 4-(2-octyldodecyl)-2,6-
bis(trimethylstannyl)-4H-dithieno[3,2-b:2",3"-d]pyrrole and 4-(4-

octyltetradecyl)-2,6-bis(trimethylstannyl)-4H-dithieno[3,2-
b:2,3"-d]pyrrole were synthesized according to the previous
reports. 12831

Polymer PPCPD was synthesized via Stille polymerization
with the following procedure. 4,4'-(4,4-Dihexadecyl-4H-cyclo-
pental[2,1-b:3,4-b’ldithiophene-2,6-diyl)bis(7-bromo-
[1,2,5]selenadiazolo[3,4-c]pyridine) (114.9 mg, 0.1 mmol), (4,4-
dihexadecyl-4H-cyclopenta[2,1-b:3,4-b']ldithiophene-2,6-
diyl)bis(trimethylstannane) (95.3 mg, 0.1 mmol) were dis-
solved in 1.5 mL of anhydrous chlorobenzene (HPLC purity).
Tris(dibenzylideneacetone)dipalladium(0) (2 mg) and tris(2-
methylphenyl)phosphine (4 mg) were added after the solu-
tion was carefully degassed with nitrogen for three times.
Then, the reaction was sealed and heated to 140 °C for 48 h.
The solution was diluted to 5 mL before cooling, then drop-
wise added into 200 mL of methyl alcohol. After filtering off,
the precipitate was successively washed with methyl alcohol,
n-hexane and acetone in a Soxhlet extractor, and was redis-
solved with chlorobenzene. After concentration, the solution
was reprecipitated into 200 mL of methyl alcohol. PPCPD was
obtained as dark-green fiber after filtration and drying in va-
cuum, yield 76%. The molecular weight (M,,) and polydis-
persity index of PPCPD were tested by high temperature gel
permeation chromatography as 35.6 kDa and 1.68, respec-
tively (Fig. S3 in ESI).

Fabrication of Conventional OPD and OPDIA

The copolymer PCDTPT and N2200 were prepared according to
the procedure reported in the references.?22°-3% PC¢,BM was
purchased from Nano-C, Inc. The other reagents and chemicals
were purchased from commercial sources (Aldrich, Alfa Aesar
and Stream Ltd.) and used without further purification unless
otherwise specified.

The OPDs were fabricated with a conventional configura-
tion: ITO/PEDOT:PSS/active layer/LiF/Al. The indium tin oxide
(ITO) coated glass substrates were cleaned by sonication in
detergent, deionized water twice, acetone, and isopropyl al-
cohol and dried in an oven at 75 °C for 10 h. After the sub-
strates were treated by oxygen plasma for 1 min, PEDOT:PSS
(CLEVIOS™ P VP CH8000) layer as an anode buffer layer were
spin-coated on ITO-coated glass substrates at 4000 r/min for
30 s, then thermally annealed at 150 °C on a hotplate for 15
min to obtain about 15 nm thin film. The blend of
PPCPD:N2200=1:1 (W:W) or PPCPD:PC4,BM = 1:1.5 (W:W) was
dissolved in 2-methyl-tetrahydrofuran or chlorobenzene, re-
spectively. By varying the rotate speed, the BHJ film thickness
was kept in the range of ~130 nm, and then treated by
thermal annealing at 120 °C for 10 min. Finally, the devices
were finished after LiF/Al bilayer cathode (about 1 nm/90 nm)
were deposited by thermal evaporation under vacuum (about
1.0x107% mbar). The device area of OPD was defined to be
0.0516 cm? through a shadow mask. As for OPDIA, the re-
dundant part of function layers was removed by Q-tips
dipped with solvents before cathode deposition. After short-
ing bar was cut, a flexible printed circuit was used to connect
the OPDIA with the ROIC chip by anisotropic conductive ad-
hesive.

Fabrication of Inverted OPD, Hole and Electron-
dominant Decices
The inverted OPDs were fabricated with a configuration:
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ITO/ZnO/active layer/MoOs/Al. After the substrates were
cleaned and treated by oxygen plasma for 1 min, the solution of
ZnO precursor, ZnAc, were spin-coated on ITO-coated glass
substrates at 4000 r/min for 30 s, then thermally annealed at 200
°C on a hotplate for 30 min in air, resulting a 30 nm-thick film.
The blend of PPCPD:PC4,BM=1:1.5 (W:W) was dissolved in
chlorobenzene, respectively. By varying the rotate speed, the
BHJ film thickness was kept in the range of ~130 nm, and then
treated by thermal annealing at 120 °C for 10 min. Finally, the
devices were finished after MoOs/Al bilayer cathode (about 10
nm/90 nm) were deposited by thermal evaporation under
vacuum (about 1.0x1078 mbar). The device area of OPD was also
defined to be 0.0516 cm? through a shadow mask.

The configuration of hole-dominant device is
ITO/PEDOT:PSS/Active layer/MoOs/Al and the one of electron-
dominant device is ITO/ZnO/Active layer/LiF/Al, with the
same process above.

Characterization of OPD and OPDIA

All the measurements were carried out under ambient
conditions. The thickness of the organic films was determined
by a surface profiler (Bruker Dektak XT). The absorption spectra
of films were measured by Shimadzu UV3600. All current
density-voltage (J-V) characteristics of the devices were
measured on a Keithley 236 source-meter in an electrically and
optically shielded box, controlled by the computer. The
intensities of the 940, 1070 and 1200 nm beams could be
controlled through neutral density filters and calibrated by a
low-power calibrated photodetector (Newport 818-1G/DB). The
external quantum efficiency (EQE) spectrum was carried out on
two commercial EQE measurement systems: QE-R (Enlitech Co.,
Ltd) equipped with standard Si and Ge (RC-G108018-E)
detectors and Zolix DSR100 equipped with standard Si (OSI
Optoelectronics DSI200-STD-UV/UV-100L) and InGaAs (Judson
DSR-A5-TE-STD/J23TE2-66C-R03M-2.6) detectors. The noise
spectral density characteristics of the devices were recorded by
a semiconductor parameter analyzer (Platform Design
Automation, Inc. FS380 Pro™). The pulsed IR light (Thorlabs LED
940E, 1070E and 1200E) for cut-off frequency measurement was
generated by LED chips and a function generator (square wave,
50% duty ratio, Tektronix AFG-1062), and we used a high-speed
amplifier (FEMTO DHPCA-100) connected to a digital
oscilloscope (Tektronix MDO3022) for recording data. As for 1D
OPDIA, the ITO array substrates were supported by Guangzhou
New Vision Optoelectronics Co., Ltd. A precision linear stages
(Zolix PSA300-11-Z) and controller (Zolix MC400) were used to
scan. A Texas Instruments toolkit (AFE2256EVM) and chips
(AFE2256TDU) were used for read-out.

RESULTS AND DISCUSSION

Characterization of PPCPD

To achieve SWIR photodetector with response range in 1.0-1.4
uUm, we developed a series of donor-acceptor type 7-conjugated
polymers, with relevant molecular structures and absorbance
shown in Scheme 1 and Fig. S4 (in ESI).

A benchmark polymer, PCDTPT with regio-regular back-
bone was selected as chief molecular structure.l28291 By repla-
cing the sulphur atom in the PT unit with selenium atom, the
absorption edge in PCDTPSe was extended to 1280 nm com-

paring to 1160 nm in PCDTPT. This can be attributable to the
enhanced ground-state quinoid resonance character of selen-
ophene.B5! The location of the nitrogen atoms in the
[1,2,5]selenadiazolo[3,4-c]pyridine unit was precisely alloc-
ated along the vector of the backbone by tailored synthetic
procedure.2829 To verify the advantage of regio-regular poly-
mer, the regio-random counterpart (rd-PCDTPSe) was also
synthesized. The optical bandgap of rd-PCDTPSe was 0.08 eV
wider than the PCDTPSe, corresponding to the tendency in
regio-regular and regio-random PCDTPT.[2%

To further extend the absorption spectra, dithieno[3,2-
b:2',3'-d]pyrrole units were employed to offer stronger elec-
tron pushing effect. However, no more red-shift happened to
absorption spectrum of the A-D1-A-D2 type polymer (PPCPD-
C,), compared to the absorption spectrum of PCDTPSe. It
should be noted that the intramolecular charge transfer ab-
sorption peak of PPCPD-C, was broad, implying lack of ag-
gregation in film compared to the PCDTPT and PCDTPSe. To
address this issue, a branch alkyl chain with extended branch-
ing position was used to eliminate the steric effects toward
closer packing. Finally, a strong shoulder peak emerged at 1.1
Mm, and the edge was further shifted to 1.35 ym.

Combining all the strategies and efforts, we have success-
fully achieved a donor polymer (denoted as PPCPD) with sig-
nificant optic absorption in the entire NIR region and part of
the SWIR region, with a strong absorption at approximately
1.1 ym and an absorption edge approaching 1.4 ym (Fig. 1a),
corresponding to an optical bandgap (£,°") of 0.92 eV. The
optical absorption coefficient of polymer PPCPD at 0.9-1.15
Mm reached 4x10% cm~! (Fig. S4c in ESI), allowing for con-
structing efficient NIR and SWIR photodetectors with a sub-
pUm-thickness sensing layer. The lowest unoccupied molecu-
lar orbital (LUMO) and highest occupied molecular orbital
(HOMO) energy levels of PPCPD estimated by cyclic voltam-
metry measurements were -3.81 and -4.74 eV, respectively.
Note that these values were larger than the optical bandgap
(Fig. 1b and Table S1, in ESI), as the energy derived from the
solvents and the energy barrier at the two contact electrodes
were involved in the former.3637]

Performance of Photodetectors based on PPCPD
TFOPD were prepared on conventional indium tin oxide
(ITO)/glass substrates, and had a surface conductivity of 15 Q/o
and a flat optical transmission of 85% at 500 nm. The active area
of each testing TFOPD device was 0.0516 cm?, as defined by the
overlap areas between the bottom ITO and the top cathode.
The device structure is ITO/PEDOT:PSS (15 nm)/active
layer/LiF/Al, and the active layer was composed of PPCPD and
an n-type molecule PC¢,BM or the polymer N2200 (Fig. S4a in
ESI). As shown in Figs. 1(c) and 1(d), although the built-in field
was relatively small, as indicated by the open circuit voltage
(Vo) of about 0.2 V (ie., the voltage corresponding to the
minimum in |J,,| that is close to the flat-band condition in the
diode), the photocurrent (J;) increased drastically with reversed
bias. When the bias was sufficiently large, the J,, enters a V<V,
regime (where the V; is defined as the voltage at the tangency
point of the photocurrent curve and the extension of its linear
part), in which the magnitude of J,, increased with the reverse
bias following the relation Jyp, = J,n(0)exp(=V/Vj), with V~3 V for
both devices.

https://doi.org/10.1007/s10118-023-2973-8
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Scheme 1 Synthesis of narrow bandgap of polymers.

The device that incorporated PPCPD:PC;BM had a V; of
about -50 mV and a |V; = Vpiiwin| Of 0.3 V (wherein the Vi iiin
was estimated to be approximately Vc of about 0.3 V, meas-
ured under 100 mW-cm~2 solar simulator). The PPCPD:N2200
device had a V; of 0.2V, a V¢ of 0.35 V and |V; = Vpyiiwin| Of
0.55 V. When Reverse bias V<V;, the photoinduced carrier can
be effectively collected by contact electrodes. In the narrow
gap (<1 eV) PPCPD, one just needs <4x10% V-cm~! to separ-
ate and collect the charges, which is a relative low field. These
results reveal that when E Pt of polymer donor is reduced to
1 eV and E ymo (donor) — E; yuo (acceptor) = AE, yuo €quates to
0.44 eV (for PPCPD:N2200) and 0.60 eV (for PPCPD:PC,,BM),
the photoinduced charge carriers can still be effectively sep-
arated and collected at the contact electrodes once the ef-
fective biasing is >0.5 V. At V=-0.1V, the J4 is 2.16 nA-cm~2 for
PPCPD:PC4,BM and 3.51 nA-cm=2 for PPCPD:N2200, which
are substantially lower than those of crystalline InGaAs photo-

diodes used in the SWIR range (~ 100-250 nA-cm~2, Table 1).
Fig. 2 and Fig. S5 (in ESI) show the photoresponsivity (R),
external quantum efficiency (EQE) and specific detectivity D"
of TFOPD:s. It can be seen that at V=-0.1V, the peak photore-
sponsivity of the PPCPD:PC4,BM device reaches 0.14 A-W-1,
and the corresponding peak EQE of ~17%, and the specific
detectivity D" (-0.1 V) of 5.55x10'2 Jones (at 1.15 ym). In the
D" calculation, the noise power was assumed to be domin-
ated by dark-current noise, which was valid for high-frame-
rate imaging applications. Consistent with the J-V curve (Figs.
1c and 1d), the photocurrent dramatically increased with the
reverse bias varied from 0 V to -1 V, while the peak photore-
sponsivity (R) and EQE reached 0.23 A-W-'" and 27% at -1V,
respectively. A similar voltage-dependence was also ob-
served in a TFOPD made with PPCPD:N2200, wherein at —1 V
bias, the infrared peak photoresponsivity and EQE were 0.12
AW-1 and 14%, respectively. The hole mobility in the

https://doi.org/10.1007/s10118-023-2973-8
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Fig. 1 (@) Normalized absorption spectra of corresponding films; (b) Energy level alignments; (c) Jy and J,, of

ITO/PEDOT:PSS/PPCPD:N2200=1:1 (W:W)/LiF/Al and (d) ITO/PEDOT:PSS/PPCPD:PCs,BM=1:1.5 (W:W)/LiF/Al. The data in black were
obtained in the dark, the data in red were obtained under 1.07 pm light illumination, supplied through the glass/ITO side and generated

by a 1.07 ym-light emitting diode.

Table 1 Performance comparison of SWIR detectors.

EQE at 1.15 ym D" (cm-Hz'2.W-")

Device Wavelength (nm) Rat1.15 um (A-W™)
. 0.136 (-0.1V)
PPC.'F%F;,% BM 300-1300 0517
(-0.9V, inverted)
PPCPD:2200

TFOPD 300-1300 0.077 (-0.1V)

InGaAs ? 0.75
PIN 200-1700 (-0.10r-0.9V)

14.76% (0.1 V) 5.55%10'2(-0.1V, 1.15 ym)

09 \5}665\’/2 ted) 8.95x10'°(-0.9V, 1.15 ym)
(%3(1) ‘:/;) 3.08x10'2(=0.1V, 1.15 uym)

80% 3.7x10'% (1.15 pym)
(-0.10r-0.9V) 5.0x10'2 (1.55 pym)

2InGaAs Photodiodes_Selection Guide: April 2021, Hamamatsu K.K., www.hamamatsu.com, (Hamamatsu G8370-10).

PPCPD:PC4;BM and PPCPD:N2200 blends was in the order of
10~5 cm2V-1s71 (Fig. S6 in ESI). These mobility data are con-
sistent with the higher photoresponsivity and EQE in the
PPCPD:PC4;BM-based device. In addition, a comparison of
the optical absorption shown in Fig. 1(a) with the data shown
in Fig. 2 reveals that the photoresponsivity and EQE in
PPCPD:PC4;BM over the entire visible and infrared spectral
ranges are primarily influenced by the photoexcited elec-
trons and holes in PPCPD, while the photoresponsivity and
EQE in PPCPD:N2200 are enhanced in the range of 500-800
nm due to the strong optical absorption in N2200 over the
same range. Although there is stronger optical absorption in
PPCPD:N2200 at 700 nm, the R and EQE in PPCPD:N2200 re-
main the same as in PPCPD:PC4;BM due to the smaller LUMO

energy difference between PPCPD and N2200 and the lower
electron mobility in N2200. These properties also result in
PPCPD:N2200 exhibiting approximately half the magnitude
of R and EQE in the SWIR comparing to that exhibited by
PPCPD:PC;BM (Fig. 2).

Fig. 2 and Fig. S5 (in ESI) also show the photoresponsivity
and EQE of a PPCPD:PC4;BM OPD in reversed configuration,
in which light illumination is still provided from the glass/ITO
side into the TFOPD. The device was constructed with struc-
ture of ITO/ZnO (30 nm)/sensing layer/MoO; (15 nm)/Al (90
nm), and the thickness of the PPCPD:PC4,BM sensing layer
was approximately 130 nm. This configuration device demon-
strated a similar voltage dependence to that exhibited by the
conventional device (see Figs. 2a and 2b). The peak photo-

https://doi.org/10.1007/s10118-023-2973-8
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responsivity (Fig. 2c) and EQE (Fig. S5h in ESI) are 0.17 AW~
and 20% at -0.1 V bias, respectively. At -0.9 V bias, and these
increased to 0.46 A-W-1 (calibrated with an InGaAs reference
photodiode, Judson DSR-A5-TE-STD/J23TE2-66C-RO3M-2.6)
and 0.56 A-W-1 (calibrated with a Ge reference photodiode,
RC-G108018-E) for R. The corresponding EQE at V=-0.9 V are
55% and 65%. In Fig. 2(d), the R of the PPCPD:PC4,BM at -0.9
V bias could be compared with that from the reference In-
GaAs and Ge photodiodes, and it can be seen that both R and
EQE are similar in value to those of their inorganic counter-
parts containing InGaAs and Ge. For example, at 1.1 pym,
Rropp=0.55 A‘W-T and R caas=0.7 AW-T; while at 1.2 ym,
Rrropp=0.4 AW-T and Rj,Gaas=0.8 A-W-1.

In Table 1, we compare the performance parameters of
SWIR TFOPDs with those from two high-specification InGaAs
photodiodes manufactured by Hamamatsu K. K. The special
detectivity of these polymeric SWIR TFOPDs reaches or sur-
passes the value exhibited by the InGaAs photodiodes
(3.7x102 Jones). Thus, our polymeric SWIR photodiodes are
efficacious and economic components for incorporation into
commercial devices operating in the NIR/SWIR wavelength
range. The data in Figs. S7(a) and S7(b) (in ESI) also show that
the photocurrent has a linear response over four orders of
magnitude greater than the input light intensity, and fast re-
sponse times (e.g., ~10~* s in a device of 0.0516 mm?2, as seen

in Figs. S7c—S7f in ESI) were also observed. Both features
render these polymeric TFOPDs ideally suited for use in pixel-
element devices for SWIR image arrays.

Linear Array for Infrare Image Sensing

In the early round of organic photodiode development, it was
demonstrated that visible-light TFOPDs can be used in large-
size image array applications that have a simple array
architecture: i.e., where pixel definition is achieved with only a
patterned bottom electrode and an unpatterned sensing
layer.?%) In this work, we explored if such array structure (Fig. 3)
could be used in infrared cameras, referring to the design of
high pixel-density InGaAs imager.’¥ Fig. 3(b) shows a
photograph of two 1 x 256 linear image arrays (TFOPDIA, 25 pm
X 25 um pixel pitch, 68% aperture ratio, 6.25 mm sensing
length) in which the top array is connected to a readout-
integrating circuit (ROIC) chip (Texas Instrument, AFE2256)
mounted on a flex connector. A two-dimensional SWIR imaging
system is achieved by mounting the linear TFOPDIA onto a
translation stage to enable vertical scanning with a 25 um
shifting step (Fig. 3a). Two SWIR images captured with this
imaging scanner are shown in Figs. 3(e) and 3(g). For
comparison, the corresponding visible colored images taken
with a smartphone camera (from back camera of iPhone 6s plus,
1200M pixels, aside the beam path) are shown in Figs. 3(d) and
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Patterned ITO

Fig. 3 (a) The SWIR imaging system, (b) top view of the OPDIA arrays arranged on a 30 mm x 30 mm glass substrate, and (c) the cross-
section sketch of the OPDIA; (d) The perspective view of how input image (insert) cast on the OPDIA and (e) the result image scanned via
OPDIA. Because the focal plane is adjusted to the OPDIA beneath the glass substrate, thus the image displayed on the surface of glass
substrate is a little blur; (f) The photos of the original input objects and (g) the resulted image.

3(f). The SWIR light source comprised an IR lamp and an IR pass
optical filter. The resulting SWIR images comprised 256 x 230
imaging elements, and a sampling time of 100 ps was used,
which is equivalent to image-capturing at 10 kHz. This
performance of our organic photodiode-based array-based
image array was equivalent to the maximum frame rate of a 25
um pitch, 1 x 256 linear image array made from high-
specification InGaAs wafers.*® The detailed /-V characteristics of
adjacent ITOs was measured and discussed in Fig. S12 in ESI.

It is well-known that the crystalline quality of semiconduct-
ors is vitally important to the performance of photodiodes,
with purity and defect density in the depleted layer strongly
influencing photoinduced carriers, the dark current and noise
levels. This is due to the high carrier mobility of photodiodes,
which renders them sensitive to defect density in the crystal-
line semiconductor sensing layer. As such, deep-trench isola-
tion (DTI) is required between neighboring pixels in sensing
arrays to eliminate electrical crosstalk between neighbor
pixels. For example, a Si-based CMOS imager for NIR applica-
tions at 880 and 940 nm requires a thick intrinsic layer, as
used in the reverse-illuminated CMOS imager or an SOl im-
age sensor layer with a sensing layer patterned at the pixel
level via the DTI process.['011] A similar process is required for
the construction of image arrays that function in the SWIR
range, such as the sensing array made with InGaAs.”!

The SOl and InGaAs sensing arrays need to be bonded with
a two-dimensional (2D) CMOS circuit readout array patterned
in the same form factor.8-19 The DTI insulation process in-
volves dry-etching and post-etching passivation to eliminate
the defects generated near the exposed surfaces. The re-
quired quality of the post-etching surface repair increases as
the demands for pixel-pitch reduction and the trench-depth
elongation (i.e., the ratio of the increase in surface area to the
sensing volume) increase. In this context, the use of amorph-
ous/nanocrystalline TFOPDIA enables another approach for
fabrication of high pixel-density NIR/SWIR image arrays. As

shown in the results of grazing-incidence wide-angle X-ray
scattering (GIWAXS, Fig. S8 in ESI) and atomic force micro-
scopy image (AFM, Fig S9 in ESI), there were lack of long-
range order in both the PPCPD:N2200 and PPCPD:PCy,BM
thin films. Thus, combining the moderate carrier mobility
(10~> cm2V-1s71, Fig. S6 in ESI) with high absorption coeffi-
cient at sensing wavelengths (and thus at the 130 nm-thick
sensing layer), the array structure shown in Fig. 3(c) can be
adopted, without patterning of the sensing layer or the other,
upper layers being required.

In this design, the sensor pixilation is fully defined by the
bottom electrode pad, which can be assembled using pro-
cesses typically employed in existing MOSFET or TFT manu-
facturing facilities. Thus, these data show that high informa-
tion-content imaging can be achieved with an OPDIA of 25
um pixel pitch. This represents the first validation of the ap-
plicability of OPDIA without pixel-level patterning in the sens-
ing layer in high information-content SWIR imagers and cam-
eras. The simple structure of OPDIAs and their amenability to
add-on process flow-based incorporation into TFOPDIA
products will enable a sound business model to developed,
resulting in rapid market adoption.

The peak photoresponsivity in Fig. 2 is at ~1.15 pm; this is,
in fact, the desired operational wavelength for 3D-active-
sensing in outdoor environments, as it is the next solar radi-
ation minima after 940 nm. 3D-active-imaging operating at
~1.15 ym is subject to substantially less sunlight disturbance
than that at 940 nm, and thus better detectivity can be
achieved. The sensitivity of the human eye at 1.15 pm is also
substantially lower than that at 940 nm,39 and thus higher
excitation power densities or exposure time can be safely
used at ~1.15 pm to increase the detectivity and the detect-
ing distance of the active-sensing system.! This will be in-
valuable for improved artificial intelligence, robotics, and
automatic car applications.

Technically, the dark current could be suppressed by fur-

https://doi.org/10.1007/s10118-023-2973-8


https://doi.org/10.1007/s10118-023-2973-8

1636 Zhong, Z. M. et al./ Chinese J. Polym. Sci. 2023, 41, 1629-1637

ther reducing the traps densities (Fig. S10 in ESI) and introdu-
cing charge blocking layers with suitable energy levels and
charge mobilities. Using such a semi-conducting interlayer to
replace the conductive PEDOT:PSS might also reduce the
cross-talk current (Fig. S11 in ESI) and improve image quality.
Cooling system could also be an option to improve the per-
formance (Fig. S12 in ESI).

CONCLUSIONS

In summary, organic semiconductors with narrow energy
gaps of 0.92 eV were achieved by use of novel polymeric
materials capable of intramolecular charge transfer between
electron donor group and acceptor groups. The organic
semiconductors were used as photosensing layers in thin-film
photodiode arrays, and the spectral response of the
fabricated OPDIAs spanned the near UV (<400 nm), visible
(400-700 nm), near-infrared (700-1000 nm) and short-
wavelength infrared (SWIR, 1.0-1.4 pm), a wider spectral
range than their inorganic counterparts. The performance of
these SWIR photodiodes at 900-1200 nm was optimized to a
level competitive with that of InGaAs-based inorganic
crystalline detectors, exhibiting a specific detectivity of 5x10'?
Jones at 1.15 pm. High SWIR photodetectivity and quantum
efficiency were achieved in amorphous/nanocrystalline thin-
films of 100-200 nm thickness, enabling high pixel-density
image arrays to be made without pixel-level-patterning being
required in the sensing layer. OPDIAs containing 1 X 256
linear diode arrays with 25 pym X 25 pm pixel pitch were
fabricated, and the 1 x 256 array was demonstrated to be
capable of high pixel-density SWIR imaging at room
temperature.
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