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Infrared (IR) photodetectors (PDs) have developed rapidly due to their potential applications in remote
sensing, infrared imaging, and biomedical testing. The designable molecular structure, solution processability,
large-area preparation, and intrinsic flexibility of polymer materials make it a potential material for a new
generation of IR PDs. Through different molecular design strategies and innovative device architectures, the
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performance of PDs is optimized, and its application scenarios are expanded, which further promotes the
rapid development of IR PDs. In this review, we summarized the development and recent progress of
DOI: 10.1039/d2tc00646d polymer-based organic photodiodes (OPDIs) and organic phototransistors (OPTs) including the brief

mechanism and design strategy. Also, the challenges and perspectives of infrared photodetectors are
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1. Introduction

Infrared photodetectors, converting incident infrared light with
a wavelength greater than 780 nm into electrical signals to
realize the sensing of optical signals, have been greatly devel-
oped and shown promising applications in night vision, face
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presented, aiming to provide researchers with new design ideas and promote their further development.

recognition, intelligent sorting, blood oxygen detection, medi-
cal imaging, weather forecast, molecular chemistry, and infra-
red communication, etc."® In order to have a sufficient
response to longer wavelength infrared light, infrared detectors
must use semiconductor materials with narrow optical band
gaps as photosensitive materials, which can allow low-energy
photons to generate excitons, but this also results in a low
carrier migration rate and high defect density.”*** So far,
traditional inorganic materials with a stable and superior
performance as semiconductor active layers, have achieved a
certain degree of commercialization."*'* However, the processing
of these materials has to be realized by high temperature, high
pressure, or high vacuum and other complex process methods,
resulting in the increase of the difficulty and cost of
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production.”™ To this end, the emergence and development of
polymer materials offer better-performing alternatives.*'* " Poly-
mer semiconductors can be pre-molecularly designed to achieve
desired functions, and this feature could expand their application
scenarios.”> Moreover, polymer semiconductors are solution pro-
cessable and have the potential for large-area printing, which
greatly reduces the process difficulty and cost of polymer semi-
conductors in device preparation.>*?* The intrinsic flexibility of
polymer materials provides the necessary prerequisites for the
realization of flexible devices, and lays the foundation for the
development of infrared detectors into wearable devices.”*°
Expectedly, with the advantages of highly tunable optoelectronic
properties, economical large-area deposition and low-temperature
processing, polymer materials have extended the spectral range of
these materials beyond visible light, making the application in
infrared photodetectors more promising. Infrared light-sensitive
polymers and their molecular structures mentioned in this review
are summarized in Scheme 1.

Here, we aim to mainly discuss the recent progress of polymer-
based photodiodes and phototransistors. Since the working mecha-
nism of organic photodiodes (OPDIs) and organic phototransistors
(OPTs) have already been reviewed by a number of authors,>>”*
will not cover this part here. After a brief introduction in this
section, the second section will summarize the infrared photo-
diodes with a polymer active layer and the use of mixed polymer/
inorganic materials as the active layer. The third section will discuss
the latest developments in infrared phototransistors using polymer
semiconductor layers, polymer/inorganic material channel layers,
and polymers as dielectric layers. An overview of the prospects and
challenges in infrared photodetectors is presented.

we

2. Polymer-based photodiode

Organic photodetectors can realize the conversion of electro-
magnetic signals and photocurrent signals, so they are widely
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Scheme 1 Infrared photopolymers and their molecular structures.

used in digital imaging, surveillance, environmental monitor-
ing and optical communication. Compared with inorganic
devices of the same type, organic photodiodes with the sand-
wich device structure shown in Fig. 1a can achieve weak signal
detection and fast time response. Simultaneously with large-
area detection capability, rich material selectivity, and low-cost
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Fig. 1 (a) A schematic illustration of the typical geometries of OPDIs. (b)
|-V characteristics of the PD in the dark and under 850 nm monochro-
matic illumination. (c) Transient response of a PD under 1 MHz modulated
850 nm monochromatic illumination. Reproduced with permission
from ref. 29. Copyright 2007 Wiley-VCH. (d) Photoresponse of the
OPDs to a 100 ps laser pulse at 852 nm with an incident power density
of 10 mW cm~2. Reproduced with permission from ref. 48. Copyright 2020
American Chemical Society.

fabrication on flexible substrates, they have been extensively
studied and explored.>®*"**! The organic photosensitive
layers play an important role in absorbing photon energy to
generate photogenerated excitons under illumination, and
offer an platform for separating the electron-hole pairs and
collecting the charge carriers by the electrode under a reverse
bias.?* Therefore, the photosensitive layers, such as pure polymer,
polymer/inorganic hybrid and doped hybrid, will be described in
detail in the following sub-sections.

2.1 Polymer active layer photodiode

Polymer photodetectors generally use bulk heterojunction
(BHJ) structures to achieve efficient photon absorption and
charge separation, in which polymer semiconductors are served
as electron donors, and Cg, or its functionalized derivatives are
selected as electron acceptors.*>** In addition, infrared detection
requires polymer semiconductors to possess the properties of low
band gap, high fluidity, and solution processability, which has
been limited by their difficult synthetic design.™******3% In 2007,
the Yang and co-workers research group designed and synthe-
sized a new type of ester-modified low-bandgap (1.3 eV) polymer
polythieno[3,4-b]thiophene (PTT).2° The presence of the electron-
withdrawing ester group in the polymer could stabilize the
electron-rich thiophene and reduce its highest occupied
molecular orbital (HOMO) energy level to match the (6,6)-phenyl
Ce;-butyric acid methyl ester (PCBM), and then the prepared
photodiode could realize the effective detection of near-infrared
light as shown in Fig. 1b with the rise and fall times both around
100 ns (Fig. 1c) thanks to the slow and dispersive transport
of holes in the polymer PTIT.*® Besides traditional fullerene
derivatives, researchers were also actively developing non-
fullerene electron acceptors to obtain high-performance
photodetectors*®** due to their advantages of adjustable optical
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band gap, strong absorption characteristics in the near-infrared
region, and good charge transport capabilities.***” For example,
Cao and co-workers reported the fabrication of a highly sensitive
visible-near infrared (NIR) photodetector based on wide-bandgap
polymers as electron donors and non-fullerene small molecules as
electron donors.*® Fig. 1d demonstrated the measurement of the
transient photocurrent of a device with a fast rise time of 12 us
and a fall time of 14 ps using an 852 nm pulsed laser.

However, the bulk heterojunction (BH]J) structure will make
the transfer and injection of charges more difficult, making the
polymer photodetector produce high dark current density when
negatively biased, thus limiting its detection ability.>***° To
solve this issue, Liang and co-workers proposed a new method
to reduce its dark current.’! Using modified 3,4-ethylenedioxy-
thiophene (EDOT) as a conjugated side chain, they functionalized
the main chain of the semiconducting polymer to synthesize
molecules as shown in Scheme 1, achieving a two-level reduction
in dark current density (Fig. 2a and b). This method is applicable
to various polymer semiconductors and provides a feasible synth-
esis strategy for constructing polymers for high-performance
photodetectors. Generally speaking, in the preparation of devices,
most of the vacuum deposited metal is used as the upper
electrode, but the doping of the organic active layer will inevitably
occur, leading to high dark current.”’* In order to avoid the
generation of dark current, Zhou and co-workers used transfer-
printed conducting polymer (tp-CP) as the upper electrodes as
shown in Fig. 2¢.>* With the method, the photodetector produced
a dark current that was more than two orders of magnitude lower
than that of a device using a vacuum deposition electrode. At the
same time, due to the transmittance of the top tp-CP electrode
similar to ITO, the double-sided response of the NIR photo-
detector to the incident light from the bottom or top was realized
(Fig. 2d). In addition to using the above methods to limit
the dark current for near-infrared detectors, molecular engineer-
ing can also be used to reduce the optical band gap to
enhance the photon detection capability.”® In 2020, Huang
and co-workers designed and synthesized two kinds of conjug-
ated polymers poly(benzobisthiadiazolebithiophene-tellurophene)
(PBTT) and poly(benzobisthiadiazolebithiophene-4,4’-dioctyloxy-
[2,2'bithiophene]) (PBTB) with an ultra-low band gap (0.8 eV),
which showed a wide range and excellent light response to visible
and infrared light. Moreover, based on the longer exciton lifetime,
favourable film morphology and molecular orientation of PBTB,
infrared response and image sensing on flexible OPD have been
realized, showing excellent spatial light intensity detection cap-
abilities (Fig. 2e).”°

2.2 Organic/inorganic hybrid photodiode

Although the development of infrared photodiodes has long been
limited by low responsivity and high dark current, researchers
have continuously developed new methods for not only optimized
device structures but also new molecular design strategies to
improve the performance of photodetectors.”>*”>° Thereinto,
organic/inorganic hybrid photodiodes offer an effective approach
to realize high-performance photodetectors, which, to a certain
extent, could release the burden of a series of complex molecular

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 J-V characteristics of (a) PBT(EDOT), PBT(TH) and (b) PBD(EDOT),
PBD(TH) based photodetectors in the dark and under AM 15 G
(100 mW cm™?) illumination. Reproduced with permission from ref. 51.
Copyright 2015 Wiley-VCH. (c) Device structure of IR OPDIs with transfer-
printed contacts. (d) The detectivity of OPD versus the wavelength.
The blue line is the detectivity of light incidence from the poly(3,4-
ethylenedioxythiophene) : poly(styrenesulfo nate) (PEDOT : PSS) polymer top
electrode and the red line is the detectivity of light incidence from the ITO
bottom electrode. Reproduced with permission from ref. 54. Copyright 2016
Royal Society of Chemistry. (€) Schematic diagram of the device configuration
of the flexible PD, and the photoresponse current at different wavelengths at
8 V and its image sensing. Reproduced with permission from ref. 56. Copy-
right 2020 American Chemical Society.

designs of polymers. As discussed in the following sub-sections,
we will highlight two kinds of methods, such as interlayer mixed
photodiode and hybrid photodiode.

2.2.1 Interlayer mixed photodiode. Inorganic materials have
superior photosensitivity and charge transport capabilities,**>
while polymer materials have the potential for solution process-
ability and the development of flexible devices. The combination
of organic and inorganic is expected to achieve efficient exciton
separation and charge transport processes.®>®® In 2017, Ng and
co-workers fabricated a NIR photodiode, which used the polymer
CPDT-alt-BSe as the active layer and the inorganic material MoOs
as the electron blocking layer with the energy levels of the
different layers shown in Fig. 3a. From Fig. 3b, it can be seen
that for infrared light, OPD had a detection rate as high as 10"
Jones, while the temperature dependence was small, and the
application example of NIR photodiode detection of a fingertip
arterial pulse is shown in Fig. 3¢.°® In 2019, Nguyen and co-
workers demonstrated a near-infrared organic photodetector
based on the ultra-narrow band gap non-fullerene acceptor
CO1-4Cl. The detector used ZnO and MoO; as the hole/electron

This journal is © The Royal Society of Chemistry 2022
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Fig. 3 (a) Energy diagram of the NIR photodiode. (b) Spectral dependence
of the detectivity under different operating temperature at zero bias.
(c) Photocurrent signals tracking a person’s heart rate. Inset: Schematic
diagram of the heart rate measurement. Reproduced with permission from
ref. 66. Copyright 2016 American Chemical Society. (d) J-V curves of the
OPDs in the dark and under illumination of NIR. (e) The working principle
of NIR photoplethysmography and the pulsed signals measured from OPD
before and after exercise. Reproduced with permission from ref. 11.
Copyright 2019 Wiley-VCH. (f) Device structure, (g) dark J-V curve, (h)
responsivity (R) and shot noise-limited specific detectivity (D*) of the OPDI.
Reproduced with permission from ref. 67. Copyright 2021 American
Chemical Society. (i) Schematic device architecture and (j) the photo-
plethysmogram sensor demonstration of the SQ-H : PCg;BM blend-based
OPDs. (k) Pulse signal measured from the OPD under 1050 and 680 nm
LED illumination through the fingertip. Reproduced with permission from
ref. 68. Copyright 2021 Wiley-VCH.

blocking layer, which effectively blocked the charge injection of
the electrode into the donor polymer PTB7-Th, and realized
sensitive sensing capability to 940 nm infrared light as shown
in Fig. 3d. Moreover, the detection of human heart rate was
realized by using the simulation diagram as shown in Fig. 3e.'"
In 2021, Heremans and co-workers proposed a novel device
stack as shown in Fig. 3f to fabricate low dark current infrared
photodetectors. Their innovative use of crosslinked poly(N,N'-
bis-4-butylphenyl-N,N’-bisphenyl)benzidine (PolyTPD) as an
electron blocking layer provided effective blocking of electron
injection and good device repeatability under reverse bias,
achieving an ultra-low dark current density of 0.2 nA em™>
(Fig. 3g) and a specific detection rate (D*) of over 10" Jones
(Fig. 3g and h).®” Wiirthner and co-workers demonstrated an
organic photodiode with high sensitivity to short-wave infrared
(SWIR, . > 1000 nm) based on a dicyanovinyl functionalized
squaraine dye (SQ-H) donor material. Using polyethyleneimine
(PEI) as the charge blocking layer in the device framework, the

J. Mater. Chem. C, 2022, 10, 13312-13323 | 13315
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energy levels of different layers of the device are shown in
Fig. 3i. The device constructed on the flexible substrate can
realize the application of photoplethysmography for heart rate
monitoring (Fig. 3j), and as a result, clear and periodic systolic
and diastolic signals could be extracted with this photodetector
for both wavelengths under ambient conditions (Fig. 3j and k).°®

2.2.2 Hybrid photodiode. In the large-area fabrication of
infrared photodetectors, the processing of organic semiconductors
is obviously superior to the methods of epitaxial growth of
inorganic semiconductors, so OPTs have more technological
advantages. However, with small molecules and low-bandgap
polymers, it is difficult to achieve sensitivity to infrared light with
wavelengths greater than 1 pum.****’° The researchers turned
their attention to hybrid photodiodes for high-performance long-
wavelength detection.

For example, organic electrical detectors of hybrid quantum
dots (QDS) have a more sensitive response and detection to
infrared light.”"”> Hayden and co-workers fabricated organic/
inorganic hybrid photodiodes using a ternary mixture of
PbS-QDs, PCBM, and poly(3-hexylthiophene) (P3HT) to form a
heterostructure for photoresponsiveness. The sensor can also
capture near-infrared images of insects.®? In addition, nano-
wire (NW) PDs with an Ultraviolet (UV) to NIR response have
potential applications in optical communication and intercon-
nection in nanophotonic circuits, but their superior perfor-
mance over a broad spectral range is required for practical
applications.”*””® To this end, Je and co-workers developed a
high-performance stretchable UV-vis-NIR NWPD.”® They
adopted the common near-infrared sensitizer PbS and applied
the direct writing technique shown in Fig. 4a to realize the PbS
QD-P3HT hybrid NWPD. The stretchable UV-vis-NIR NWPD
showed a nearly identical photoresponse under extreme (up
to 100%) and repeated (up to 100 cycles) stretching conditions
(Fig. 4b). This work applied the direct writing method of
organic/inorganic hybrid nanowires to stretchable PD arrays,
providing a new strategy for high-performance stretchable/
flexible electronics.

Both solution-processable conjugated polymers and perovskite
semiconductor materials possess unique optoelectronic proper-
ties. The discrete perovskite PDs are typically sensitive in the
visible wavelength range, while the discrete polymer PDs exhibit a
broadband photoresponse in the NIR wavelength range.”””®
Visible-blind NIR photodetection with these broadband PDs
requires the use of external bandpass filters or specially designed
photonic structures for photodetection in a well-defined wave-
length range.®” But this will increase the extra cost, weaken
the photosensitive performance, and also greatly increase the
difficulty of applying them to flexible sensors. In 2021, Lan and
co-workers designed a hybrid PD using a halide perovskite
(CH3NH;PbI;)/polymer hybrid heterojunction photoactive layer
in the structure to achieve tunable detection visible-blind NIR
by controlling the accumulation of space charges at the
interface.*® Among them, perovskite as a hole transport layer
completely absorbed visible light and realized NIR bandpass,
which demonstrated that PDs had narrow-band photodetection
in the near-infrared wavelength range (Fig. 4c and d).
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Fig. 4 (a) Directly written PbS QD-P3HT hybrid NW arches and (b) their
stable photoresponse to different wavelengths under multiple stretching
cycles. Reproduced with permission from ref. 76. Copyright 2015 Wiley-
VCH. (c) Cross-sectional views, responsivity spectra and (d) optoelectronic
properties of hybrid PDs with heterojunction photoactive layers. Repro-
duced with permission from ref. 81. Copyright 2021, American Chemical
Society. (e) Schematic diagram of the hybrid BHJ/UCNP photodetector
device architecture, schematic diagram of the upconversion working
principle, and (f) time-dependent short-circuit currents under laser irra-
diation with a 2 = 1.5 pm at different laser powers. Reproduced with
permission from ref. 87. Copyright 2019 American Chemical Society.

Although the above works have improved the performance
of photodetectors through processes, structures, etc., the
use of highly toxic heavy metal elements not only increased
the production cost, but also caused serious ecological
problems.”®®"%> Therefore, it is also a current research hotspot
to seek eco-friendly infrared photodetector strategies, such as
two-dimensional materials such as graphene and colloidal
quantum dots.®*®® In 2019, Chen and co-workers demon-
strated a high-performance, heavy-metal-free flexible photo-
detector sensitive to A = 1.5 um infrared light through a two-
terminal structure (Fig. 4e). The photodetector design strategy
utilized a solution-processable conjugated polymer/small
molecule bulk heterojunction as the host and Er’**-doped
upconversion nanoparticles as the guest. The response mecha-
nism is shown in Fig. 4e, where NaYF,:Er*" upconversion
nanoparticles (UCNPs) could efficiently upconvert 2 = 1.5 pm
photons to visible photons, and then transfer the energy to the
organic BHJ host that generates the photocurrent. As shown in
Fig. 4f, the BHJ/UCNP photodetector exhibited a good photo-
response, fast operation speed, and high reproducibility, open-
ing up bright opportunities for next-generation low-cost and
high-performance SWIR photodetectors.®”

This journal is © The Royal Society of Chemistry 2022
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3. Polymer-based phototransistors

The promising potential of organic photodiodes for infrared
detection has been reviewed previously, and compared with
organic photodiodes, organic phototransistors (OPTs), as a
three-terminal device (Fig. 5a), combine the signal amplification
function of a transistor and the photodetection function of a
single photodiode device, which can effectively control the
channel carriers, the electric field distribution, and then
enhance the photocurrent. Organic phototransistors can be
fabricated at low temperatures, are more cost-effective, and
can be integrated into optoelectronic logic circuits, all of which
have contributed to their rapid development.®*°* On the basis of
organic phototransistors, both the active layers and the dielectric
layers could affect the generation, separation, transmission of
photogenerated excitons, and the trap state of the interface.”® In
the next sub-sections, we will further clarify the role of active
layers and dielectric layers in modulating the performance of the
devices.

3.1. Phototransistors of pure polymer semiconductors

The electrical properties of polymer semiconductors can be
enhanced by the logical design of their structures (ie., polymer
backbone and substituted alkyl side chains),** and ultrathin, light-
weight, flexible, and bendable devices can be achieved through
device fabrication processes, and these properties make it attractive
as a favourable candidate for future photodetectors.”®

Usually, charge trap sites are the main factors affecting their
performance, and minority carrier trap sites assist the photo-
multiplier (PM) mechanism of semiconductors to improve the
response and gain of photodetectors. Furthermore, the introduc-
tion of majority carrier trap sites can effectively reduce the dark
current, thereby improving the detection performance.>*”'°° On
this basis, Shou and co-workers proposed a spatially separated
hole/electron double trap mode for phototransistors, whose
structure is shown in Fig. 5b.”° They used metallic Ag nano-
particles and PCqBM as trapping sites for holes/electrons,
respectively, and achieved spatial separation with the aid of a
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permission from ref. 96. Copyright 2021 Wiley-VCH.

This journal is © The Royal Society of Chemistry 2022

View Article Online

Journal of Materials Chemistry C

polymethyl methacrylate (PMMA) layer, resulting in low-noise
currents and high photoresponsivity (5.26 x 10° A W), exhibiting
ultra-high detection rates (D7, = 1.88 x 10°D*;r = 1.88 x 10"

Jones; Dj, = 8.21 x 10D*g,, = 8.21 x 10'® Jones). They also
used confocal microscopy to scan micro-photocurrents to study the
difference between two-terminal and three-terminal devices. In two-
terminal devices, the carriers are uniformly distributed throughout
the film; while in three-terminal devices, due to the large potential
difference between gate and drain, charge separation becomes
easier and higher photocurrent is obtained (Fig. 5e). Besides the
above works, other studies on PM deserve attention. The narrow-
band of PM type photodetectors was prepared with thick
active layers of P3BHT:PCBM or P3HT:PTB7-Th:PCBM, and the
narrowband spectral response of PM type photodetectors can be
realized from the red to near infrared light range."*"'%* The spectral
response range of PM-OPD can be extended to the near-infrared
range based on narrow-bandgap non-fullerene materials as accep-
tors or by adopting a ternary strategy or a bilayer scheme.'®™%
These studies also provide new design strategies for photodetector
research.

For phototransistors, in addition to having field effect
characteristics and sufficiently large carrier mobility, the semi-
conductor channel layer should also be sensitive enough to
infrared light. Conjugated polymers can achieve the above
functions through pre-designed logic, showing unique
advantages.'” "% In 2020, Park and co-workers synthesized the
conjugated polymer poly[{2,5-bis-(2-octyldodecyl)-3,6-bis-(thien-2yl)-
pyrrolo[3,4-c]pyrrole-1,4-diyl}-co-{2,2'-(2,1,3-benzothiadiazole)5,5'-
diyl}] (PODTPPD-BT) and used it as a near-infrared sensing channel
layer (SCL) to fabricate a phototransistor with the structure shown
in Fig. 6a. Moreover, a flexible near-infrared sensor with an effective
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Fig. 6 (a) Device structure of the organic phototransistor (OPTR) with the
PODTPPDBT sensing channel layer (SCL). (b) Photographs for the bent
flexible OPTR. (c) Transfer curves according to the incident light intensity
(Pin) at 2 = 905 nm. Reproduced with permission from ref. 110. Copyright
2020 Wiley-VCH. (d) Composition of the conducting channel in the BHS
phototransistor. (e) Photoresponse characteristics of OPTs based on a
PDPP-DTT polymer. (f) Photocurrent maps of OPTs under different shades
of gray. Reproduced with permission from ref. 113. Copyright 2020
Elsevier.
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response to 4 = 905 nm was realized, showing its potential in the
field of wearable electronics (Fig. 6b and c)."'® Generally, narrow-
bandgap materials are one of the indispensable conditions for
infrared light detection, but the low mobility and large dark current
caused by narrow-bandgap polymers also limit the detection
performance of infrared light.>®8%!112
problem, Liu and co-workers designed a polymer phototransistor
with a bilayer heterostructure (BHS),"** which could ensure effi-
cient exciton separation and fast carrier transport. BHS selected
cross-linked poly(N-alkyl diketo-pyrrolo-pyrrole dithienylthieno
[3,2-b]thiophene) (PDPP-DTT) as the carrier transport layer, and
its cross-linked structure is shown in Fig. 6d, using PDPP-DTT and
PCs;BM as the photosensitive layer. The device with the above
structure had a high response to 808 nm light (Fig. 6e), while
applying indanone-condensed thiadiazolo[3,4-g] quinoxaline-based
polymer (PBTTQCN-TT) as the NIR light absorber, the phototran-
sistors had a good response to 808 nm, 1064 nm, and 1550 nm NIR
light, solving the difficult application of low-bandgap polymers in
phototransistors. Based on the above methods, they also prepared
flexible BHS OPTs with stable performance, which can realize the
recognition of a barcode with different gray levels (Fig. 6f). This
solution-processable BHS strategy has outstanding potential to
develop flexible polymer phototransistors from NIR-I to NIR-II
windows.

The research on phototransistors is mostly based on
ultraviolet and visible light research, while the infrared light
detection requires polymers with high mobility and a sufficiently
narrow band gap,””*®"'*'" 5o the BHJ structure is selected to
expand the absorption spectrum***™**¥ and improve the photo-
conductive gain of near-infrared light, however polymer blend-
ing in this structure can lead to phase stability problems.'* In
organic semiconductors, the exploration and development of

In order to solve this

conjugated polymers provides many polymer semiconductors
with narrow band gaps and high mobility, which also provides
new opportunities for single-component OPTs.'?*'*! However,
as mentioned above, most of the research on OPTs is p-type
semiconductors, and there is a lack of attention to n-type and
bipolar semiconductors."”>'** In 2017, Kim and co-workers
synthesized a polymer poly(3-(5(benzo[c][1,2,5]thiadiazol-4-yl)thieno
[3,2-b]thiophen-2-y1)2,5-bis(2-octyldodecyl)-6-(thieno[3,2-b]thiophen-
2-yl)pyrrolo[3,4-c|pyrrole-1,4(2H,5H)-dione) (pTTDPP-BT) with dual
acceptor molecules. The constructed transistor device showed
bipolar charge transport behaviour, and the annealed opti-
mized phototransistor showed a photoresponse over a wide
range of wavelengths (405-850 nm) (Fig. 7a)."*" In 2018, Wang
and co-workers also synthesized bipolar donor-acceptor (D-A)
conjugated polymers PBIBDF-BT based on a bis(2-oxoindolin-3-
ylidene)-benzodifuran-dione (BIBDF) acceptor, and successfully
prepared flexible n-type NIR OPTs capable of low-voltage opera-
tion using the AlO,/SAM of n-octadecyl phosphonic acid (ODPA-
SAMs) as a dielectric layer, and the device exhibited good
photoresponsivity and mechanical flexibility (Fig. 7b)."**

3.2. Organic/inorganic hybrid semiconductor phototransistors

Despite the many advantages of polymer semiconductors,
polymer phototransistors generally exhibit moderate
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Fig. 7 (a) Performance of photoresponsive transistors based on double-
acceptor-containing low-bandgap polymers. Reproduced with permission
from ref. 111. Copyright 2017 American Chemical Society. (b) Flexible, low-
voltage and n-type infrared organic phototransistors and photoresponsive
properties. Reproduced with permission from ref. 124. Copyright 2018
American Chemical Society.

performance because the collection of photogenerated carriers
is limited by the low carrier mobility of polymer
semiconductors.” Therefore, a heterojunction phototransistor
composed of mixed photosensitive and carrier transport chan-
nels is developed, which can simultaneously achieve a high
near-infrared response and fast charge recycling.'> %"
Organometallic halide perovskite materials have attracted
much attention due to their excellent optoelectronic
properties."*®'*° In 2017, Xie and co-workers constructed a
ternary vertical multi-heterojunction phototransistor, with
CH;NH;PbI;_,Cl, as the photoactive layer, absorbing infrared
light to generate electron-hole pairs; poly(3-hexylthiophene)
(P3HT) as the hole transport layer to separate electrons and
holes; the graphene layer provided a fast charge transport
channel, enabling highly sensitive infrared light detection at
a low voltage of 0.1 V(Fig. 8a)."*° Subsequently, Kim and co-
workers decoupled and independently optimized the charge
generation and transport processes, achieving better perfor-
mance than commercial germanium phototransistors.'** They
improved the organic BH]J layer by exploiting the feature that
camphor can increase the carrier lifetime, and at the same time
using indium zinc oxide as the transport layer for fast charge
transport, achieving a high specific detection rate over a wide
spectral range (500 < /4 < 1300 nm, 5 x 10" Jones), expanding
a new avenue for realizing solution-processable infrared photo-
transistors (Fig. 8b). In 2021, Li and co-workers based on indium
oxide (In,0;) and n-type polymerizing small-molecular acceptors
(PSMA) polymer semiconductor of poly{5,5'-bis[3,5-bis(thienyl)
phenyl]-2,2’-bithiophene-3ethylesterthiophene]} (PTPBT-ET) suc-
cessfully prepared air-stable high-performance infrared phototran-
sistors (Fig. 8c),"** in which In,O; thin-film transistors (TFTs) could
provide high electrical performance and uniformity, and PTPBT-ET
as a new PSMA enabled large photocurrents and long-term

This journal is © The Royal Society of Chemistry 2022
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Fig. 8 (a) Structure diagram and photoresponse current of a perovskite/
graphene vertical heterojunction phototransistor with a P3HT hole trans-
port layer. Reproduced with permission from ref. 130. Copyright 2017
American Chemical Society. (b) Phototransistor structure, photoresponse
and detectivity with indium zinc oxide (IZO) as the electron transport layer.
Reproduced with permission from ref. 131. Copyright 2019 American
Chemical Society. (c) The schematic illustration of the In,Os/PTPBTET
hybrid phototransistor structure. (d) The responsivity and detectivity as a
function of different days from fabrication. Reproduced with permission
from ref. 132. Copyright 2021 Wiley-VCH. (e) Schematic diagram of the
PQT-12/F4-TCNQ based organic IR phototransistor. (f) The photocurrent
of the phototransistor at different wavelengths. Reproduced with permis-
sion from ref. 138. Copyright 2021 Wiley-VCH.

stability."** The device constructed by the above strategy success-
fully achieved a high specific detection rate of 1.2 x 10" Jones at
810 nm NIR light and a long-term stable performance of more than
160 days (Fig. 8d).

Due to the wide band gap of most organic semiconductors,
only very few organic phototransistors can realize the response
to infrared light with 1 > 1500 nm,3»*2>13413¢ which greatly
limits the application in long-wavelength light.>*"*” Huang and
co-workers fabricated an organic phototransistor with a ternary
semiconductor of semiconducting single-walled carbon nano-
tubes (SWCNTs) and organic donor/acceptor complexes with
the structure shown in Fig. 8e, which enabled broadband
photodetection (400-2600 nm) (Fig. 8f). Among them, compound
semiconductors achieved ultra-broad spectral absorption due to
their ultra-low electronic transition energy (0.4 eV) as photoactive
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layers, and semiconductor SWCNTs provided charge transport
capability with a high on/off ratio, low dark current, and wide gate
tuning range. These studies provide new guidelines for fabricating
organic infrared phototransistors capable of operating at room
temperature.'®

3.3. Phototransistors with polymer dielectric layers

As mentioned above, most infrared organic phototransistors
use organic semiconductor layers as infrared sensing layers,
which requires these materials not only to have good transistor
characteristics, but also to be sensitive to infrared
light,'17-123:139:140 1n order to further promote the development
of infrared phototransistors, a new type of organic phototran-
sistor architecture with a kind of gate sensing layer was
designed.

In 2018, Han and co-workers proposed the transistor archi-
tecture shown in Fig. 9a, in which a conjugated polymer with-
out field-effect properties was placed between the gate and the
dielectric layer as the NIR sensing layer, called the NIR Gate
Sensing Layer (GSL). They used the conjugated polymer poly
[{2,5-bis-(2-ethylhexyl)-3,6-bis-(thien-2-yl)-pyrrolo[3,4-c]pyrrole-1,4-
diyl}co-{2,2'42,1,3-benzothiadiazole)}-5,5'-diyl}] (PEHTTPD-BT) as
the gate sensing layer to realize stable detection of infrared light
(Fig. 9b)."*" In fact, for the infrared absorption of organic materials,
it can also be achieved by covalent bonding and doping to narrow
the band gap."*>'** Covalent bonding can achieve the infrared
absorption range of organic materials below 4 = 1800 nm,'#* 4
while the doping method can provide extremely high shifted
infrared absorption up to Z = 2000 nm."**** In 2021, Lee and
co-workers realized the doping of polytriarylamine, poly[N,N'-
bis(4-butylphenyl)-N,N’-bis(phenyl) benzidine] (PolyTPD) with
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Fig. 9 (a) Organic phototransistor device structure with a gate sensing
layer (GSL). (b) Transfer at Vp = =10 V (inset: at Vp = —60 V) curves for the
Organic Phototransistor with Gate Sensing Layer (GSL) in the dark and
under illumination (P = 437.5 pW cm™2). Reproduced with permission
from ref. 141. Copyright 2018 Wiley-VCH. (c) Transfer curves and photo-
modulation current changes of flexible SWIR-OPTR with PolyTPD : BCF
GSL under short-wave infrared light irradiation. Reproduced with permis-
sion from ref. 151. Copyright 2021 Springer Nature.

J. Mater. Chem. C, 2022, 10, 13312-13323 | 13319


https://doi.org/10.1039/d2tc00646d

Published on 30 Mart 2022. Downloaded on 24.06.2024 13:55:30.

Journal of Materials Chemistry C

tris(pentafluorophenyl)borane (BCF), and well-controlled SWIR
absorption (up to 4 = ~3200 nm) was obtained. An organic
phototransistor (OPTR) with BCF-doped PolyTPD film as the gate
sensing layer (GSL) could detect SWIR light, and its flexible
devices had high sensing stability (Fig. 9b), and exhibited a good
sensing stability upon on/off modulations of the incident SWIR
light (P = 58 WW ¢cm ™ at A = 2000 nm and 42 pW cm™ > at 4 =
3000 nm) (Fig. 9¢).">!

4. Challenges and perspectives

In the past, polymer-based photodetectors have made great
strides in the sensitive detection of broadband infrared light.
Whether it is the proposal of new molecular design strategies or
the construction of new device structures, they have vigorously
promoted the development of infrared photodetectors and
realized the integrated application of infrared photodetectors in
infrared imaging, human health detection, etc. All of these
demonstrate the application potential of polymer-based flexible
detectors in electronic skin and flexible wearable devices. How-
ever, at this stage, it is difficult for polymer-based photodetectors
to meet the needs of social development. In daily life, industry,
military and other fields, more stable detectors with better
performance are still needed to deal with applications in different
scenarios. First, as one of the most important components of the
device, polymer semiconductors play a leading role in the perfor-
mance of the device, and the design and synthesis of polymer
semiconductor materials with efficient infrared absorption and
high carrier mobility should be the primary goal. Secondly, the
large-area integration of the device is a prerequisite for its
application, and it is also necessary for high-resolution infrared
imaging. While solution processability is an advantage of poly-
mers, the polymer’s intolerance to high temperature industries
and certain solvents limit the development of the process. The
large-scale fabrication of devices still has technological deficien-
cies, and it is difficult to achieve successful fabrication of high-
performance, large-scale devices, and the exploration of processes
is still urgent. Finally, the development of polymer-based infrared
photodetectors should ultimately serve the application. Most of
the polymer semiconductors are extremely sensitive to external
environments such as water and oxygen, and their stability is also
an urgent problem to be solved. Especially for application scenar-
ios under extreme conditions, the devices need to have better
tolerance. For the many challenges faced by photodetectors,
researchers are also making continuous efforts to realize the
integration and practical application of the device.
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