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Substantially Improving Device Performance of All-Inorganic
Perovskite-Based Phototransistors via Indium Tin Oxide

Nanowire Incorporation

Yue Hou, Liming Wang, Xuming Zou,* Da Wan, Chang Liu, Guoli Li, Xinggiang Liu,

Yufang Liu, Changzhong Jiang, Johnny C. Ho,* and Lei Liao

All-inorganic halide perovskites (IHPs) have attracted enormous attention due
to their intrinsically high optical absorption coefficient and superior ambient
stabilities. However, the photosensitivity of IHP-based photodetectors is still
restricted by their poor conductivities. Here, a facile design of hybrid phototran-
sistors based on the CsPbBr; thin film and indium tin oxide (ITO) nanowires
(NWs) integrated into a InGaZnO channel in order to achieve both high photo-
responsivity and fast response is reported. The metallic ITO NWs are employed
as electron pumps and expressways to efficiently extract photocarriers from
CsPbBr; and inject electrons into InGaZnO. The obtained device exhibits the
outstanding responsivity of 4.9 X 106 A W-', which is about 100-fold better than
the previous best results of CsPbBr;-based photodetectors, together with the
fast response (0.45/0.55 s), long-term stability (200 h in ambient), and excellent
mechanical flexibility. By operating the phototransistor in the depletion regime,
an ultrahigh specific detectivity up to 7.6 x 10'? Jones is achieved. More impor-
tantly, the optimized spin-coating manufacturing process is highly beneficial for
achieving uniform InGaZnO-ITO/perovskite hybrid films for high-performance
flexible detector arrays. All these results can not only indicate the potential

of these hybrid phototransistors but also provide a valuable insight into the
design of hybrid material systems for high-performance photodetection.

1. Introduction

w~

absorption coefficient, low exciton binding
energy, long photogenerated carrier dif-
fusion length, and tunable bandgap.'™
It is unique that these hybrid perovskites
can be easily made into high-quality films
with the conventional fabrication tech-
nique of spin-coating, in which the pro-
cess simplicity enables their potential
use for numerous large-area and low-cost
applications in solar cells and light emit-
ting diodes.>®l Besides, OMHPs have also
been widely explored as active materials
for high-performance photodetectors,
which are important components for
many modern communication and
imaging systems.”l One of the essen-
tial requirements of photodetectors is to
convert incident irradiation into electrical
signals efficiently and reliably. However,
photodetectors based on these hybrid
perovskites still suffer from the issue of
operational durability due to the chemical
instability of organic monovalent cations
in OMHPs, which greatly restricts their
deployment for practical applications.

At the same time, the recent development of all-inorganic

In the past decade, organic-inorganic metal halide perov-
skites (OMHPs) have drawn tremendous attention because of
their extraordinary optoelectronic properties, including high

halide perovskites (IHPs), such as CsPbX; (X = I, Br, or Cl),
have demonstrated the enhanced stability against moisture
and heat as compared with their organic-inorganic hybrid
counterparts.l'12l With the improved material stability, most
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of the early works focused on the fabrication of IHP photo-
detectors utilizing the photovoltaic device structure. Owing
to the poor conductivity of IHPS as well as the lack of appro-
priate photogain mechanism, the obtained IHP devices usu-
ally exhibit low responsivities (R) with the values of =107! to
108 A WLI13-18 making the detection of weak optical sig-
nals difficult. To solve this problem, one alternative way is to
employ the hybrid phototransistor structure by combining a
high-mobility conducting layer with a perovskite light absorp-
tion layer. This way, the devices’ responsivity can be greatly
improved due to a strong photogating effect induced by
trapped carriers in the perovskite layer. For example, hybrid
graphene/MAPDI; and MoS,/MAPbDI; phototransistors have
been developed and revealed with the high responsivities up to
=10 and =10* A W1,[1%2% respectively, whereas TiO,/MAPbI;
heterostructures have also been investigated for the efficient
photodetection.?!l In any case, all of these studies heavily
rely on the long lifetimes of trapped carriers in the MAPDI;
layer (on the order of seconds to minutes) for the excellent
responsivities, which inevitably give the slow response of the
devices. Although the hybrid phototransistor based on MoS,/
CsPbBr; heterostructures can yield a much faster response of
=1 ms owing to the fewer trap states in the IHP layer, a much
lower responsivity of 4.4 A W is then resulted.??] Until now,
it is still a grand challenge to achieve the low-cost and stable
perovskite-based photodetectors with both ultrahigh sensitivity
and fast response.

In this work, we perform a facile and rational design of high-
performance hybrid phototransistors based on the CsPbBr; thin
film and indium tin oxide nanowires (ITO NWs) integrated into
the amorphous InGaZnO channel. To be specific, the metallic
ITO NWs are employed as electron pumps to extract sufficient
photocarriers from the perovskite layer into the InGaZnO film.
Meanwhile, appropriate design of the corresponding band
structure can further enable ITO to be an expressway of elec-
trons in InGaZnO films to enhance the mobility of collected
carriers. As a result, this hybrid phototransistor can deliver a
substantially improved responsivity of 4.9 x 10° A W7, an
ultrahigh specific detectivity (D*) of 7.6 x 10'* Jones, together
with fast response (rise/decay) times of 0.45/0.55 s. It is noted
that this hybrid device can also be fabricated into a mechani-
cally flexible photodetector, which exhibits the excellent sta-
bility upon bending test and exposure to ambient for 200 h.
All of these results can not only evidently indicate the poten-
tial of these hybrid phototransistor structure based on all-
inorganic perovskites, but also provide a valuable insight into
the design of hybrid material systems for high-performance
photodetection.

2. Results and Discussion

In general, phototransistors are operated based on the
photogating effect.”>-*! Distinctively, there is a heterojunction
intrinsically formed within the hybrid phototransistor that is
intentionally designed to separate the photogenerated electron-
hole pairs. If one type of the photocarriers (e.g., holes) are
trapped in the light absorption layer, the lifetime (Tjgegme) Of
another carrier type (e.g., electrons) can then be prolonged in
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the transport channel, inducing a high photogain (G) according

to the following equation/?’]

— EQE X Tlifetime

T transit

G 1)

where EQE denotes external quantum efficiency of the device
and Tyang: Stands for transit time of the carriers transporting
through the channel. Therefore, both photogain and response
speed of the device are strongly related to the value of Tiggme
such that a long trapping time of photocarriers would lead
to a high photogain but a slow response. On the contrary, a
short carrier trapping time usually gives a fast response but a
poor photogain to the phototransistor. Considering the uncon-
trollability of Tjgme, we adopt a viable strategy to purposely
design a hybrid CsPbBr;-based phototransistor to improve the
EQE/Tyansit ratio together with the fast response. As shown in
the device schematic in Figure 1a, the CsPbBr; film is used as
the light absorption layer because of its better stability as com-
pared with OMHPs as well as its impressively fast response as
demonstrated in the previous works.[?22627] Also, the sol-gel
processed InGaZnO film is employed as the conducting layer
in view of its low-temperature large-area processing capa-
bility, which is compatible with the typical manufacturing of
perovskite thin films as well as phototransistors. In this case,
there would be a type II band alignment established between
CsPbBr; and InGaZnO, enabling the effective photocarriers
separation at the InGaZnO/CsPbBr; interface (Figure 1b). For a
typical phototransistor, the transit time can be estimated using
the equation of 8]

2
Tiransit = UiV (2)

where L is the device channel length, ugg is the field-effect
mobility, and Vg, is the source-drain bias. Although a rela-
tively large Vg, or short L can ensure the Ty, being small
enough as compared with the Tjggme it would inevitably
induce the increased dark current.?>3% In contrast, improving
the ppp value of InGaZnO transistor is more attractive here.
For instance, our group recently developed a high-mobility
InGaZnO field-effect transistor (FET) by incorporating ITO
NWs into the channel.?!l The low-frequency noise measure-
ments demonstrated that there would result in the reduced
trap states of the InGaZnO film, leading to a greatly improved
device performance. With the 0.5 wt% ITO NWs incorpora-
tion, the composite device exhibits a peak electron mobility
value of 83.9 cm? V! s7!, which is much higher than that of
the pristine device (6.2 cm? V! s71) (Figure S1, Supporting
Information). The typical transfer characteristics (Ig—Vy) of
the InGaZnO and InGaZnO-ITO devices measured at Vi =1V
are also presented in Figure 1c. Upon CsPbBr; decoration, the
FET performance of both devices are preserved but they come
with a negative shift on the threshold voltage (Vy,), suggesting
an n-type doping effect in InGaZnO channel. Meanwhile, a
slightly increased off-state current is also observed. This is prob-
ably due to the leakage current between gate and source-drain
electrodes through the CsPbBr; layer (Figure S2, Supporting
Information). Importantly, after CsPbBr; deposition, the g
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Figure 1. Structure and working principle of the InGaZnO-ITO/perovskite phototransistor. a) Structural schematic of the proposed device. b) Band
diagram of the InGaZnO-ITO/perovskite heterostructure and corresponding photocarrier transfer under light illumination. c) Transfer characteristics of
the InGaZnO and InGaZnO-ITO devices before and after CsPbBr; perovskite deposition. d) The device models for TCAD (Technology Computer Aided
Design) simulation. e) TCAD simulations show the electron density in InGaZnO layer under dark and illumination, respectively. f) Electron density
extracted along the dotted line in e. In comparison with the InGaZnO/perovskite device, the ITO NWs incorporation strongly increases the electron

density under illumination.

value is almost unchanged (6.2 cm? V-! s71) for the InGaZnO/
CsPbBr; device whereas slightly reduced to 76.7 cm? V=1 7!
for the InGaZnO-ITO/CsPbBr; device. This much higher car-
rier mobility of InGaZnO-ITO/CsPbBr; phototransistors would
simply imply a much shorter response time (29 ns) there as
compared with the one (263 ns) of InGaZnO/CsPbBr; devices.

Apart from the ugg improvement, the metallic ITO NWs can
also be exploited as electron pumps to extract more photocar-
riers into the InGaZnO layer, which is beneficial for increasing
the EQE value. In order to evaluate this electron pump effect,
the simulations of photocarrier generation of the devices with
and without ITO NW incorporation are performed as illustrated
in the schematics in Figure 1d (see the Experimental Section
for details). Upon illumination (457 nm) with a light intensity
(Piighy) of 10 W cm™, the photocarriers are first generated
exclusively within the CsPbBr; layer, while fractions of these
photogenerated electrons are subsequently transferred into
the InGaZnO layer. The corresponding photogenerated holes
would then be trapped in the CsPbBr; layer due to the charge
traps existed within the CsPbBr; perovskite as well as the built-
in potential established at the InGaZnO/CsPbBr; interface,
leading to the formation of photogating effect until electron-
hole recombination occurs (Figure le). When compared with
dark equilibrium, electron density of InGaZnO layer increases
under illumination. Once ITO NWs are incorporated into
InGaZnO layer, enhanced electron accumulation would occur
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in device channel (Figure 1f). Due to the decreased energy,
fractions of photogenerated electrons in CsPbBr; layer can dif-
fuse into ITO NWs through InGaZnO layer before recombi-
nation. This would induce a more efficient spatial separation
of photocarriers at CsPbBr;/InGaZnO interface, leading to a
higher external quantum efficiency of the device. Combined
with the above-discussed carrier mobility enhancement, photo-
gain can be substantially improved for InGaZnO-ITO/CsPbBr;
device.

In addition to the theoretical validation of the device perfor-
mance enhancement, incorporating ITO NWs can also be easily
achieved for the device fabrication. In this study, the ITO NWs
were grown with a chemical vapor deposition method (see the
Experimental Section for details). The corresponding high-reso-
lution transmission electron microscopy (HRTEM) and selected
area electron diffraction (SAED) images of ITO NW are shown
in Figure S3 (Supporting Information), which illustrate its cubic
crystal structure. In addition, the homogeneous distribution of
In, Sn, and O atoms along the ITO NW body is also demon-
strated using energy-dispersive X-ray spectrometry (EDS). The
transfer curves of typical In,0; NW devices with and without
Sn doping are shown in Figure S4 (Supporting Information).
Obviously, the neglectable gate modulated current indicates the
NW being highly Sn doped. Utilizing these metallic ITO NWs,
the entire fabrication process of the InGaZnO-ITO/CsPbBr;
phototransistor is depicted in Figure 2a. The InGaZnO-ITO
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Figure 2. The fabrication process and characterization of the InGaZnO-ITO/perovskite phototransistor. a) Schematic illustration of the fabrication of
InGaZnO-ITO/perovskite phototransistors. b) Optical images of the photodetector array before and after (inset) perovskite decoration. Scale bar is
100 um. c) SEM images and d) XRD patterns of CsPbBr; film deposited onto the sol-gel processed InGaZnO-ITO film under different substrate tem-
peratures. Scale bar is 10 um. e) Absorption spectra of the InGaZnO-ITO, CsPbBr;, and InGaZnO-ITO/perovskite films. f) PL spectra of the CsPbBr;

film and the hybrid structures.

(0.5 wt% ITO NWs) composite film was first deposited onto a
degenerately doped p-type silicon substrate with a 290 nm thick
SiO, layer. Subsequently, Cr/Au (15/50 nm) electrodes were
patterned on top of the composite film by thermal evaporation.
Finally, the CsPbBr; film was deposited with dimethyl sulfoxide
(DMSO) solution of PbBr, and CsBr (with a 1:1 mol ratio), and
then the sample was annealed at 100 °C for 15 min to remove
the residual DMSO. Figure 2b presents the corresponding
optical images of InGaZnO-ITO FETs before and after perov-
skite deposition. It is well known that the film formation plays
an important role in determining the film morphology and
coverage, which in turn influences the fabricated device per-
formance.?” Among many process parameters, the crystalliza-
tion rate is a dominant factor dictating the film formation.3!
In this case, since the commonly used DM SO has a relatively
high boiling point, the crystallization of CsPbBrj is significantly
slow; therefore, the low nuclei density is resulted, inducing
the acicular structure and poor coverage of CsPbBr; film using
the conventional one-step spin-coating method.}*l In order to
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alleviate this film quality issue as well as to improve the fabri-
cated device performance, a thermally assisted fabrication
scheme is then proposed to achieve a uniform and compact
CsPDbBr; film.

During the investigation of appropriate thermally assisted
CsPbBr; film formation, it is found that the substrate tem-
perature plays a crucial role in affecting the crystallization of
CsPDbBr;. As shown in the scanning electron microscopy (SEM)
images in Figure 2c, there are significant differences in the
film morphology observed for different substrate temperatures,
where the compact CsPbBr; film with a uniform grain distribu-
tion is produced with the relatively high substrate temperature
of 80 °C. The cross-section SEM image further demonstrates
a thinner but more uniform and compact film obtained with
the thermally assisted film formation as compared with the
thicker and discontinuous film using the conventional method
(Figure S5, Supporting Information). Furthermore, X-ray dif-
fraction (XRD) patterns were also collected for all the CsPbBr;
films as presented in Figure 2d. It is clear that there are three
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strong diffraction peaks located at 15.14°, 21.52°, and 30.68°,
which are assigned to (101), (121), and (202) lattice planes,
confirming the orthorhombic structure of CsPbBr;.3% Appar-
ently, the substrate temperature is also witnessed to affect
the preferential orientation of prepared films. For the films
prepared at higher temperatures (60 and 80 °C), they have a
preferential orientation following the (202) planes, which is in a
distinct contrast to the one prepared at 30 °C. This is probably
due to the formation of CsPbBr; phase using the high-tempera-
ture spin-coating process.

Besides the film morphology and crystallinity, it is also
important to evaluate the optical absorption characteristics and
photocarrier dynamics of all the samples. UV-vis absorption
spectra of the pure InGaZnO, InGaZnO-ITO, pure CsPbBr;
film, and hybrid InGaZnO-ITO/CsPbBr; films are presented
in Figure 2e. There is no obvious change in light absorption
range before and after ITO nanowires incorporation. The
absorption edge of InGaZnO-ITO film is found to appear at
382 nm, corresponding to a band gap of 3.3 eV. As expected,
the CsPbBr; film shows strong light absorption ability, espe-
cially in the UV region. Due to the superimposed effect, the
absorption range of InGaZnO-ITO film is obviously extended
after the formation of heterostructure with CsPbBr;. The cor-
responding photocarrier generation and transfer mechanism is
also assessed by evaluating the photoluminescence (PL) spectra
of CsPDbBr;, InGaZnO/CsPbBr;, and InGaZnO-ITO/CsPbBr;
(Figure 2f). Because of the efficient exciton dissociation and
charge transfer at the InGaZnO/CsPbBr; interface, the reduced
emission intensity is observed. Moreover, the PL quenching

www.small-journal.com

effect of InGaZnO-ITO/CsPbBr; is particularly significant,
which indicates the enhanced extraction of electrons. In this
case, the photogenerated electrons are predicted to be extracted
more efficiently to yield the higher EQE, while only few of them
get recombined resulting in the high photoresponse for the
hybrid InGaZnO-ITO/CsPbBr; Film.

After the photocarrier dynamics have been better under-
stood, the optoelectronic performance of InGaZnO/CsPbBr;
and hybrid InGaZnO-ITO/CsPbBr; phototransistors are then
thoroughly investigated under light illumination. Figure 3a,b
depict the device transfer characteristics under various illu-
mination intensity with a Vy, sweeping from —50 to 50 V at
Vgs = 1 V. As the Py, value increases, both off-state and on-
state current of the InGaZnO-ITO/CsPbBr; phototransistor
raise more than the ones of the InGaZnO/CsPbBr; device, indi-
cating that the ITO NWs incorporation can effectively improve
the device photoresponse. The ratio of output currents with
and without light illumination (Ijign/Iqari) can then be extracted
from the transfer curves for both devices, in which this ratio
is an important parameter typically used to evaluate the pro-
portion of external signal to background noise. Generally, the
higher Ijge/Igan Tatio represents the less obtrusive noise. As
shown in Figure 3c, the Rigy/ldar ratio of both devices is dra-
matically enlarged for the increasing incident light intensity.
As compared with the InGaZnO/CsPbBr; device, the Iign/Igark
ratio of InGaZnO-ITO/CsPbBr; device is increased by three
orders of magnitude, achieving a maximum value of 3.4 x 10*
at Vg = —17.5 V even when Py, is as low as 104.1 pW cm™
Without light illumination, the hybrid phototransistor operates

a_. —dark t!, InGaZnO-ITOICSPbBY, 1%_ — InGaZnO/CsPbBr,
Ll 5 "mﬁ L —— InGaZnO-TOICsPbB,
—_—sa
— 8.0 yWiem?
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Figure 3. Optoelectronic characterization of the hybrid phototransistors under 457 nm laser illumination. I4—V,, characteristics of a) InGaZnO/
perovskite and b) InGaZnO-ITO/perovskite phototransistors under both dark and illuminated conditions. c) ljight//dark ratio of the hybrid phototransis-
tors. Responsivity of d) InGaZnO/perovskite and e) InGaZnO-ITO/perovskite phototransistors, respectively. f) Noise analysis of the InGaZnO-ITO/
perovskite phototransistor extracted from the Fourier transform of the dark current.
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in an off-state mode for Vs =~17.5V, while the corresponding
output current is very low. Under illumination, the device turns
into an on-state operation with photogenerated electron injec-
tion into the channel whereas the output current amplifies
significantly by the photogating effect. This way, the Ijgn/Tgark
ratio of InGaZnO-ITO/CsPbBr; phototransistor can be simply
enhanced with the higher illumination intensity.

In order to precisely evaluate the device photoresponse,
responsivity can be calculated with the following equation/?®l

I light — I dark I h
R =gt T odak _ Tp 3
PSP G)

where Ijjgy; and I, denote the output currents with and without
light illumination, respectively, Ioh stands for the photocurrent,
and S refers to the active area of photodetector. As displayed in
Figure 3d,e, the responsivities of both devices get increased with
the increasing V,,, which corresponds to the device operation
manipulated from off-state to on-state. Meanwhile, the respon-
sivities get reduced as the light intensity increases, which can be
attributed to the enhanced photocarrier recombination with the
increasing Pjigy. The highest responsivity of InGaZnO/CsPbBr;
device is found to be 1.7 x 10* A W™" at Pjigy; = 0.4 uW cm™
Once ITO NWs are incorporated into the device channel, the
responsivity is greatly improved to 4.9 x 10°® A W~'. Notably,
this responsivity is already 5 orders of magnitude higher than
the ones of typical IPH photodetectors using photovoltaic struc-
tures, 318 and 2 orders of magnitude higher than those of
CsPbBr;-based photogating devices.[?22027.30] At the same time,
it is also critical to assess the response time of the devices. For
certain applications, such as video-rate imaging, the rise (decay)
time is usually defined as the period for the photocurrent to
rise (decay) from 10% to 90% (90% to 10%) of the final value.
Accordingly, the rise time and decay time (T and Tgecay) are
extracted to be 0.45 and 0.55 s, respectively (Figure S6, Sup-
porting Information). This result is much faster than the ones
previously reported for OMHPs-based hybrid phototransis-
tors.[121 Moreover, the gain of photodetector can be estimated
according to the responsivity with the following equation!*”]

— IPh/ q _R—I’LC (4)
 Pgn/hv g4

where ¢ denotes the speed of light, v denotes the incident
photon frequency, and h stands for Planck's constant. In this
case, the gain corresponding to the maximum responsivity is
calculated to be 4.6 x 10* and 1.3 X 107 for InGaZnO/CsPbBr;
and InGaZnO-ITO/CsPbBr; devices, respectively.

In addition to the responsivity, detectivity (D*) is also an
important parameter to compare the capability of photodetector
in detecting weak optical signals. D* can be estimated with the
following equation>’-3%

«_(SB)"”
D =X ®)
=12
In
NEP=-5 (6)
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where B is the bandwidth, NEP is the noise equivalent power,
and i} is the root mean square value of the noise current.
The gate electrodes in phototransistors can serve as sensitivity
knobs to improve the D* value by operating the ]dzevices in
depletion regime. Figure 3f shows the measured i2 " value at
different V,, values. Tt is clear that there is an obvious 1/fnoise
component observed at Vg = 50 V, while a flat line of spectral
noise density starts to emerge at V, = — 20 V due to the noise
floor of the measuring instrument. Despite the high respon-
sivity at Vo = 50 V, the detectivity exhibits a relatively low value
arising from the high noise value. Under Vg =~10 V, the max-
imum D* value is then extracted to be 7.6 x 10'® Jones at a
frequency of 1 Hz (Figure S7, Supporting Information). This
specific detectivity is superior than the value of traditional sil-
icon-based photodetectors (=4 x 10'? Jones).*"!

In order to confirm the above device performance assess-
ment, the device threshold voltage shift is plotted as a func-
tion of Py, (Figure 4a). For both devices, the threshold voltage
are observed to shift toward the more negative values with the
increasing power density. Because of the n type characteristic
of InGaZnO, it is anticipated that the photogenerated holes are
typically trapped, which induces a gating effect on the InGaZnO
channel and leads to the boost of electron concentration there.
In addition, the threshold voltage shift (AVy,) is highly depended
on the power density, in which this relationship can be fitted
well with the equation of AVy, o< Pygp”, where o is a constant.
The o value is then found to be 0.23 and 0.35 for the device
with and without ITO NW incorporation, respectively. The non-
unity exponent of 0 < o < 1 is often observed in photogating
devices,[*1#2 as a result of the complex process of carrier gen-
eration, trapping, and recombination within semiconductors.
The AVy, tends to saturate as the increase of the laser power,
indicating that the net injection of photogenerated electrons
has reached its maximum. This is partly due to the gradually
filled trap states in perovskite. Once all the trap states are filled
under a certain laser power, a stronger laser power would excite
more free carriers that cannot be trapped. Therefore, the AVy,
saturates. In general, when o equals 1, it represents a pure pho-
toconductive effect, while o is less than 1, it indicates the exist-
ence of a photogating effect.*!] Therefore, the smaller « value
of InGaZnO-ITO/CsPbBr; device designates a more profound
photogating effect here. Furthermore, the threshold voltage
shift also provides an opportunity to evaluate the EQE value of
measured devices (see the Experimental Section for details). It
is observed that the InGaZnO-ITO/CsPbBr; device exhibits a
peak EQE value of 57% at Pjig = 0.4 UW cm™2, which implies
that =57% of the incident photons are converted to trapped
holes in CsPbBr;, contributing to the photogating effect. This
EQE value is about 17 times higher than that of the InGaZnO/
CsPbBr; device (Figure 4b). According to Equations (1) and (2),
the enhanced pgg and EQE with ITO NW incorporation would
lead to a predicted amplification factor of =237 for the photo-
gain, which is in good agreement with the measured value
of =288 here. As shown in the energy band schematics in
Figure 4c,d, the enhancement mechanism of device photogain
can be understood in the following manner. Under light illu-
mination, parts of the photogenerated electrons are transferred
into the InGaZnO channel. The corresponding holes are then
trapped in the CsPbBr; layer until carrier recombination occurs,
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Figure 4. Performance comparison of InGaZnO/perovskite and InGaZnO-ITO/perovskite devices. a) The threshold voltage shift and b) external quantum
efficiency as a function of laser power. Schematic illustration of the working mechanism of ¢) InGaZnO/perovskite and d) InGaZnO-ITO/perovskite devices.

which lower the Fermi level of InGaZnO, inducing the Schottky
barrier reduction at the contact region. As a result, the ITO
NW incorporation can lead to a substantial increment of both
trapped holes and field-effect mobility of the phototransistor,
resulting in the greatly enhanced photogain. To demonstrate
the high performance achieved by InGaZnO-ITO/CsPbBr;
phototransistor in comparison with the previously reported
devices, we summarize the key performance parameters in
Table S1 (Supporting Information). Among them, the hybrid
InGaZnO-ITO/CsPbBr; device exhibits a high photosensitivity.
However, in comparison with photovoltaic and photoresistance
photodetectors, the response speed of InGaZnO-ITO/CsPbBr;
degrades from tens of nanoseconds to hundreds of millisec-
onds, which is limited by trap-assisted photocarrier separation
and recombination in photogating devices.

Recently, due to the proliferation of lightweight and portable
electronics, flexible optoelectronic devices based on low-cost
active materials and plastic substrates have received consider-
able attention.***4 [PH-based flexible photodetectors have
been achieved in previous reports, which exhibit excellent
flexibility and stability.*>4! In this regard, in order to demon-
strate the potential use of our devices for flexible applications,
InGaZnO-ITO/CsPbBr; photodetectors were also constructed
on polyimide substrates (Figure 5a). The fabricated devices
were then electrically characterized with different bending
angles (Figure 5b). Figure Sc presents the output characteristics
of a typical flexible photodetector under different illumination
intensities (457 nm). The maximum R value is extracted to be
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3.3 x 10* A Wl at Vg =5 V. Apparently, the output current
remains almost unchanged after mechanically bending to an
angle of 90°. The mechanical robustness of the device can be
further assessed by the time-dependent photoresponse meas-
urement upon 200 bending cycles (Figure 5d). Here, the rise
time and decay time are extracted to be 0.28 and 0.61 s, respec-
tively, which is similar to the value of rigid SiO, substrate.
Furthermore, the spin-coating manufacturing process of these
films can easily enable us to fabricate photodetector arrays,
which is essential for the subsequent device integration. The
output currents of a 5 x 5 photodetector arrays are then system-
atically characterized, where the collected signals are converted
into a two-dimensional plot in order to display a contrast map
(Figure Se). It is evident that the devices exhibit a higher output
current under illumination (P jig, = 104.1 uW cm™2), while they
give a lower current under dark. The small device-to-device var-
iation without any device failure can further illustrate the uni-
formity of these photodetector arrays. Importantly, the stability
of these device arrays is as well monitored with the ambient
exposure (30 °C and 50% humidity). Remarkably, the device
photocurrent can maintain 85% of its initial value after 200 h
of exposure, which clearly indicates its excellent long-term sta-
bility of the photodetector (Figure 5f).

3. Conclusion

In conclusion, through the incorporation of metallic ITO
NWs, high-performance CsPbBr;-based phototransistors with
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and after 200 bending cycles. Contrast maps of the output current at Vg =1V for 5 x 5 InGaZnO-ITO/perovskite photodetector arrays e) before and
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both high responsivity and fast response have been demon-
strated for the first time. The top CsPbBr; layer can provide
the excellent light absorption capability and ensure the fast
response speed, while the hybrid InGaZnO-ITO film can
be employed as an expressway for electron injection into the
device channel. Owing to the enhanced external quantum
efficiency, improved carrier mobility, and optimized CsPbBr;
film coverage for the InGaZnO-ITO/CsPbBr; phototransistor,
these gate-tunable devices exhibit the outstanding responsivity
(4.9 10° A W), high detectivity (7.6 x 10" Jones), large Ijg,/
g Tatio (3.4 x 10%), and fast response time (0.45/0.55 s).
More importantly, the optoelectronic performance of fabricated
devices is very robust even after exposed to air for 200 h or
upon 200 bending cycles. The overall device performance is
more superior than other IHP-based photodetectors previously
reported. The device architecture demonstrated here can be
further applied to other perovskite-based hybrid devices for the
enhanced photodetection performance.

4. Experimental Section

Device Fabrication: The ITO NWs were synthesized using the chemical
vapor deposition method. A powder mixture of indium oxide, tin oxide,
and graphite (with a weight ratio of 10:1:2) was placed into a quartz
tube reactor. The silicon substrate covered with the gold catalyst was
placed at the downstream next to the evaporation source. To start the
growth, the evaporation source was heated to 1100 °C in 30 min under a
200 sccm gas flow (argon/oxygen = 100:1). After the quartz tube reactor
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reached 1100 °C, the growth lasted for 30 min. Then, the quartz tube
cooled naturally to room temperature, and a mass of ITO NWs were
obtained on the silicon substrate surface.

The InGaZnO-ITO composite thin films were prepared from mixtures
of InGaZnO sol-gel precursor and ITO NWs. Firstly, a 0.03 M InGaZnO
sol-gel precursor was obtained by dissolving zinc acetate dehydrate,
indium nitrate hydrate, and gallium nitrate hydrate with a molar ratio
of 3:3:1 in 2-methoxyethanol. Then, the pre-synthesized ITO NWs were
introduced into InGaZnO precursor in varying weight proportions
by ultrasonication (20 s) in order to achieve a uniform dispersion of
InGaZnO-ITO NWs composite precursor. Finally, the InGaZnO-ITO
NWs composite thin films were obtained by spin-coating the composite
precursor onto the substrate. The InGaZnO-ITO NWs FETs were
fabricated by a two-step photolithography. A first photolithography and
wet etch process were used to divide the as-prepared InGaZnO-ITO
NWs thin films into isolated pads. After that, photolithography, vacuum
thermal evaporation, and lift-off process were subsequently carried out
to obtain FET devices with Cr/Au (15 nm/50 nm) source and drain
electrodes. The channel length and width of the phototransistor were
15 and 70 um, respectively.

For the preparation of CsPbBr; layer, CsBr and PbBr, (with a molar
ratio of 1:1) were first dissolved in DMSO solution. Then, the mixture
was stirred at room temperature for 6 h to obtain the precursor
solution. The concentration of CsPbBr; was 0.4 m. Subsequently, the
obtained solution was deposited onto the InGaZnO film by spin-coating
at 3000 rpm for 1 min. Finally, the devices were heated at 100 °C for
15 min.

Material Characterization and Device Measurement: The CsPbBr;
film morphologies were characterized with SEM (JEOL 6510). UV-vis
absorption spectra were collected using a Shimadzu UV-2550. XRD
measurement was performed at room temperature using the Rigaku
SmartLab X-ray Diffractometer. Steady-state PL was measured with
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an excitation laser of 325 nm. Electrical and optoelectronic device
characterizations were performed by employing a semiconductor
parameter analyzer (Agilent B1500A) and a standard probe station. The
light source was a laser with the wavelength of 457 nm.

Evaluation of External Quantum Efficiency: Considering the photocarrier
separation occurred at the InGaZnO/CsPbBr; interface, the number of
electrons injected into InGaZnO channel (An) was equal to the trapped
holes accumulated in the CsPbBr; layer. According to parallel plate
capacitor model, the unit-area gate capacitance (C,,) was calculated
to be 11.9 nF cm™. Thus, a =7 V shift in Vy, at Pigy = 0.4 W cm™
implies that the injected electron density from CsPbBr; to InGaZnO
could be calculated by using the equation An = C,AVy,/q, where the
electron injection was estimated to be 5.2 x 10" cm™. Meanwhile,
a power density of 0.4 uW cm=2 corresponding to a photon flux
of 9.2 x 10" ¢cm™ s was used. Since the complete decay time of
photocurrent was =1 s (see Figure S5, Supporting Information), under
the illumination of 0.4 uW cm™2, there would be 57% of the incident
photons being converted into trapped holes in the CsPbBr; layer, which
contributed to the photogating effect.

Device Simulation: Device simulation was carried out by using Silvaco
TCAD. DevEdit module was used to design the device structure. In view
of the intrinsic traps (e.g., oxygen vacancies, zinc-related acceptors
and others) of IGZO, Shockley-Read-Hall recombination model was
employed. The optical wavelength of the source beam was set to 457 nm
and the power density was 10 uW cm=2 The thickness of InGaZnO
and perovskite used in the simulation were set to 40 and 100 nm,
respectively. The bandgap of InGaZnO and perovskite were set to 3.3
and 2.2 eV, while the relative dielectric permittivity of InGaZnO and
perovskite were set to 4 (ref. [47]) and 41 (ref. [48]), accordingly. ITO
nanowires were set to have an electron concentration of 1 x 102 cm3,
a band gap of 2.8 eV, a relative dielectric permittivity of 9.3, an affinity
of 4.6 eV, a m.* value of 0.25 mg, and m,* value of 0.24 m,.* Here,
the m.*, m,*, and mq denote the electron effective mass, hole effective
mass, and free electron mass, respectively. The work function of the
electrode was 4.45 eV. Device operation temperature was chosen
as 300 K as stated in the default set up. Fermi-Dirac statistics were
implemented to account for the carrier concentration.
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