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Inorganic–organic hybrid perovskite thin films have attracted significant
attention for developing new types of optoelectronic devices due to their superb
optoelectronic properties. Herein, a hybrid phototransistor for near-infrared
(NIR) detection is constructed by capping a narrow bandgap Pb–Sn perovskite
layer on top of an indium gallium zinc oxide (IGZO) thin-film transistor (TFT),
with a C60 interlayer acting as the electron transporting layer. The Pb–Sn
perovskite layer is precisely spin patterned onto the IGZO TFTs’ channel region
via a hydrophobic perfluoro(1-butenyl vinyl ether) (CYTOP) photolithography
process. In this configuration, a high-detectivity (2.24� 1010 Jones at 900 nm)
perovskite–C60–IGZO hybrid infrared phototransistor is achieved, and the
narrow bandgap perovskite–IGZO hybrid phototransistor has a sensitive
photoresponse down to 1100 nm.

1. Introduction

Near-infrared (NIR) photodetectors have a wide range of
applications, such as fiber optics communications, night vision,
temperature sensing, and Light Detection and Ranging (LiDAR)
system for automated vehicles. The state-of-the-art NIR photo-
detectors are majorly based on silicon or InGaAs photodiodes.
NIR photodetectors based on other new organic and inorganic
materials have also been widely explored recently by researchers.[1]

Perovskite materials have a high light absorption coefficient, long
carrier diffusion length, wide light absorption range, and simple
synthesis method at the same time.[2] The bandgap of perovskite
materials can be tuned by mixing different organic and inorganic

materials,[3] which make them possible for
infrared light absorption. By incorporating
FASnI3 perovskite material into the conven-
tional MAPbI3 perovskite material, a narrow
bandgap perovskite can be obtained,[4] and
the environmental hazard of the heavy metal
Pbmaterial can be reduced at the same time.

Generally speaking, photodetectors can
be divided into photoconductors, photodio-
des, and phototransistors. Phototransistors,
promising to achieve good photoelectric
performance by combining advantages of
each integrated component,[5] have received
extensive attention[6] and have made some
advanced progress in the field of infrared
photodetection.[7] Indium gallium zinc
oxide (IGZO) thin-film transistors (TFTs)
have excellent transistor performance such

as a high switching ratio, good uniformity, and a high field-effect
mobility.[8] IGZO TFTs have been regarded as excellent candidates
for backplane in display and flat-panel image sensors. The IGZO
TFT has also been applied as a phototransistor for UV detection.
However, in terms of photodetection, the pristine IGZO TFT has a
wide bandgap (3.5 eV) and encountered a persistent photoconduc-
tivity (PPC) effect under ultraviolet light.[8c] To extend its photosen-
sitive range, and to mitigate the PPC effect, the alternative strategy
has been proposed, by combining the IGZO and other low-
bandgap photo absorbers, such as single-walled carbon nanotubes
(SWCNTs),[9] polymer materials,[10] quantum dots,[11] and perov-
skites. However, the integration of the Pb–Sn-based narrow
bandgap perovskite absorption layer with an IGZO TFT has never
been reported yet. One of the main challenges in realizing perov-
skite–IGZO hybrid phototransistors is that IGZO TFTs are sensi-
tive to its fabricating condition. It has been shown in previous
work that electrical characteristics of the IGZO TFT are strongly
affected by the perovskite deposition step.[8b,12] To avoid direct
contact between Pb–Sn-based perovskite and IGZO, an interlayer
that can function as a carrier transport layer, as well as a protection
layer, is needed. To the best of our knowledge, the FASnI3/
MAPbI3 mixture narrow bandgap perovskite materials are mostly
prepared by the spin-coating method[4,13]; thus, an interlayer mate-
rial that dissolves less in the perovskite solvent has to be found.
Another challenge in fabricating perovskite–IGZO phototransis-
tors is the patterning of the solution-processed perovskite layer.
To realize high-resolution detection, pixel separation is necessary
to avoid crosstalk between neighboring pixels, which requires the
patterning of perovskite absorbers.

Here, to counter the aforementioned challenges, the
patterning of perovskite is realized with the help of the hydro-
phobic perfluoro(1-butenyl vinyl ether) polymer CYTOP.
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The CYTOP patterns were first deposited on IGZO TFTs by a
semi-solidification photolithographic lift-off method, which then
ensured precise patterning of the solution-processed perovskite.
Fullerene C60 is adopted as the interlayer between the perovskite
and the IGZO, due to its low solubility inN,N-dimethylformamide
(DMF) or dimethylsulfoxide (DMSO). In this configuration, we
successfully prepared narrow bandgap (FASnI3)0.6(MAPbI3)0.4
perovskite–IGZO hybrid phototransistor arrays for NIR detection.

2. Results and Discussion

The device fabrication process is shown in Figure 1. To fabricate
the device, first, a bottom gate bottom contact IGZO TFT was
fabricated with 60 μm channel length (L) and 600 μm width
(W). After the IGZO wet-etching step, a hydrophobic CYTOP
was spin coated onto the sample and patterned by a semi-solidi-
fication photolithographic lift-off method. The CYTOP then cov-
ers the source/drain area, leaving the channel region of the
IGZO TFT uncovered. A C60 interlayer (�80 nm) is deposited
on the IGZO channel by evaporation via a shadow mask.
Next, patterns of perovskite are formed on the channel region
of the IGZO TFT by a solution process with the help of the
CYTOP hydrophobic pattern. Finally, another CYTOP layer act-
ing as an encapsulation layer is prepared. In such a configura-
tion, the patterned narrow bandgap perovskite will not contact
the source/drain electrodes. The fabricated phototransistor array
is shown in Figure 1i. The details of the fabrication process can
be found in Experimental Section.

UV–vis absorption spectra of the narrow bandgap
(FASnI3)0.6(MAPbI3)0.4 perovskite, IGZO, IGZOþ C60 are
shown in Figure S1a, Supporting Information. The absorption

coefficients of IGZO and IGZOþC60 show limited value with
wavelength longer than 500 nm; the perovskite top layer with an
absorption coefficient much higher than IGZO and IGZOþC60

would, therefore, absorb most of the incident photons from the
visible region to the infrared region (from 500 to 1100 nm). The
X-ray diffraction (XRD) image of the Pb–Sn-based perovskite
material is shown in Figure S1b, Supporting Information, with
sharp peaks (14.56�, 28.87�) of the perovskite films clearly
identified.

Figure 2a shows the device structure of a narrow bandgap
perovskite–IGZO hybrid infrared phototransistor. The energy
band diagram of the fabricated IGZO TFT and C60 interlayer
is shown in Figure S1c, Supporting Information. The band struc-
ture facilitates electrons to transfer from the perovskite to IGZO
via C60 as the conduction bands (lowest unoccupied molecular
orbital (LUMO) level) match well,[13] whereas the holes would
be blocked by the interlayer and accumulate in the perovskite
layer. The scanning electron microscope (SEM) image of the fab-
ricated phototransistor is shown in Figure 2b; symmetrical
molybdenum electrodes and the perovskite light absorber layer
are shown in this image. The SEM images reveal that the hydro-
phobic patterning process assisted by CYTOP is an effective
approach to define small perovskite photodetector dimensions,
which is important for high-resolution detection applications.
The hydrophobic ability of CYTOP was shown in the contact-angle
measurement, as shown in Figure 3, where DMF drops were
placed on the bare glass, CYTOP-coated glass, and IGZO/C60-
coated glass. It was found that DMF can easily spread on bare
glass, with contact angle around 11.9�, whereas the contact angle
of DMF on CYTOP-coated glass was 74.8�. When the DMF drops
on IGZO/C60 layers, the contact angle becomes 29.8�, which

(a) (b) (c)

(f) (e) (d)

(g) (h) (i)

Figure 1. Total device fabrication process: a) S/D photo lift-off pattern; b) IGZO wet-etching pattern capped with remaining photoresist; c) CYTOP spin
coating and semi-solidification at 100 �C for 20 s; d) remaining photoresist, CYTOP lift-off by immersing in acetone for 5 min; e) CYTOP solidification
at 100 �C for 10min and IGZO annealing in the O2 atmosphere at 200 �C for 1 h; f ) C60 evaporation via a shadow mask; g) perovskite spin coating;
h) CYTOP encapsulation; and i) phototransistors pattern picture.
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ensures the formation of dense perovskite thin films. Various
perovskite patterns can be obtained with the help of CYTOP hydro-
phobic pattern by applying different photomasks during the
semi-solidification photolithographic lift-off process. Figure S1d,
Supporting Information, shows the optical microscope images
of the perovskite pattern array based on the spin-coating process,
with sharp edges at the perovskite/CYTOP boundary. The cross-
sectional images of the IGZO/C60/ perovskite layers are shown
in Figure S2, Supporting Information. The thickness of the
perovskite thin film is �450 nm, whereas the thickness of
IGZO/C60 is �60 nm, and the thickness of the CYTOP encap-
sulation layer is �125 nm.

To illustrate the importance of C60 interlayer, phototransistors
with structures of patterned-perovskite/IGZO TFTs were fabri-
cated. As shown in Figure 4a, the device without the C60 inter-
layer has no TFT transfer characteristic, which indicates that the
solution-processed Sn–Pb perovskite leads to a high conducting
back channel of the IGZO TFT. C60 as an interlayer between
perovskite and IGZO is key for the relatively good performance,
not only because it matches the energy band of IGZO and perov-
skite but also because it cannot be dissolved in the solvents used
in perovskite dissolution or the preparing process (DMF, DMSO,
anisole) (Figure S4, Supporting Information). Only in this way,
the perovskite pattern can be prepared by spin coating without
contacting IGZO directly. Some other interlayer materials or
their combinations with suitable energy band have been tested
(PCBM, PCBMþ ALD TiO2, PCBMþ SnO2). Phototransistors
with these interlayer materials between IGZO and perovskite
also showed poor performance in TFT transfer characteristic
(Figure S3a,b,c, Supporting Information). We, therefore,
suspected that the poor transfer characteristic in these phototran-
sistors was due to the fact that PCBM could be dissolved in the
perovskite solvent used in the spin-coating process (Video S1,

Supporting Information), leading to exposure of the IGZO
surface to the perovskite materials.

The transfer characteristic of the original IGZO TFT and the
fabricated patterned-perovskite/C60/IGZO infrared phototransistor
is shown in Figure S5a, Supporting Information. The off-state
current clearly increases in the infrared phototransistor.
Further research focused on the role of the solvents used in
the perovskite dissolution process in the increase of the off-state
current. The solvents were spin coated on the IGZO TFT and
then annealed, same as in the perovskite spin-coating process.
Figure S5b,c, Supporting Information, shows the role of DMF
and DMSO in the off-state current-rising phenomenon, which
shows that the solvents used in perovskite dissolution process
are responsible for this phenomenon in some degree.

The output characteristics (Id� Vd) of the perovskite–C60–IGZO
hybrid infrared phototransistor is shown in Figure 4b. The infra-
red phototransistor shows good transistor performance in the
dark. To further evaluate the photodetection performance of
the hybrid infrared phototransistor, the transfer characteristics
(Id� Vg) of the perovskite–C60–IGZO phototransistor in the
dark and under illumination of 500 nm and other different wave-
lengths of infrared monochromatic light are shown in Figure 4c.
The hybrid infrared phototransistor shows good photodetection
performance in the infrared region, as shown in Figure4c, with
significant photoresponse to light wavelength extended to
1100 nm. Also the transfer characteristics of the perovskite–
C60–IGZO phototransistor in the dark and under a different
illumination intensity at 900 nm are shown in Figure 4d. The
photocurrent density of the hybrid infrared phototransistor
increased linearly with the increase in light illumination intensity
at 900 nm correspondingly. The linear relationship between
photocurrent density and incident light illumination intensity
is further shown in Figure 4e.

Figure 2. a) Device structure of the perovskite–C60–IGZO hybrid infrared phototransistor; b) SEM image of the phototransistor (scale bar is 500 μm);
the imaginary line shows the molybdenum electrodes below the IGZO pattern.

Figure 3. The contact angle of DMF drop on a) bare glass, b) CYTOP-coated glass, and c) IGZOþ C60 layers.
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The device working mechanism of the perovskite–C60–IGZO
hybrid infrared phototransistor can be concluded as follows.
When operated at an off state with Vg<Vth, the IGZO channel
is depleted, leading to a low off-state dark current. When illumi-
nated, the photo-generated electrons and holes in the perovskite
film are free to move around due to the low exciton binding
energy.[14] The photogenerated electrons then diffuse to the
perovskite–C60 interface and transfer to IGZO backchannel via

the C60 interlayer. However, the deep highest occupied molecu-
lar orbital (HOMO) level of the C60 layer and the valence band of
IGZO would block the photogenerated holes. The band align-
ment only allows the transportation of photogenerated electrons
from the perovskite to the backchannel of IGZO via the C60 inter-
layer, leading to a photogenerated transistor off-state current.[12b]

Under illumination, a negative Vth shift compared with the
dark condition is observed, which is shown in Figure S6,

Figure 4. a) Transfer characteristics of the patterned perovskite–C60–IGZO hybrid infrared phototransistor and phototransistor without C60 as the
interlayer (Vd¼ 2 V); b) output characteristics of the phototransistor; c) transfer characteristics of the phototransistor under various wavelengths of
incident light (Vd¼ 2 V); d) transfer characteristics of the phototransistor under different incident light intensities at 900 nm (Vd¼ 2 V); e) linear dynamic
range of the devices; and f ) photoresponsivity and detectivity of the phototransistor at Vd¼ 2 V, Vg¼�22 V.
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Supporting Information. The details of the Vth shift value are
shown in Table S1, Supporting Information. We deduced that
the Vth shift in the illumination condition is associated with
the vertical electric field caused by accumulated electrons and
holes, as the band alignment of the phototransistor only allows
electron transport from perovskite to IGZO. Holes will accumu-
late in the perovskite layer, and thus a vertical electric field will be
built. The vertical electric field can alter the surface potential of
IGZO and ultimately leads to a negative Vth shift.[8a]

The key parameters to evaluate the performance of a
phototransistor are responsivity (R) and detectivity (D*), which
can be calculated by the following equations.

R ¼ Id-ph � Id-dark
Pin

(1)

D� ¼ R

ð2qId-dark=AÞ12
(2)

where Id-ph and Id-dark are the drain current under illumina-
tion and dark conditions, Pin is the power of the incident light,
q is the elementary charge (1.6� 10�19 �C), and A is the effec-
tive area of the detector. As shown in Figure 4f, when biased
at �22 V, the perovskite–C60–IGZO hybrid infrared phototran-
sistor shows excellent photoresponse to the visible light of
500 nm with the responsivity to 641.0mAW�1and detectivity
to 3.22� 1011 Jones, and a significant response to infrared light
(900–1100 nm) can also be seen in this figure. The responsivity
and detectivity reach 44.72mAW�1 and 2.24� 1010 Jones,
respectively, when illuminated at 900 nm. It is worth to note that
even for 1100 nm wavelength, the phototransistor still offers a
responsivity of 12.89mAW�1. Moreover, the stability of the
device is further investigated, as shown in Figure S7,
Supporting Information. After 1 week of storage in a N2-filled
glove, the photodetector exhibits an obvious photoresponse to
900 nm. However, the responsivity is reduced from 0.045 to
0.023 AW�1 after one week. However, during the stability inves-
tigation, we found that our photodetector degrades rapidly in air,
losing its photodetection to NIR within 1 day. We suspect that the
air stability of the device can be further enhanced by tuning the

thickness of the CYTOP encapsulation layer and by adding Sn
powder as the stabilizer in the perovskite thin film.[15]

When the phototransistor is under illumination, exactions will
be generated in the perovskite thin film and then quickly disso-
ciated into electrons and holes.[14] Since the band alignment does
not allow the transportation of holes from perovskite to the back-
channel of IGZO and the contact between perovskite/C60 and
source/drain electrodes is avoided by the CYTOP layer, holes will
accumulate in the perovskite layer.[16] A vertical electric field
across C60 caused by accumulated holes will be established.
The vertical electric field will depress the injection rate of
electrons; thus, the electron transfer to the backchannel of
IGZO will be lower. The vertical electric field will enhance with
more holes accumulation. The injection rate will further decrease
with the enhancement of the vertical electric field. To verify this
hypothesis, measurement of the variation trend of the photo
drain current with time is executed, which is shown in
Figure 5a. The photo drain current decreases with time, which
justifies our aforementioned hypothesis.

The transient response of the perovskite–C60–IGZO hybrid
infrared phototransistor was measured at Vd¼ 2 V and
Vg¼�20 V, illuminated with 900 nm wavelength of light, which
is shown in Figure 5b. The infrared phototransistor showed fast
photoresponse with rising and falling time below 20 and 40ms,
respectively. It is suspected that the electron transition time
required for electron transport at the backchannel of IGZO
between the source and drain electrode would limit the transient
performance of our phototransistor. According to our estimation,
the backchannel transition time of our phototransistor is in the
range of millisecond order as well (see Supporting Information).

3. Conclusions

In conclusion, we prepared a high-performance perovskite–C60–
IGZO hybrid infrared phototransistor by combining the IGZO
TFT with Pb–Sn-based perovskite via C60 interlayer. The NIR-
sensitive perovskite layer was spin-on-patterned with the help of
a hydrophobic CYTOP layer using the semi-solidification photo-
lithographic lift-off method. The infrared phototransistor shows

Figure 5. a) The variation trend of the photodrain current with time (900 nm light); b) rise and fall time of the perovskite–C60–IGZO hybrid infrared
phototransistor.
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a sensitive photoresponse to infrared light when operating in the
off-state region. This work provides a new approach to fabricate
the NIR photodetector, which has great potential for advancing
the development of low-cost and flexible infrared image sensors.

4. Experimental Section

Device Fabrication: IGZO TFTs were prepared on a Pþþ-doped Si wafer
coated with 250 nm SiO2. A 30 nm-thick molybdenum thin film was depos-
ited on the cleaned wafer by sputtering and patterned by the photo-
lithographic lift-off process to form the used source/drain electrodes.
A 40–nm-thick IGZO film was sputter deposited and patterned by wet
etching to define the channel region with the protection of photoresist.
After IGZO TFT fabrication, a CYTOP layer was then spin-coat deposited
onto the TFTs at 3000 rpm for 40 s and heated on a hot plate at 100 �C for
just 20 s to form semisolid CYTOP. Next, the sample was immersed in
acetone for 5 min to lift off the photoresist and the semi-solid CYTOP
layer. Afterward, the remaining patterned CYTOP was further solidified
by annealing on a hot plate at 100 �C for 10min. Finally, the sample
was annealed in a furnace in the O2 atmosphere at 200 �C for 1 h. The
channel length (L) and width (W) were 60 μm and 600 μm, respectively.
An 80-nm-thick C60 interlayer was thermal evaporated onto the IGZO via a
metal shadow mask. Then the perovskite precursor (see Experimental
Section for the synthesis method) was spin coated on the sample
at 4000 rpm for 30 s, with 300 μL anisole added on the substrate to
decrease the crystallization speed of the perovskite to obtain a smooth
compact perovskite layer. The substrates were then heated on a hot plate
at 100 �C for 10min to convert the spin-coated film into polycrystalline
perovskite. Finally, another CYTOP encapsulation layer was prepared by
spin coating at 3000 rpm for 40 s and heated on a hot plate at 100 �C
for 10min.

Perovskite Precursor Solution: The Pb–Sn perovskite precursor solution
was obtained by mixing FASnI3 and MAPbI3 perovskite precursors in
volume ratio 3:2. MAPbI3 solution was synthesized by mixing 462mg
PbI2 (Alfa Aesar) and 161mg CH3NH3I (Xi’an Polymer Light Technology
Corp.) in 640mL DMF (Sigma Aldrich) and 160mL DMSO (Sigma
Aldrich). FASnI3 solution was synthesized by mixing 372mg SnI2
(Alfa Aesar), 172mg CH(NH2)2I (Xi’an Polymer Light Technology Corp.),
and 17.765mg Pb(SCN)2 (Xi’an Polymer Light Technology Corp.) in
300mL DMF (Sigma Aldrich) and 500mL DMSO (Sigma Aldrich). The
mixed solution was kept in glovebox for at least 6 h before use.

Characterization: The surface morphology of the perovskite films was
examined using SEM (Carl Zeiss SUPRA 55 and VEGA3 TESCAN). The
UV–vis absorption spectrum was measured by a UV–vis spectrophoto-
meter (Shimadzu UV-2600). XRD pattern data were collected with a
Bruker D8 Advance diffractometer with nickel-filtered Cu Kα radiation
(1.5406 Å) operating at 40 kV and 40 mA. Electrical characteristics and
photoresponse of the phototransistors were tested using an Agilent
B1500 semiconductor parameter analyzer in the dark and under illumi-
nated conditions. Different wavelengths of incident lights were provided
by a 500 W xenon arc lamp and monochromators (Zolix Omni-λ), with
light intensities measured by a high-sensitivity power meter (Newport
818-UV-DB).

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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