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features for developing high-performance 
X-ray imagers and ultraviolet sensors.[3] 
For imaging application, IGZO TFTs were 
mainly integrated with amorphous silicon 
and organic photodiodes,[3c,e,4] the spectral 
of which were usually limited to visible 
light detection. Large-area, active-matrix 
infrared sensing, therefore, remains a 
challenge.

Organic–inorganic hybrid perov-
skites possess excellent optoelectronic 
properties with high absorption coeffi-
cient, high charge carrier mobility, long 
carrier diffusion lengths, and tunable 
bandgaps,[5] rendering it a promising 
material for across-the-board optoelec-
tronic devices,[6] including photovoltaic 
cells,[7] light-emitting, lasing devices,[8] 
and high-performance photodetectors.[9] 
In particular, compared with predomi-
nant photodetectors made of inorganic 
semiconductors, solution-processable 
perovskite is more promising for low-
cost, flexible, and large-area scenarios.[6d] 

Conventional lead-based perovskite photodiodes (PDs) provide 
a detection spectral range from 300 to 800 nm.[10] To further 
extend the spectral response to the near-infrared (NIR) range, 
there are normally two approaches. One is to combine perov-
skite with narrow bandgap polymers or quantum dots such as 
PDPP3T[11] and PbS quantum dots.[12] Another approach is to 
introduce an Sn–Pb binary perovskite PDs.[13] The smaller ionic 
radii of Sn2+ than Pb2+ (Sn2+:1.35 Å and Pb2+: 1.49 Å)[14] reduces 
the bandgap of perovskites due to the bowing effect,[15] so that 
Sn–Pb hybrid perovskite has lower bandgap to extend the 
light absorption to ≈1000 nm. Recently Xiaobao et al. reported 
MA0.5FA0.5Pb0.5Sn0.5I3 perovskite photodetector, exhibiting a 
detectivity of over 1012 Jones ranging from 800 to 970 nm.[13c] 
Wang et al. fabricated mixed Sn–Pb perovskite photodetectors 
with a broadband response from 300 to 1000 nm, responsivity 
(R) of over 0.4 A W−1, and detectivity (D*) of over 1012 Jones in 
the near-infrared region.[13b] Encouraging improvements in the 
Sn–Pb based perovskite stability have also been reported very 
recently, such as using GuaSCN passivation to achieve 1 µs car-
rier lifetime with long-term stability.[16] The above development 
of low bandgap organic–inorganic perovskite materials has 
brought new opportunity for developing advanced flat-panel 

Flat-panel imagers have wide applications in industrial and medical 
inspections. Nonetheless, large area infrared imaging remains a challenge 
due to the fact that the state-of-the-art infrared sensors are usually based 
on silicon or germanium technologies, which are limited by the wafer size. 
Recent advances in low bandgap Sn–Pb perovskite photodiodes (PDs) 
and indium gallium zinc oxide (IGZO) thin-film transistors (TFTs) matrix 
backplane bring new opportunity for developing the large area near-infrared 
image sensor. As a proof of concept, a 12 × 12 pixels array with each pixel 
independently controlled by the gate voltage of a TFT are constructed. Arrays 
of Sn–Pb based perovskite PDs are spin deposited onto the IGZO TFT drain 
electrode via self-assembled patterning process. The low bandgap perovskite 
PD exhibits a broad spectral response for wavelength from 300 to 1000 nm, 
featuring a high light to the dark current ratio of ≈104, and a high specific 
detectivity (D*) of ≈1011 Jones at 850 nm (biased at −0.1 V). The integration 
takes advantage of the high mobility of IGZO transistors and the high 
infrared sensitivity of low Sn–Pb perovskite materials, which enables the 
next generation near-infrared flat-panel imager with high frame rate and low 
operating voltages.
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Amorphous indium gallium zinc oxide thin-film transistors 
(a-IGZO TFTs) have attracted considerable attention in the field 
of flat panel display and imager, due to their high field-effect 
mobility (5–20 cm2 V−1 s−1) and large-area fabrications.[1] For 
example, they have recently been integrated with micro-light-
emitting diode (LED) for advanced display.[2] Compared to 
conventional amorphous silicon TFTs, oxide TFTs can provide 
higher on–off ratio and higher frame rate, which are important 
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image sensor for the near-infrared application. Comparing 
with conventionally plasma-enhanced chemical vapor deposited 
amorphous silicon photodiodes, perovskite photodiodes could 
adopt low-cost solution process. Furthermore, Lee et al. dem-
onstrated that, by using hydrophobic self-assembled monolayer 
(SAM), the perovskite films can be patterned on the hydro-
philic oxide substrate with the minimum line-and-space pattern 
resolution of about 600 nm. The way of patterning hydrophobic 
self-assembled monolayer is to utilize reactive ion etcher (RIE) 
to remove the SAM selectively after oxide substrate is photore-
sist-patterned.[17] Nonetheless, the integration of perovskite 
diodes with active-matrix oxide backplane were rarely reported.

Here, in an attempt to take the advantages of both the high 
mobility of IGZO transistors and the high infrared sensitivity 
of low Sn–Pb perovskite materials, we integrate solution-
processed Sn–Pb perovskite PDs with IGZO TFTs. The integra-
tion is assisted by the self-assembled patterning process with a 
hydrophobic perfluoro(1-butenyl vinyl ether) polymer (CYTOP) 
layer. The dual-functioning CYTOP layer also acts as an encap-
sulation layer for the IGZO TFTs,[18] preventing the potential 
damage from perovskite photodiode fabrication process. Pixels 
in the integrated sensor arrays exhibit electronic and optical 
switching behavior with response speed at millisecond level 
for near-infrared sensing which indicates that there is a great 
potential in a fast near-infrared imaging application.

The fabricating flow chart of the integrated infrared sensor 
using self-assembled patterning process was illustrated in 
Figure 1a (the process of the matrix was the same as one 
pixel and shown in Figure S1 in the Supporting Information). 
First, IGZO TFTs were fabricated and a CYTOP layer was spin 
coated to encapsulate IGZO TFTs. Then, the bottom indium tin 
oxide (ITO) electrodes for the photodiode connecting with the 
drain electrode of TFT were exposed by O2 plasma etching. The 
n-i-p layers of (FASnI3)0.6(MAPbI3)0.4 perovskite photodiodes 
were consequently deposited by spin-coating and the solution 
self-assembled onto the ITO bottom electrode pad to form iso-
lated islands, whereas the CYTOP-covered regions (including 
the IGZO TFTs and interconnecting lines) were free of perov-
skite film due to its hydrophobicity (Figure 1b). More details of  
the fabrication process can be found in the experimental 
section. In one pixel, an IGZO TFT, as a gate-switching unit, 
was connected in series with a perovskite photodiode, as a  
photoswitching unit, via the drain electrodes. The purpose 
of each pixel IGZO TFT is to serve as a switch to control the 
readout of photosensing signal row by row. In active-matrix 
the operation of addressing pixels is accomplished through the 
application of bias voltages to the corresponding gate line and 
data line. Hence, in this manner, a pixel should contain a TFT 
device to enable row selection to avoid cross-talks between rows.

A 12 × 12 matrix array was fabricated as shown in Figure 2a 
with all of the functional layers. Within each photodiode, a 
multilayer structure with ITO/SnO2/(FASnI3)0.6(MAPbI3)0.4/
P3HT/Au was constructed and the corresponding energy-levels 
were sketched in Figure S2a in the Supporting Information.[19] 
The low bandgap (1.25 eV) (FASnI3)0.6(MAPbI3)0.4 perovskite 
exhibited a broadband response from 300 to 1000 nm.[13b] 
And the crystal structure (XRD (X-ray diffraction)) and optical 
bandgap (UV–vis absorption edge) of perovskite material 
we adopted were depicted in Figure S2c,d in the Supporting 
Information which were consistent with the research reported 

before.[13b,20] The XRD results showed two obvious peaks can 
be attributed to (110) and (220) plane, respectively. The hydro-
phobic nature of the P3HT hole transport layer on top of the 
perovskite layer could improve the stability of the perovskite 
layer by preventing the diffusion of water molecules in the air. 
Optical images of the active matrix on a 5 × 5 cm substrate and 
a pixel were shown in Figure 2b,c, respectively. The original 
matrix TFT backplane without perovskite PDs was presented in 
Figure S2b in the Supporting Information. For one pixel, the 
cross-section structures of different parts including IGZO TFT 
and perovskite PD were demonstrated via field emission scan-
ning electron microscope (SEM) and field emission transmis-
sion electron microscope (TEM) images (Figure 1c,d,e) from 
which each functional layer of the perovskite PDs can be clearly 
observed. The equivalent circuit diagram comprising one IGZO 
TFT connected in series with one n-i-p perovskite PD was 
shown in the inset of Figure 2c.

To investigate the patterning outcome of CYTOP by O2 
plasma etching, we used SEM to reveal the surface morphology 
and crystallization of the patterned perovskite. As shown in 
Figure 2d, there was a sharp borderline between the perovskite 
and CYTOP region. The thickness of the patterned perovskite 
layer was measured by step profilometer. The thickness of  
the perovskite layer at the patterning border was 400–600 nm, 
whereas, at the center of the patterned square, the perovskite 
layer was 200–300 nm thick. The thickness variation was prob-
ably due to the coffee ring effect caused by the vaporization of 
perovskite solvent, in which more solution precursor stayed 
around the pattern edge during spin-coating. High-magnitude 
SEM images of Sn–Pb perovskite films (including border and 
center areas of patterned films) on IGZO transistor arrays 
were depicted in Figure S3a,b in the Supporting Informa-
tion. As shown in Figure S3c in the Supporting Information, 
the crystalline grain of patterned perovskite film was relatively 
smaller than the nonpatterned ones. As it could be seen obvi-
ously from Figure S4c in the Supporting Information, there are 
holes around the border of patterned perovskite film. For the 
patterned device, the coffee ring effect may lead to pin holes at 
the edge of the patterned perovskite, which would contribute 
to leakage current path at the edge of the device. Therefore, 
we fabricated the top electrode with a metal mask smaller than  
the bottom electrode (80% area) to complete the photodiode device.

The photoresponse of a TFT/PD pixel under 850 nm 
illumination with light intensities varying from ≈3 mW cm−2 to 
≈2 W cm−2 was measured and presented in Figure 2e. Meas-
uring the current between the anode of the photodiode and the 
source of the IGZO TFT at VD = 0.1 V as a function of VGL (i.e., 
gate voltage of the TFT), a linear photoresponse was observed 
when the TFT was operated at the on-state (VGL > 0 V). The pixel 
in the matrix was infrared-sensitive and electrical-switchable.

The dark and light current–voltage characteristics of a 
patterned perovskite PDs in the array was plotted in Figure 3a. 
When the perovskite diode was patterned, the dark current 
density of the patterned perovskite PD was ≈20 µA cm−2 at a 
voltage of −0.1 V, which is one order higher than that of the 
nonpatterned PDs (Figure S4, Supporting Information). As 
mentioned above, the coffee ring effect caused the nonuni-
form perovskite film thickness and pin holes around pattern 
edge. The increased dark current is probably due to the non-
ideal edge of the patterned perovskite, which increased leakage 
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current paths along the edge of the diode. Nonetheless, a 
typical patterned perovskite PD could still detect infrared light 
down to ≈1 mW cm−2. As shown in Figure 3b, the perovskite 
PD showed a broad spectral response for wavelength from 
300 to 1000 nm, with the EQE value above 45% at 850 nm 
near-infrared light. Furthermore, the specific detectivity D* of 
(FASnI3)0.6(MAPbI3)0.4 perovskite PD was estimated using R/
(2qJd)1/2, where Jd is the dark current.[21] The corresponding 
detectivity at 850 nm was estimated to be ≈1011 Jones. Apart 

from this, to investigate the device uniformity of perovskite 
PDs in 12 × 12 arrays, the data of dark current and photo-
current (biased at −0.1 V, at 850 nm light illumination with 
1374 mW cm−2) were statistically analyzed. The result obtained 
from data handling (Figure S5, Supporting Information) 
showed that there were only nearly half of perovskite PDs that 
could work as photodiodes and achieve NIR detecting. The dark 
and photo current data of those worked pixels was plotted in 
Figure S5 in the Supporting Information and the average ratio 
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Figure 1. a) The fabrication procedures of a perovskite photodiode integrated with IGZO TFT via self-assembled patterning process. b) The schematic 
views of the spin-on-patterned deposition of the perovskite layer on the TFT arrays. c) Cross-sectional SEM image of the IGZO TFT channel region, 
and d) the IGZO TFT source/drain region. e) Cross-sectional TEM image of (FASnI3)0.6(MAPbI3)0.4 perovskite PD.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900752 (4 of 8)

www.advmattechnol.de

of Jphoto/Jdark was about 55.43. In the process of analysis, we 
found that most of the failed pixels were around the border of 
arrays. We suspected that the way dropping antisolvent caused 
this problem. When dropped antisolvent on the middle area 
of 5 cm × 5 cm substrate, it would form uneven distribution 
which may cause poor perovskite films in pixels around the 
array border. To confirm this, perovskite film was made on non-
patterned substrate with the size of 5 cm × 5 cm. There were 
some cracks in the perovskite films around the substrate border 
which provided the potential current leakage path. Optimizing 
the antisolvent dropping way or change the fabricating process 
of perovskite films is supposed to improve the device uni-
formity of image sense array.

Comparing with original as-deposited oxide TFT, the para-
meter Vth of the integrated oxide TFT drifted negatively and 
the dark current at the off-state of the oxide TFT increased as 
well (Figure S6, Supporting Information). The change of the 

TFT transfer characteristic was suspected to be induced by the 
fabrication process of perovskite PDs, and could be further 
obviated by encapsulating the TFTs with dense Al2O3 layer. The 
log–log plot of current at VD = 0.05 V and VG = 10 V as a func-
tion of incident light intensity was plotted in Figure 3c. Without 
illumination, the dark current of photodiode, in the order of 
0.027 mA cm−2, limited the overall current flow via the on-state 
oxide TFT. As the intensity of the light increased, the photo-
current at the on-state (VGS > 0 V) of the TFT increased obvi-
ously. Here, the wavelength of the incident light was 850 nm, 
with intensity varied from dark to 1374 mW cm−2. A linear 
response was observed which was desirable for the practical use 
of the sensors (Figure 3d).

Furthermore, we evaluated the speeds of electronic and 
optical switching, with rising or falling time defined as the time 
required for transient photocurrent changing from 10% to 90% 
or from 90% to 10% of the peak value, respectively. Applying 
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Figure 2. a) Schematic illustration of the 12 × 12 matrix IGZO TFT array and a single pixel of perovskite PDs integrated with IGZO TFTs. b) The picture 
of 12 × 12 matrix IGZO TFT array. c) The picture and the circuit diagram of a pixel. d) SEM picture of perovskite layer patterned by CYTOP and the 
thickness of the patterned perovskite layer. e) Transfer characteristics of one pixel under various light intensities (λ = 850 nm).
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Figure 3. a) Current–voltage characteristics of perovskite PDs connecting with the drain of IGZO TFT measured under different intensity at 850 nm 
and dark condition (the square of the diode was 0.0255 cm2). b) EQE of perovskite photodiode without a bias voltage. c) Transfer characteristics of 
one pixel under various light intensities (λ = 850 nm). d) Photocurrent response of a pixel at VGL = 10 V and VD = 0.05 V as a function of incident light 
intensity. e) Transient photocurrent between the anode of the photodiode and the source of the IGZO TFT at 850 nm light illumination (1374 mW cm−2) 
at VD = 0.1 V. And VG was applied by a pulse voltage (VH = 10 V, VL = −10 V) with a period of 4 s. f) Transient photocurrent between the anode of the 
photodiode and the source of the IGZO TFT at 850 nm light illumination (1374 mW cm−2) with a period of 20 s at VGL = 10 V and VD = 0.1 V.
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a pulsed gate voltage with a period of 4 s we measured the 
current between the anode of the photodiode and the source 
of the IGZO TFT at VD = 0.1 V with 1374 mW cm−2. The result 
was plotted in Figure 3e. Afterward, controlled the incident 
light on or off and measured the variety of current between the 
anode of the photodiode and the source of the IGZO TFT at 
VD = 0.1 V, showing in Figure 3f. There was no difficulty in 
recognizing that both rising and falling time were in millisec-
onds whether it was electronic or optical control. Under the 
gate voltage modulation, the rise time was ≈32 ms while it was 
≈19 ms under the optical control. And the fall time was ≈52 and 
≈13 ms with the control of electronic and optical respectively. It 
was in the same order of the response time of a single perov-
skite PD. Notably, the optical and electrical response speed in 
millisecond were both fast enough to develop high image frame 
rate for near-infrared imaging.

The above results indicate that (FASnI3)0.6(MAPbI3)0.4 perov-
skite photodiodes integrated with IGZO TFTs could achieve fast 
NIR light detection, and the active-matrix pixel configuration 
is feasible for perovskite-based imaging sensors where in-pixel 
signal amplification requires. Our perovskite photodetector 
performance can be enhanced by improving the uniformity 
and crystallinity of the perovskite layer. For example, methods 
like precursor engineering,[22] Rubidium doping,[13a] GuaSCN 
passivation,[16] and delayed annealing[23] have been reported to 
effectively improve perovskite films crystallization and reduce 
native defects. Interface heterostructure with wide bandgap 
perovskite is also worth to be applied at the perovskite/P3HT 

interface.[24] We expect that optimizing the perovskite thin film 
morphology and device interfaces would further reduce the 
dark current and improve matrix pixel uniformity, which is the 
key to improve device sensitivity and to enlarge response to 
even weaker infrared signal in the future.

As our lab was lack of readout circuits to control the TFTs, 
we developed the crossbar patterned arrays without IGZO TFTs 
to imitate the condition where all TFTs were turned on to verify 
the NIR imaging capability of our Sn–Pb based perovskite 
PDs (Figure S7a, Supporting Information). The average dark 
current for the nonpatterned perovskite PDs was 1.04 × 10−7 A, 
whereas the average photocurrent was 2.31 × 10−5 A when 
illuminated at 850 nm with an intensity of 1374 mW cm−2 
(Figure S7b, Supporting Information). Only two malfunctioned 
pixels were observed from the mappings of dark and photo 
currents in Figure 4a,b. The average ratio of Iphoto/Idark was 
about 5.06 × 102 (Figure 4c). To demonstrate its NIR imaging 
capability, the photodiode array was exposed to infrared light 
(λ = 850 nm) with an intensity of ≈1374 mW cm−2 through 
an “11” shape shadow mask. The corresponding photocurrent 
mapping was shown in Figure 4d, with clear shape of number 
“11” (red frame).

In summary, we demonstrate a near-infrared imager con-
cept using low bandgap Sn–Pb perovskite PDs and IGZO TFTs 
matrix backplane. Arrays of solution-processed perovskite PDs 
are successfully deposited onto the IGZO TFT drain electrode 
via CYTOP assisted hydrophobic patterning process. Our 
device shows fast optical and electronic switching speed with 
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Figure 4. a,b) Dark and photocurrent mapping of the 10 × 10 perovskite-based photodiode array under 850 nm incident light with 1374 mW cm−2 
illumination biased at −0.1 V. c) Extracted light on/off ratio for each pixel under 850 nm incident light with 1374 mW cm−2 illumination biased at −0.1 V. 
The two bad pixels data was removed when calculated. d) The intensity profile obtained by measuring the photocurrent of the pixels. The number “11” 
is readily imaged by the device.
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rise/fall time within tens of milliseconds. (FASnI3)0.6(MAPbI3)0.4  
photodiodes integrated with IGZO TFTs have a great potential 
to realize large area and flexible NIR photodetector for imaging 
with high frame rate and low operating voltages.

Experimental Section
Synthesis of (FASnI3)0.6(MAPbI3)0.4: To prepare the precursor solution 

of MAPbI3 perovskite, methylamine hydroiodide (161 mg), PbI2 
(462 mg), and Pb(SCN)2 (17.765 mg) were dissolved in a mixed solvent 
of dimethylformamide (DMF, 640 µL) and dimethylsulfoxide (DMSO, 
160 µL) while formamidine hydroiodide (172 mg), SnI2 (372 mg), and 
SnF2 (15.6 mg) were dissolved in a mixed solvent of DMF (500 µL) and 
DMSO (300 µL) to constitute the precursor solution of FASnI3. After 
FASnI3 and MAPbI3 dissolved thoroughly, the binary metal perovskite 
precursor solution was prepared by mixing MAPbI3 (400 µL) and FASnI3 
(600 µL) precursor solutions. Finally, the solution was filtered with a 
0.22 µm PTFE (polytetrafluoroethylene) filter prior to use.

Photodiode Fabrication: ITO glass was first cleaned by deionized 
water followed by ultrasonication with acetone and ethanol for 10 min 
respectively. Then, the substrates were dried by nitrogen flow and 
treated with ultraviolet–ozone for 20 min before the deposition of 
SnO2. The SnO2 solution was spin coated onto the cleaned ITO glass 
at 3000 rpm for 30 s and annealed at 180 °C for 30 min in air. Before 
transfer substrates to the glovebox, substrates were treated with 
ultraviolet–ozone for 10 min. Next, the 45 µL perovskite precursor was 
dipped onto the SnO2 layer and spin coated at 4000 rpm in the glove 
box. The antisolvent anisole was dipped in situ onto the substrate at the 
seventh second. Afterward, the perovskite films were annealed at 100 °C 
for 20 min. P3HT solution (20 mg mL−1 in chlorobenzene) was then spin 
coated onto the perovskite film at 2000 rpm for 60 s and annealed at 
100 °C for 10 min. Before spin coating, a P3HT solution was heated at 
80 °C on the hot plate. At last, the Au electrode of 100 nm was deposited 
onto the active layers by thermal evaporation.

While integrating photodiodes with IGZO TFTs, TFT substrates were 
just cleaned by immersing into acetone and ethanol for 10 min respectively 
without ultrasonication. And before substrates were treated with 
ultraviolet–ozone, mask plates of electrode evaporation were stuck onto 
substrates. The other procedures were the same as photodiode fabricating.

Photoresponse Curves: The photoresponse characteristics of 
photodiode were measured using an LED (850 nm). Photoswitching was 
modulated by controlling the DC voltage of LED manually.

IGZO TFT Fabrication: 200 nm Mo was radio frequency (RF) sputtered 
and patterned as the gate electrode on the 5 cm × 5 cm glass substrate. 
Then, 300 nm SiO2 was deposited by PECVD at 180 °C as gate dielectric 
layer, followed by 180 °C annealing in nitrogen for 1 h as the first step 
treatment. Here, on account of the low-temperature fabrication, the gate 
dielectric layer existed lots of dangling bonds and trap states which would 
cause the large leakage current. Hence, the post-treatment of SiO2 was 
necessary. Next, 70 nm IGZO was RF-sputtered at room temperature 
and patterned with diluted hydrochloric acid. Afterward, 100 nm Mo was 
RF-sputtered as source/drain electrodes which were structured by lift-off. 
Then SiO2 passivation layer was deposited by PECVD. And CYTOP was 
spin coated in order to pattern perovskite PDs area. Finally, the vertical 
via for gate electrode and CYTOP patterned was dry etched by O2 
plasma. In addition, to improve electrical performances and recover the 
semiconductor films from damage by acid and ultrasonic cleaning, the 
second-step 180 °C annealing in nitrogen was indispensable.

Device Characterization: The photodiodes were electrically 
characterized by Keithley 2400 source meter under light and dark 
conditions at room temperature. The photoelectric response of 
photodetectors integrated with IGZO TFTs was characterized in the air 
by a semiconductor parameter analyzer (Agilent, B1500A) in the dark or 
under illumination with a LED (λ = 850 nm). And the EQE was measured 
by SolarCellScan100. The absorbance spectra were obtained using the 
Shimadzu UV-2600 UV–vis Spectrophotometer. SEM and TEM images 
were scanned by ZEISS SUPRA 55 and JEM-3200FS respectively.

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