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application. With an optical bandgap of 
about 3 eV, amorphous IGZO is ready to 
sense ultraviolet (UV) light with wavelength 
shorter than 420 nm.[7] In order to extend 
its sensing ability to visible light region, 
TFT with heterojunction structure channel 
is designed where IGZO TFT is inte-
grated with a visible light-absorbing cap-
ping layer. Several successful attempts on 
visible detection with IGZO/indium zinc 
oxide (IZO) heterostructure were reported, 
where the IZO top channel extends the 
absorption of light up to 450 nm only.[8] 
Alternative capping layer such as low 
dimensional graphene, few layers of MoS2 
sheets, or organic films including poly 
(3-hexylthiophene) (P3HT) have also been 
reported.[9–11] Despite the decent device 
properties, the use of dispersed nanomate-
rials may require complex procedures for 

controlling the areal density/size distribution of the dots and the 
uniformity of the films over a large scale, and the range of optical 
response is usually quite limited.[12] In this aspect, integration of 
organic–inorganic materials provides opportunities for realizing 
new types of optoelectronic devices taking advantages of the 
unique properties of each integration layers.

Organolead halide perovskite has proven itself as an effec-
tive photoabsorbing material in breaking the thin film solar 
cell efficiencies and photodetectors responsivities in recent 
years.[13–21] Organolead halide perovskites can be deposited 
via solution-processes such as spray-coating, spin-coating, and 
doctor-blading, which facilitate its integration with other mate-
rials.[22–24] Other appraisable advantages of organolead halide 
perovskite materials include their tunable bandgap, high carrier 
mobility, and long carrier diffusion length, which make these 
the attractive materials for developing high performance photo-
transistor in selective wavelength detection applications.[25–27] 
Moreover, the constituent large atomic number elements such 
as lead and iodine ions render themselves ideal material can-
didates for high radiation detection, such as X-ray.[28] However, 
the direct use of perovskite material in channel materials TFT 
has so far been hindered by its low on–off ratio and severe 
hysteresis due to small bandgap and ion mobilization, respec-
tively. Especially, the low activation energy of iodine ions would 
accumulate ions in the dielectric interface and screen the gated 
field.[29,30] In an attempt of combing the merits of IGZO and 
organolead iodide perovskite materials, here, we develop and 
systemically study a hybrid IGZO phototransistor capped with 
organolead halide perovskite photoabsorber.

A hybrid phototransistor is developed with solution-processed organolead 
trihalide perovskite (MAPbI3) capping indium gallium zinc oxide (IGZO), 
which well fuses the properties of the two materials in sensitive photode-
tecting and high-mobility charge transporting, respectively. The MAPbI3-
capped IGZO phototransistor demonstrates excellent responsivities of over 
25 mA W−1 for lights with photon energies above the bandgap of perovskite 
light absorber. Besides the high sensitivity to light in both ultraviolet and vis-
ible regions, hybrid phototransistor maintains a fair on/off ratio of over 106 in 
the dark, and a field effect mobility of 12.9 cm2 V−1 s−1. The perovskite light 
absorber also obviates the long-standing problem for metal oxide phototran-
sistor, the persistent photoconductivity behavior. Furthermore, fast transient 
response has been achieved by showing rise-time and fall-time within tens of 
milliseconds. The newly developed device opens variable optic-electric sensing 
applications for the integrated oxide–perovskite hybrid phototransistors.

1. Introduction

Amorphous indium gallium zinc oxide (IGZO) has become an 
attractive channel material in high performance thin film tran-
sistors (TFT),[1] due to its advantageous features such as high 
field-effect carrier mobility and low temperature large area 
processing capabilities. There is an ongoing effort to develop 
active matrix imager arrays and new touch screen technology 
integrating with either IGZO TFT backplane[2,3] or IGZO based 
phototransistors.[4–6] For photodetection and image sensing appli-
cation, although currently amorphous silicon (a-Si:H) has been 
widely adopted as image sensing materials, the low-mobility 
nature of a-Si:H has limited its application in high frame rate 
imaging, which is especially important in medical diagnosis 
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2. Results and Discussion

The device structure of the IGZO phototransistor capped with 
solution-processed methylammonium lead tri-iodide MAPbI3 is 
depicted in Figure 1a. To guarantee a low dark current to obtain 
high sensitivity in photodetectors integration, the needle-like 
morphology of perovskite film is preferred as compared with 
smooth compact perovskite thin films.[31–33] Hence we employed 
the low boiling point solvent N,N-dimethylformamide (DMF) to 
deposit MAPbI3, which assists to form branching compound 
of MAPbX3-DMF due to fast evaporation.[34,35] The spin-coated 
MAPbI3 film (≈500 nm) lay over the whole IGZO TFT surface 
and the optical image taken from scanning electron microscopy 
(SEM) is shown in Figure 1b, showing that the perovskite film 
appears in a needle-like network structure. The crystallinity 
of MAPbI3 film was characterized by X-ray diffraction (XRD), 
which is shown in Figure S1a of the Supporting Information. 
The XRD result shows intensive peaks at 14.32°, 20.22°, 24.76°, 
28.57°, 31.99°, 40.73°, and 43.31° which can be assigned to 
the reflection from (110), (112), (202), (220), (310), (224), and 
(314) lattice planes of the tetragonal perovskite structure.[36] The 
highly crystalline structure is the important basis to achieve 
strong absorption and high sensitivity for the phototransistor.

The optical transmissions of IGZO and IGZO/MAPbI3 thin 
films were measured on glass substrates, as shown in Figure 1c. 
In contrast to the IGZO thin film which hardly absorbs any 

light in the visible region, the IGZO/MAPbI3 exhibits dra-
matic absorption at the wavelength from 400 to 760 nm with 
an average transmission of 7%. When entering the infrared 
region, the transmittance of MAPbI3/IGZO stacks increases 
at ≈760 nm, due to the small bandgap of perovskite MAPbI3 
(≈1.6 eV). A schematic representation of the band diagram of 
IGZO, MAPbI3, and Mo is indicated in Figure 1d (before con-
tacting). We also examined the MAPbI3 film on IGZO layer 
by photoluminescence (PL) and the PL intensity peak of the 
MAPbI3/IGZO locates at 791 nm (Figure S1b, Supporting 
Information), which agrees well to other reports.[37] The color of 
MAPbI3/IGZO sample remained unchanged when stored in a 
dry environment.[36]

To investigate the effect of perovskite capping layer on the 
performance of phototransistors, the transfer characteristics 
(drain current ID as a function of gate-voltage VG) of both IGZO 
and MAPbI3/IGZO phototransistors are plotted in Figure 2a, 
including data measured in dark or under illumination at var-
ious wavelengths. Moreover, there was no performance change 
after 1 week of storage under ambient conditions, which means 
these devices have a good stability with the polymethylmeth-
acrylate (PMMA)-protective layer. Under dark condition, details 
of the device parameters extracted from transfer character-
istics are listed in Table 1 and output characteristics are also 
given in Figure 2b. In the ID–VD output characteristics, ID of 
MAPbI3/IGZO phototransistors is always higher than IGZO 
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Figure 1. a) Schematics of MAPbI3/IGZO hybrid phototransistors. b) Top view SEM image of MAPbI3 layer at the channel region of the phototransis-
tors. c) Optical transmission of the pure IGZO thin films and the MAPbI3/IGZO thin films on glass substrates. d) Schematic energy-band diagram of 
MAPbI3, IGZO, and Mo without contact.
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TFTs at fixed VG, and yet shows two humps with increasing 
VD, whereas ID of IGZO TFTs has already saturated. The origin 
for this unsaturation behavior could be related to ion migra-
tion in perovskite along the lateral electric field,[38] which leads 
to formation of p–n junction above in MAPbI3 and thus extra 
current flows at high field besides that in IGZO. Also, it could 
be caused by the nonohmic contact between MAPbI3 film and 
Mo electrodes, as the Schottky barrier at the contact hinders 
the current and it requires a strong electric field to overcome 
(Figure S2 in the Supporting Information). However, molyb-
denum is commonly used source/drain electrode material for 
IGZO TFTs,[39] as Mo can provide stable ohmic contact with 
IGZO, and is compatible with wet etching process.

Upon visible light illumination, the IGZO TFTs show no 
change in ID as the large bandgap (3 eV) restricts its response 
to the wavelength longer than 405 nm. By contrast, the off-
current of MAPbI3/IGZO phototransisitor gains a significant 

increase upon laser illumination in visible region. It is noted 
that the threshold voltage (Vth) shifted toward positive under 
illumination, and yet the value of shift is almost fixed regard-
less to the optical power (Figure S1, Supporting Information) 
and thus to the photoinduced carrier density. The Vth shift is 
probably caused by the recombination of injected electron and 
photogenerated holes at the source region of the phototran-
sistor. The photosensitivity of the hybrid phototransistor is 
quantified by calculating responsivity (R), detectivity (D*), and 
linear dynamic range (LDR). The responsivity as a function of 
the illumination wavelength (λ = 385, 550, 650, 750, or 850 nm) 
can be evaluated by the following equation[40]

R
I I

P
= −d-ph d-dark

in

 (1)

Here Id-ph is the drain current under illumination, Id-dark is the 
drain current under dark, and Pin is the incident power of the 
illumination, which equals to the light power density times the 
device channel area. The calculated R values are plotted as a func-
tion of the illumination wavelength in Figure 2c. The R values  
of both MAPbI3/IGZO phototransistors and IGZO TFTs 
reached the maximum at λ = 385 nm (ultraviolet range). In the 
visible range (λ = 550–750 nm), the responsivity of IGZO TFT 
is negligible (<10−5 A W−1) but the MAPbI3/IGZO phototransis-
tors exhibit much enhanced values (>10−2 A W−1) due to broad 
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Figure 2. a) The transfer characteristics (VD = 2 V) of IGZO TFTs and MAPbI3/IGZO TFT under various wavelengths of incoming light. b) Output 
characteristics of IGZO TFTs and MAPbI3/IGZO phototransistors in the dark, VG increases from 10 to 25 V in a step of 5V. c) Photoresponsivity of 
IGZO TFTs and MAPbI3/IGZO phototransistors at VG = −10 V.

Table 1. The device performance of IGZO TFTs and MAPbI3/IGZO pho-
totransistors under dark condition (Subthreshold Swing denoted as SS).

Structures Vth  
[V]

SS  
[V dec−1]

µsat  

[cm2 V−1 s−1]
Ioff Ion/Ioff

IGZO −9.96 0.41 12.4 2.09 × 10−12 9.71 × 107

MAPbI3/IGZO −9.67 1.33 12.9 1.34 × 10−10 1.33 × 106
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absorbance of perovskite MAPbI3, reaching 25 mA W−1. The 
responsivity R is almost constant in the range of visible light 
with photon energies higher than the bandgap of perovskite, 
until it declines rapidly (≈10−3 A W−1) as the incident light 
entered infrared light region at 850 nm. This is because both 
the IGZO channel and the capping layer are almost transparent 
to IR light, except for a certain sub-bandgap light absorption. 
In all, due to the strong absorption of MAPbI3, the R value of 
MAPbI3/IGZO phototransistor in the visible range is readily 
comparable to or even better than several recently reported 
IGZO-based hybrid phototransistors with nano or organic 
materials, such as MoS2/IGZO and P3HT/IGZO.[9,11]

Another important parameter of detector is specific detec-
tivity, which is given by 

2 /
*

d-dark
1/2D

R

I Aq( )
=  (2)

Here q is the elementary charge and A is the effective 
area of the detector. The detectivity of MAPbI3/IGZO hybrid 
phototransistor (9.5 × 108 J at the illumination intensity of 
0.3 mW cm−2 when λ = 550 nm) deteriorates compared to pure 
IGZO phototransistor. This is because although the perovskite 
capping layer has enhanced the photoresponse R in visible 
region, the MAPbI3/IGZO phototransistors show an obvious 
lifting in the off-current (>10−10 A). The off-current (Ioff) of the 
phototransistors is dominated by the dark current of MAPbI3

[41] 
that exhibits high conductivity (1 × 10-7 S cm−1, Figure S2 of 
the Supporting Information). Nonetheless, the MAPbI3 capped 
IGZO TFTs maintain a moderate on/off ratio of over 106 in 
the dark, which is close to that of IGZO-based phototransis-
tors with other light-sensing materials like P3HT, MoS2, and 
graphene nanosheets.[9,11,42]

The transient responses of IGZO and MAPbI3/IGZO pho-
totransistors were measured by periodic illumination with 
visible light, as shown in Figure 3 (λ = 550 nm, and see the 
transient responses under other wavelength in Figure S4 in the 
Supporting Information). The drain current ID was measured 

at VD = 2 V and VG = −10 V under repeated switching laser 
light with an on–off interval of 20 s, and the laser power den-
sity was fixed at 0.3 mW cm−2. For IGZO TFT under the cycli-
cally switched illumination, the value of ID is so small that it 
has to be multiplied by 2 × 103 in order to be clearly observed in 
the presented figure (λ = 550 nm). Even worse, when operated 
under continuous illumination for a long period (300 s), the 
IGZO TFT became highly unstable by showing a continuously 
increased conductance (Figure 3a), which is related to sub-
bandgap excitation of oxygen vacancy defects.[43] This unstable 
behavior under continuous pulse illumination has the same 
physical origin as the well-known persist photoconductivity 
(PPC) phenomenon, where oxide photosensors when illumi-
nated would maintain high photocurrent for a long period even 
after the light is turned off. By contrast, the MAPbI3/IGZO pho-
totransistor features the fast transient response with an abrupt 
rise and decay in ID and a high Ilight-on/Ilight-off ratio (1.33 × 106 
for λ = 550 nm for the laser) without any PPC phenomenon. 
The detailed transient response of the MAPbI3/IGZO photo-
transistors is studied by plotting one of the response periods in 
Figure 3b. The rise and decay time is defined as the time interval 
between 10% and 90% of the peak value of photocurrent when 
the light is on and off.[44] The transient response of the hybrid 
phototransistor shows a 40 ms rise time and a 100 ms fall time, 
and the transient behavior remains unchanged after long meas-
urement period. The short response time results from the high 
carrier mobility and long carrier diffusion length of MAPbI3, 
which is comparable to other reported IGZO-based phototran-
sistors.[9,11,45,46] Detailed performance parameters of reported 
IGZO-based phototransistors are listed in Table 2.

We also analyzed the impact of the laser power density on 
photocurrent. The full record of transfer characteristics of the 
MAPbI3/IGZO phototransistors under various laser intensity is 
provided in the Supporting Information (Figure S3, λ = 550 or 
650 nm). The data are summarized and plotted in logarithm 
scale in Figure 4, where the logarithm of light current linearly 
follows the logarithm of laser power density. Only when the laser 
power density is greater than a certain value does this relation  
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Figure 3. a) Transient response of IGZO TFTs and MAPbI3/IGZO phototransisitors under 550 nm pulse laser light at VD = 2 V, VG = −10 V, ID of IGZO 
TFTs is multiplied by 2 × 103. b) The enlarged figure of the dot circled area in (a), showing the response time of MAPbI3/IGZO phototransistors under 
550 nm laser.
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deviate from the linear. Hence, the photoresponsivity can be 
characterized by using the LDR,[47] which can be calculated 
based on the following equation 

I

I
=LDR 20 log d- max

d-dark

 (3)

Here Id-max is the maximum light current in the photo-
responsivity linear region. The calculated LDRs of 550 and 
650 nm are 31 and 39 dB, respectively. These are less than 
those obtained from Si photodetectors (120 dB) and InGaAs 
photo detectors (66 dB). From the above study, it can be learned 
that the LDR values are limited by the relatively low ratio of 
maximum light current versus dark current, thus leaving room 
for future improvement.[40]

3. Conclusion

In conclusion, we have developed a hybrid phototran-
sistor where indium gallium zinc oxide was capped with 
solution-processed organolead trihalide perovskite photoab-
sorbing layer. We found that the MAPbI3 capped IGZO TFTs 
maintain a fair on/off ratio of over 106, a field effect mobility 
of 12.9 cm2 V−1 s−1, and are highly sensitive to light in both UV 

and visible regions. The hybrid phototransistor demonstrates 
excellent responsivities of over 25 mA W−1 for lights with 
photon energies above the bandgap of perovskite light absorber. 
This study introduces a new way of integrating perovskite mate-
rials in photodetection, which would afford various potential 
applications for flexible image sensors.

4. Experimental Section
Device Fabrication: To fabricate the bottom IGZO TFT, a 60 nm thick 

IGZO film was deposited on a clean n+-doped Si wafer coated with 
100 nm SiO2 film by radio frequency(RF) sputtering. Then the IGZO film 
was patterned by wet-etching to define the channel. Molybdenum used 
as source/drain electrodes was deposited by dc sputtering in 200 nm  
thick and followed by a photolithographic lift-off process. At last, the 
devices were annealed in a furnace in N2 atmosphere at 350 °C for 
1 h. The channel length (L) and width (W) were 100 and 1000 µm, 
respectively. To put down the perovskite capping layer, a 40 wt% solution 
of MAPbI3 precursor was synthesized by mixing PbI2 and CH3NH3I in 
1:1 molar ratio in DMF and heating at 70 °C overnight. The precursor 
was then spin-coated on top of IGZO TFTs at 3000 rpm for 40 s and 
then heated on a hot plate at 100 °C for 20 min. To improve the device 
stability in air, a layer of PMMA was used to encapsulate the whole 
device by spin-coating a PMMA solution at 4000 rpm for 60 s and then 
annealing at 80 °C for 10 min to remove any residual solvent. The PMMA 
solution was formulated to yield a concentration of 5 wt% by dissolving 
PMMA powder in the n-butyl acetate and stirred at 60 °C overnight. The 
complete solution-process was operated inside a nitrogen-filled glove 
box.

Measurement: The surface morphology of MAPbI3 layer at the 
channel region of the device was examined by SEM on a TESCAN 
field-emission SEM. The transmissions of pure IGZO and MAPbI3/
IGZO films were measured by UV–vis absorption spectra (UV-2600, 
shimadzu). 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 phototransisitors were tested using Agilent B1500 semiconductor 
parameter analyzer under dark and light illuminated conditions. Lights 
of various wavelengths (550, 650, 750, and 850 nm) were provided by 
a supercontinuum laser source (SC-PRO) and wavelength selecting 
module (AOTF-Pro). The UV light at wavelength of 385 nm was provided 
by a 750 W Xenon arc lamp and a 300 mm focal length monochromator, 
because the supercontinuum laser-light source cannot export the light 
below 450 nm. The incident optical power was measured by a high 
sensitivity power meter (LE-LPM-10AP). The ultraviolet light (385 nm) 
was provided by a 750 W Xenon arc lamp and a 300 mm focal length 
monochromator. For photoresponsivity measurements, the applied 
drain to source voltage (VD) was fixed at 2 V, and the gate to source 
voltage (VG) was swept from 30 to −20 V for all measurement. The 
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Table 2. Detailed performance parameters of reported IGZO-based phototransistors.

Structure Vth  
[V]

S.S  
[V dec−1]

µsat  
[cm2 V−1 s−1]

R  
[A W−1]

D*  
[Jones]

LDR  
[dB]

Rise time  
[s]

Fall time  
[s]

Graphene nanosheets/IGZO[9] 1.52 0.62 24.2 10−4 – – – –

P3HT/IGZO[10] 2.3 10.8 0.34 – – – <1 –

PCDTBT/IGZO[37] – – – 20.3 – 56 0.01 0.076

PbS quantum-dot/IGZO[38] 1.68 – 12.61 3600 1013 – 0.1–0.2 0.2–0.3

MoS2/IGZO[8] – – – 0.055 – – 2.6 1.7

PBDTT-DPP:PC61BM/IGZO[40] 1.55 0.42 7.06 – 1.5 × 1012 112.7 <5 × 10−4 <5 × 10−4

MAPbI3/IGZO (this work) −9.67 1.33 12.9 0.025 9.5 × 109 39 0.04 0.1

Figure 4. Log graph of photocurrent versus laser power density of the 
MAPbI3/IGZO phototransistors under 550 and 650 nm laser-light illumi-
nation at VG = −7 V.
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electrical measurement was first performed in the dark, and then under 
illumination. When changing the wavelengths of the light, the sample 
was kept under the illumination for 5 min in order to gain stable light 
current value. All the laser power densities of different wavelengths were 
fixed at 0.3 mW cm−2.

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