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ABSTRACT: Photodetectors with high sensitivity for weak light illumination is
highly desirable for large-area image sensors. Here, we introduce a sensor pixel design
that integrates a perovskite photodiode (PD) with a dual-gate InGaZnO thin-film
transistor (DG−TFT). In our pixel configuration, the light intensity-dependent
photovoltage of the perovskite PD directly adjusts the gate field of the DG−TFT,
then the optical signal is converted into a photovoltage signal and gets amplified at
the subthreshold region of the DG−TFT. Spin-coated perovskite PD exhibits an
open-circuit voltage (Voc) ∼3 times higher than that of the commercial silicon PD
under weak light illumination. The capability of detecting weak light with low power
consumption is enabled by the coupling of the photovoltage of a perovskite PD to the
DG−TFT operated at the subthreshold region. The photovoltage-coupled DG−TFT
achieves a light-to-dark current ratio of 26 under 5 μW/cm2 with an operation power
as low as 27 pW. The theoretical noise equivalent power of such pixels is estimated to
be in the sub-picowatt per square centimeter range. The integrated photovoltage-
coupled DG−TFT provides a strategy for developing sensitive and low-power image sensors.
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1. INTRODUCTION

In recent years, flat-panel image sensors have drawn
considerable attention for their application in the medical
and industrial inspection such as X-ray imaging, biomedical
fluorescent imaging, and fingerprint imaging.1−4 A conven-
tional sensor pixel in the flat panel imager is based on
amorphous silicon technology, where an amorphous silicon
photodiode (PD) is connected to the drain electrode of an
amorphous silicon TFT.5 In such a configuration, the weak
optical signal (or low dose) detection capability is limited by
the performance of amorphous silicon PD; whereas the TFT
functioned as an electrical switch to direct the photogenerated
charges from PD to the amplification circuits. The low mobility
of the amorphous silicon TFT limits the dimensional fill factor
of the pixel, and the frame rate of the image sensor. Besides,
the high off-current of amorphous silicon TFT can still
consume a significant amount of power in the dark state. It is
important to develop new types of low-power, high-sensitivity,
and high-speed image pixels for real-time low dose imaging.
To lower the off-state current, oxide TFTs based on the

wide band gap oxide semiconductor such as InGaZnO
(IGZO) are an ideal alternative to amorphous silicon
technology.6 The IGZO flat panel display and imager
backplane7 feature low processing cost and high carrier

mobility, as compared with those based on a-Si TFTs. With
a much lower off-current, the IGZO TFTs exhibit a steep
subthreshold swing in the subthreshold region, where the drain
current increases sharply with a small change in gate voltage.
For example, Lee et al. reported a transistor operating in the
deep subthreshold regime, with ultralow power (<1 nW) and
high intrinsic gain (>400).8 Such reports imply the potentials
of the oxide TFT in low-power operation with high
amplification amplitude.
To enable a highly sensitive and low-power consuming

photosensor, we propose and demonstrate a new type of
photosensing configuration by coupling the photovoltage of a
perovskite PD to the subthreshold region of a DG IGZO TFT.
Organometal halide perovskites have the advantage of low cost,
high absorption coefficient, and tunable band gap9,10 and have
been applied in photosensing applications ranging from UV−
vis−NIR to X-ray detection. Compared with silicon PD,
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perovskite PD can achieve less open-circuit voltage (VOC) loss
because of its defect tolerant nature.11 Therefore, it is more
competitive to operate the perovskite PD in a photovoltage
mode for photodetection. As illustrated in Figure 1a, the
perovskite PD is connected to the bottom gate (BG) of the
DG IGZO TFT. The perovskite PDs are fabricated by thermal
evaporation or solution process directly on a substrate with
IGZO TFTs. The perovskite PD can maintain a relatively large
open-circuit voltage under weak light illumination; whereas the
IGZO TFT exhibits a steep subthreshold swing in the
subthreshold region, which can be used to amplify the signal.
Moreover, the IGZO TFTs have high carrier mobility than the
a-Si TFTs. Based on the merits of both perovskite PD and
IGZO TFT, the photovoltage-coupled DG−TFT design has
high potential to achieve ultrahigh sensitivity at the expense of
low operation power. Under illumination, the photovoltage of
the perovskite PD is applied to the subthreshold region of the
DG−TFTs, where the photovoltage signal is converted to the
current signal and gets amplified. The photovoltage-coupled
DG−TFTs show a high light-to-dark current ratio under weak
light illumination and ultralow power consumption during
operation.

2. EXPERIMENTAL SECTION
2.1. Materials and Precursor Solution. To prepare the

precursor solution of the perovskite, PbI2, PbBr2, FAI, and MABr
powders were purchased from Xi’an Polymer Light Technology Crop,
CsI was purchased from AlFA and [6,6]-phenyl C61 butyric acid
methyl ester (PC61BM) from Luminescence Technology Corp, and
poly[bis(4-phenyl) (2,4,6-trimethylphenyl)amine] (PTAA) from
Wuhan LinkZill Technology Corp. PC61BM was dissolved in
chlorobenzene (Sigma-Aldrich) with a concentration of 20 mg
mL−1, and BCP was in isopropanol (Sigma-Aldrich) for a saturated
solution. The MAI reaction solution is 30 mg mL−1 by dissolving MAI
powder in isopropanol. To prepare the spin-coating perovskite
precursor solution CsI (17.55 mg), PbI2 (529 mg), PbBr2 (74.3 mg),
FAI (187.4 mg), and MABr (22.26 mg) were dissolved in a mixed
solvent of dimethylformamide (800 μL) and dimethyl sulfoxide (200
μL).
2.2. PD Fabrication. For perovskite PD fabrication, two types of

integration of perovskite PD with a dual gate IGZO transistor are
investigated. One is the direct integration of perovskite PD via a
thermal evaporation method, the patterned perovskite film was
fabricated by thermally evaporating PbI2 powder via shadow masks
with a pressure of ∼5 × 10−4 Pa at a deposition rate of 2−3 Å s−1 with

a thickness of ∼150 nm on the substrates with a dual gate IGZO
transistor, and then the MAI solution (30 mg mL−1) were spin-coated
on the PbI2 thin film at 4000 rpm for 40 s and heated on a hot plate at
100 °C for 10 min for the reaction to form the perovskite thin film.
The unreacted MAI was washed by the isopropanol solution.
Subsequently, PC61BM and BCP were separately spin-coated at
2000 rpm for 60 s. Finally, 100 nm Ag contacts were deposited by
thermal evaporation under high vacuum (∼6 × 10−4 Pa) with a
shadow mask for patterned electrodes. The thermal evaporation
method could avoid the damage of the methylammonium cations
(MA+) in the perovskite on a-IGZO TFT and the cross-talk influence
between neighboring devices.12

The other type of device is the external integration by connecting
the as-fabricated DG a-IGZO TFT to a separated perovskite PD,
whose active layer is prepared by a one-step spin-coating method.
First, the ITO glass was cleaned by deionized water, followed by
ultrasonication with acetone and ethanol for 15 min, respectively.
Then, the substrates were dried by the nitrogen flow and treated with
ultraviolet−ozone for 10 min before the deposition of PTAA. The
PTAA solution (2 mg mL−1 in chlorobenzene) was spin-coated onto
the cleaned ITO glass at 5000 rpm for 30 s and annealed at 100 °C
for 10 min in the glovebox. Next, PFN-Br solution (0.5 mg mL−1 in
methanol) was then spin-coated onto the PTAA film at 5000 rpm for
30 s for the surface treatment, then the 65 μL of the perovskite
precursor was dipped onto the substrates and spin-coated at 2000 rpm
for 10 s and 5000 rpm for 30 s in the glovebox. The antisolvent,
chlorobenzene, was dipped in situ onto the substrate at 22 s.
Afterward, the perovskite films were annealed at 100 °C for 30 min.
Subsequently, PC61BM and BCP were separately spin-coated at 2000
rpm for 60 s. At last, the Ag electrode of 100 nm was deposited onto
the active layers by thermal evaporation.

2.3. TFT Fabrication. For DG-a IGZO TFT fabrication, the Mo
thin film (80 nm) was first deposited on a glass substrate by
magnetron sputtering, and patterned via the wet etch method to form
the BG electrode. Then, an ITO thin film (100 nm) was deposited by
sputtering and patterned via photolithography to form the bottom
electrode of the PD, which is connected to the TFT BG electrode.
After that, a 100 nm SiO2 film, serving as the BG dielectric, was
deposited by plasma enhanced chemical vapor deposition (PECVD)
at 300 °C. a-IGZO thin film (40 nm) was deposited using dc
sputtering of a ceramic target (In2O3:Ga2O3:ZnO = 1:1:1 mol %) at
room temperature and patterned via wet etch in hydrochloric acid to
form the active channel region (W/L = 6, 4, 3). Next, a 100 nm SiO2
film was fabricated via PECVD as the first top gate (TG) dielectric at
150 °C, then another 100 nm SiO2 film was deposited as the second
TG dielectric at 300 °C. Followed by an 80 nm sputtered Mo film to
form the TG electrode. The SiO2 in regions outside the channel area

Figure 1. (a) Schematic diagram of the photovoltage-coupled DG a-IGZO TFT structure. (b) Illustration of the photovoltage-coupled DG a-IGZO
TFT working mechanism (c) Optical photograph of the photovoltage-coupled DG a-IGZO TFT, and a schematic diagram of the pixel arrays. (d)
Equivalent circuit diagram of the photovoltage-coupled DG a-IGZO TFT.
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was etched away by reactive ion etching (RIE) which is in nature self-
aligned to the BG one.
Then, the exposed a-IGZO on the S/D regions was treated by Ar

plasma to enhance the conductivity. Afterward, 200 nm SiO2
deposited by PECVD at 150 °C was performed to form the
passivation layer and the accompanying hydrogen doping during the
SiO2 deposition which further lead to the formation of the n+ a-IGZO
on S/D regions. Next, holes were opened by RIE, and an 80 nm Mo
layer was deposited and patterned to form the source/drain BG/TG
contact electrodes.
2.4. Device Characterization. The solution process perovskite

PDs were electrically characterized by a Keithley 2400 source meter
under light and dark conditions at room temperature. The light source
used in this experiment is a xenon lamp light source and the
monochromatic light is produced by a monochromator (Zolix, Omni-
l 3009) and the light intensity was calibrated by using a power meter
(Newport, 1936-R). The thermal evaporation perovskite PDs were
electrically characterized by a semiconductor parameter analyzer
(Agilent, B1500A) under light and dark conditions at room
temperature. The photoelectric response of photodetectors integrated
with DG a-IGZO TFTs was characterized in the air by a
semiconductor parameter analyzer (Agilent, B1500A) in the dark or
under 520 nm light illumination. In addition, the external quantum
efficiency (EQE) measurements of the devices were carried out in the
air with the Zolix SCS1011 system.

3. RESULTS AND DISCUSSION

The device structure and optical image of the photovoltage-
coupled DG a-IGZO TFT are shown in Figure 1a,c. By
connecting the cathode of perovskite PDs to the BG of the
TFTs, the photogenerated open-circuit voltage (VOC) directly
strengthened the BG-field of the TFT, which increases the
electron concentration, reduces the channel resistance, and
increases the current density. By using a dual-gate (DG) TFT,
the operational regime and threshold voltage (VTH) could be
well adjusted by one control gate and another voltage-coupling
gate.13 In contrast, if only one common single-gate TFT is
used, it is difficult to precisely control the operational regime.
The equivalent circuit diagram is shown in Figure 1d. In
particular, when the TFT works in the subthreshold regime
(VG < VTH), the current could be enhanced dramatically even
with a small shift of VTH because the subthreshold current
increases exponentially with the overdrive voltage (VG − VTH).
As shown in Figure 1b, when VTH is shifted by VOC, the
subthreshold current is increased from the dark current (Idark)
to the photocurrent (Iph) by a ratio (Iph/Idark) of ∼10(Voc/SS),
where SS is the reversed subthreshold slope of the TFT, and
SS = ∂VG/∂log10(ID). Therefore, the amplification of the
photovoltaic signals strongly depends on the value of VOC of
PD.
In the experiment, the perovskite thin films were fabricated

by thermal evaporation or spin-coating method. The cross-
section structures of the thermally evaporated perovskite PD
are presented in Figure S2 and the scanning electron
microscopy (SEM) image of the thermally evaporated
perovskite films is shown in Figure S1. In order to test how
the diode quality would affect the photovoltage-coupled DG−
TFT, the thermally evaporated PD is intentionally designed
without a hole transport layer. The I−V curves of both types of
perovskite PDs under different light intensity illuminations at
the 520 nm wavelength are shown in Figure 2a,b. As presented
in Figure S3, the EQE of the thermally evaporated perovskite
PD shows that the perovskite PD has a higher EQE at the
green light area, so we chose this monochromatic light for
testing. For reference, the I−V curves of a silicon PD are

shown in Figure S4. The VOC of both perovskite and Si-based
PD increases with the light intensity. The VOC for spin-coated
perovskite PD reaches 570 mV under 0.8 μW/cm2

illumination. In comparison, the thermally evaporated perov-
skite PD exhibits a smaller VOC (<200 mV) under similar
illumination, which is expected to be improved if a proper hole
transporting layer is added. The commercial Si PD shows a
VOC slightly higher than 200 mV under 0.6 μW/cm2

illumination.
The proper function of the DG a-IGZO TFT is very

important for the integrated pixel to achieve high sensitivity in
photodetection. The transfer characteristics of the DG a-IGZO
TFTs before and after perovskite PD integration are compared.
As shown in Figure S5a,b, the integration process has a
negligible effect on the transfer characteristics of the DG a-
IGZO TFT. After integration with thermally-evaporated
perovskite PD, the VTH of the IGZO TFT shifts slightly
from −2.3 to −2.5 V when operated under the BG mode, and
from −3 to −3.5 V under TG operation mode. The small
negative shift is probably induced by the extra annealing step
during perovskite fabrication. The hydrogen normally leads to
increased shallow donors in a-IGZO and increase the off-
current.14 The transfer characteristics of the DG a-IGZO TFT
are shown in Figure 2c, which was measured by the scanning
bottom gate voltage (VBG) at the fixed top gate bias (VTG). The
VDS was kept at constant 1.1 V. All the IDS−VBG curves show
similar SS values. The SS of the IGZO TFT is 340 and 410
mV/dec when operated under the BG mode and TG mode,
respectively. The VTH can be controlled by applying different
VTG. With more negative VTG, the VTH shifts toward the
positive because of decreased electron concentration and the
VTH value could be adjusted to ∼0 V when applying a proper
VTG. The results indicate that after the integration of perovskite
PDs, the DG a-IGZO TFT can still function properly, and its
VTH can be well adjusted by the TG bias.

Figure 2. Current density−voltage curves of (a) thermally evaporated
perovskite PD and (b) spin-coated perovskite PD under dark and
illumination. (c) VTG-modulated transfer characteristics evolution of
the DG a-IGZO TFT in BG operation mode. (d) Energy band
diagram of the DG a-IGZO TFT, the Voc that provided by the PD
under illumination is biased at the BG of the TFT. The top gate of the
TFT is in a negative bias to ensure operating in the subthreshold
regime.
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The energy band diagram of the photovoltage-coupled DG
a-IGZO TFT device are shown in Figure 2d. The Voc that is
provided by the PD under illumination is biased at the BG of
the TFT. In addition, the energy band diagram of the
integrated perovskite PD under illumination is shown in Figure
S6, under illumination the electron and hole pairs are
generated in the perovskite layer and immediately separated
by the built-in field in the diode. The electrons drift toward the
electron transport layer and accumulate at the Ag electrode,
while the hole drifts toward the hole transport material and
accumulates at the ITO electrode, leading to two separate
quasi-Fermi levels, and a VOC is generated between ITO and
Ag electrodes. As the ITO is connected to the BG of the DG−
TFT, the positive VOC then causes a downward tilting of the
IGZO conduction band, leading to a negative shift of VTH in
the transfer characteristics.
As the photovoltage-coupled DG−TFT converts photo-

voltage VOC into the current increment ΔIDS, it is important to
investigate how the VOC of different PDs changes with the light
intensity. As plotted in Figure 3, the VOC generally follows a

logarithmic dependence of the light intensity, and thus the
simplified Shockley-Reed-Hall recombination mechanism
applies

i

k
jjjjjj

y

{
zzzzzz α= = +V

kT
q

J

J
kT
q

P Cln ln( )OC
sc

0 (1)

Here, JSC is the photocurrent, P is the illumination intensity, C
is the constant, α is an empirical parameter, and the k and q are
the Boltzmann constant and fundamental charge. The slope of
the VOC versus ln(P) is then αkT/q and indicates the
recombination mechanisms. Generally, the slope is kT/q for
the trap-free recombination or 2 kT/q for trap-assisted
recombination.15−18 As shown in Figure 3, the slope for
spin-coated PD is 1.67 kT/q, much smaller than that of PD
based on thermally evaporated perovskite (1.99 kT/q) and the
Si PD (1.82 kT/q). Thus, the spin-coated PD shows less trap-
assisted recombination and can sustain a relatively larger VOC
value under weak light illumination. In fact, it is found that the
spin-coated perovskite PD can provide a VOC of 500 mV even
under 0.2 μW/cm2 illumination, whereas the VOC values for
the evaporated PD and the Si PD are lower than 200 mV
under the same intensity, as indicated by the green dash line in
Figure 3. The VOC of spin-coated PD is much larger than that
of the thermally evaporated PD and the Si-based PD, therefore,
it is more suitable for the photovoltage-coupled DG−TFT

configuration. To show how much VOC is required to cause a
significant current increment ΔIDS in the DG−TFT, the SS
value of DG−TFT (395 mV/dec) is indicated as a grey dashed
line in Figure 3. The cross-point between VOC and the SS line
indicates the light intensity to cause a 10-fold increase in the
output current of the DG−TFT, as the light-to-dark ratio is
Iph/Idark ≈ 10(Voc/SS), as mentioned above.
The photoresponse of the photovoltage-coupled DG IGZO

TFT is shown in Figure 4. Under illumination, a VOC appears
between ITO and Ag electrodes. The positive VOC applied to
the BG of the DG IGZO TFT causes a negative shift of the
transfer characteristics and the VTH. The SQRT(IDS) versus
VTG of photovoltage-coupled DG a-IGZO TFT with thermal
evaporation perovskite PD and spin-coated perovskite PD in
the linear axis under dark and under 520 nm light illumination
(5 μW/cm2) are plotted in Figure 4a,b, respectively. The
output characteristics of the photovoltage-coupled DG a-IGZO
TFT, with thermal evaporation perovskite PD are presented in
Figure S7, indicate that when the VDS was kept at constant 1.1
V the device works in the saturation region. In the
measurement, VTG was scanned while VBG was controlled by
the PDs. Under 520 nm light illumination (5 μW/cm2), the
VTH shift (ΔVTH) caused by PDs are 215 and 480 mV for the
device with the evaporated PD and the spin-coated PD,
respectively. The values are close to the VOC tested in PDs
under the same illumination: 240 mV for the evaporated PD
and 630 mV for the spin-coated PD. When turning off the
light, the transfer characteristics of the integrated device return
completely to its initial dark levels, as shown in Figure S8. It
would be shown later, in Figure 4e, that the pristine IGZO
layer in the stand-alone DG−TFT device is completely
shielded by the gate electrodes, and therefore shows no
response to the incoming light. Therefore, the permanent
photoconductance phenomena that occur in the single-gate
IGZO TFT are not observed in our DG IGZO TFT.
To signify the influence of the photovoltage on the

subthreshold characteristics, the transfer characteristics of the
integrated device with thermally evaporated PD and with spin-
coated PD are replotted in the semi-log scale, as shown in
Figure 4c,d. The VTH shift under illumination has caused a
significant increase in IDS. The corresponding light-to-dark
ratio (IDS ph/IDS dark) is plotted in Figure 4e. For the device
with thermally evaporated PDs, the peak of the light-to-dark
ratio is 9.5 at VTG = −9.75 V. For the device with spin-coated
PDs, the peak of the light-to-dark ratio is 26 at VTG = −8.75 V.
As the SS of both the devices is 395 mV/dec (similar to the
value in Figure S5b), the photovoltage of the perovskite PD,
that is, 215 mV for the thermally evaporated PD and 480 mV
for the spin-coated perovskite PD, is fully applied in the
subthreshold region, causing a large drain current increase. As
the device works in the subthreshold regime, the power
consumption of the integrated pixel (IDS dark × VDS) is low
and the data are plotted in Figure 4f. At the peak of the light-
to-dark ratio (26), the consumed power of the device is as low
as 27 pW, indicating the possibility of using this photovoltage-
coupled DG−TFT in ultralow power consumption application.
To estimate the detection limit of the integrated detector,

we calculate the noise equivalent power (NEP), which is
defined as the ratio between the measured total noise current
(in) and the responsivity (R). The value of R is calculated by
(Iph − Idark)/P, where P is the light intensity, Iph and Idark are
photo and dark current density. The total noise is generally
dominated by shot noise and thermal noise. For the integrated

Figure 3. Semi-log plot of the VOC against light intensity of the
thermally evaporated perovskite PD, spin-coated perovskite PD, and
Si PD. The calculated slope (S) from the above three curves is 1.99
kT/q, 1.67 kT/q, and 1.82 kT/q, respectively. The dashed line
indicates the equivalent voltage to the value of the SS of the DG−
TFT.
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device studied here, if the shot noise is the main contribution
to the TFT off current (Ioff) under dark, the NEP can be
estimated by

= ≈ × = ×−I
R

I
I

P PNEP 10 Vn dark

ph

/SSOC

(2)

Intuitively, a small NEP calls for a small SS, a large VOC, and
a small P. The SS is determined by the TFT, whereas the VOC
and P are determined by the PDs. First, the SS of a TFT ideally
follows19,20

i
k
jjjjj

y
{
zzzzz= +

+C C
C

kT
q

SS 1 ln 10D it

OX (3)

where Cox, Cit, and CD are the gate oxide capacitance, and the
capacitance for the interfacial traps at the channel/gate
insulator interface and the semiconductor depletion capaci-
tance, respectively. CD is affected by the defects in the
semiconductor bulk. k and q are the Boltzmann constant and
fundamental charge. The theoretical limit of SS at room
temperature is 60 mV/dec, and for IGZO TFT, a SS value of
77 mV/dec has been reported.21 Second, a large VOC could be
obtained at a small light intensity P, if the slope of the VOC −
ln(ID), as discussed in eq 1 (∼αkT/q), is small. As shown in
Figure 3, even when the incident light intensity is as weak as 10
nW/cm2, the VOC of the spin-coated perovskite PD is still
above 380 mV. When the incident light intensity is 200 nW/
cm2 (cross-point of the green dashed line in Figure 3), the VOC
of spin-coated PD, thermally evaporated PD, and Si PD are
504 mV, 87 mV, and 140 mV, respectively. Spin-coated
perovskite PD has three times larger VOC than silicon PD. It
justifies that the success of the photovoltage-coupled DG
IGZO TFT for photodetection requires an ideal PD that can

provide large VOC under weak illumination and a near-ideal
TFT with SS close to its theoretical value. By assuming SS = 77
mV/dec for the state-of-the-art IGZO TFT, using the
measured VOC and P obtained at the cross-point of the
green dashed line in Figure 3, the theoretical limit of the NEPs
are estimated to be ∼6 × 10−5, 19, and 3 nW/cm2 for the
photovoltage-coupled DG−TFT with the spin-coated, the
thermally evaporated, and the Si PD, respectively.
Finally, the detection speed of the devices was investigated.

Figure 5a shows the transient photovoltage response of a PD

with a thermally evaporated perovskite film, and the VOC decay
transient was tested on an oscilloscope. Both the rise and fall
time is less than 1 ms, which is a thousand times faster than the
previously reported Voc decay in the planar perovskite solar
cell.22 However, the Voc decay speed is still much slower than
the transient photocurrent. For comparison, Li et al. achieved
an ultrafast transient photocurrent response of 27 ns when
measuring with an oscilloscope under pulse light-emitting

Figure 4. SQRT(IDS) vs VTG of photovoltage-coupled DG a-IGZO TFT with (a) thermal evaporation perovskite PD and (b) spin-coated
perovskite PD in linear axis under dark and under 520 nm light illumination (5 μW/cm2); (c,d) shows the semi-log plots of transfer characteristics
of the photovoltage-coupled DG a-IGZO TFT with thermal evaporation perovskite PD and spin-coated perovskite PD, respectively; (e) plots of
the on/off source-drain current ratio (IDS ph/IDS dark) of the photovoltage-coupled DG−TFT against VTG; and (f) relationship between the on/off
source-drain current ratio (IDS ph/IDS dark) and the power consumption of the DG−TFT (IDS dark × VDS).

Figure 5. (a) Transient photovoltage of the thermally evaporated
perovskite PD and (b) transient response of the photovoltage-coupled
DG−TFT under pulse light.
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diode light.23 The transient response of the photovoltage-
coupled DG−TFT is also presented in Figure 5b. When
operated in the subthreshold region, the rise time of the
integrated device is about 3 ms and the fall time is about 7 ms.
The transient response of the integrated device to pulse light is
characterized by a semiconductor parameter analyzer (Agilent,
B1500A) rather than an oscilloscope. Thus, the rise/fall time in
the measurement is probably limited by the response time of
the analyzer rather, as reported previously.24 The real response
time may be shorter than the measured values. For reference,
the pristine DG a-IGZO TFT shows no response to the light as
shown in Figure S9.

4. CONCLUSIONS
In conclusion, we successfully fabricated the photovoltage-
coupled DG−TFT by integrating a perovskite PD with the BG
of a DG IGZO TFT. The integrated device employs the open-
circuit voltage generated from the perovskite PD to modulate
the gate-field of the TFT. The subthreshold operated DG−
TFT helps amplify the photovoltage signals. The success of the
photovoltage-coupled DG−TFT relies on the novel optoelec-
tronic properties of both perovskite PD and IGZO TFT. The
photovoltage-coupled DG−TFT design can achieve a large
photo-to-dark current ratio at the cost of ultralow operation
power. Our work brings about a new strategy for developing
highly sensitive and low-cost photodetectors.
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