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ABSTRACT T he i ntegration of perovskite photodetectors with t hin-film t ransistor ( TFT) backplane or
complementary metal-oxide-semiconductor CMOS circuit i s a key s tep t owards prototyping perovskite-
based i mage sensors. Here, we demonstrate a pixel configuration f or i ndirect X-ray detection comprising
of I GZO TFTs a nd perovskite photodiodes ( PDs). The perovskite photodiode i s patterned by a t wo-
step deposition method. Our i ntegrated TFT/PD pixel s hows a weak l ight detection capability down t o
4 nW cm−2,  and a f ast-transient r esponse t o t he pulse l ight and gate s witching. Combining with a CsI
scintillator, t he i ntegrated p ixel a chieves a s pecific X-ray s ensitivity of 8 .2 × 102μC mGy−1

air c m−    3.  
Theoretically, with a state-of-the-art scintillator, t he new pixel can provide a detectable signal f or X-ray
imaging at a dose r ate as l ow as 10 μGyair s −1.  This work provides an advanced pixel design f or high
resolution, high sensitivity, and high f rame-rate f lat-panel i mager.

INDEX TERMS Flat-panel imager, IGZO, perovskite, thin-film t ransistors, X-ray detectors.

I. I NTRODUCTION
Flat panel i mage sensors have wide applications i n biomed-
ical i maging and i ndustrial i nspection. These i mage sensors
are usually cataloged i nto t wo t ypes: passive pixel and active
pixel, both of which r equire i ntegration of photodiode ( PD)
with t hin-film t ransistors. The modern X-ray r adiography
requires a more advanced imaging panel that provides higher
resolution and sensitivity f or l ow dose detection. I t i s t here-
fore i mperative t o develop a new generation i mage s ensor
for X-ray detection using t he l atest t echnologies. To achieve
a low cost and high-performance system, factors like material

selection, device architecture, and processing compatibility
have t o be well optimized.
Perovskite-based materials a re c onsidered a s p romising

materials for optoelectronic devices covering a wide range of
wavelengths from near-infrared to a high energy photon espe-
cially in ionizing radiation detection, such as X-ray and γ-ray
detection [ 1]. Due t o t he l arge l ight a bsorption c oefficient
and d efect-tolerant n ature o f p erovskite t hin f ilms, p er-
ovskite photodiodes s how e xcellent f igures-of-merits, s uch
as high r esponsivity a nd detectivity. However, when c om-
pared with t heir silicon counterpart, more efforts are needed
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FIGURE 1. ( a) Layer structures of the i ntegrated IGZO TFT/perovskite
photodiode pixel array, (b) Schematic view of the i ntegrated IGZO
TFT/perovskite photodiode pixel array with a scintillator for i ndirect X-ray
detection.

to achieve a l ower dark current and higher s tability i n per-
ovskite PDs [ 2]. The dark current level of the best amorphous
silicon diode is in the fA range for a 148×148 μm2 pixel [ 2].
Imaging pixel that comprises perovskite photodiode and TFT
should have t he potential t o bring a disruptive c hange on
the i ndirect X-ray i maging. Nonetheless, reports on t he i nte-
gration of I GZO TFT and perovskite photodiode f or X-ray
detections are l imited. Our previous study reveals t hat MA+
may cause a malfunction of t he underneath I GZO TFT [ 3].
On the other hand, the work by Zakhidov group demonstrated
that patterned perovskite t hin film may help t o minimize t he
cross-talk between neighboring pixels [ 4]. I t a lso r emains
an open question whether t he i ntegrated pixel of perovskite
photodiode and I GZO TFT i s suitable f or direct or i ndirect
X-ray i maging, or both.
Here, i n an attempt of combining t he merits of perovskite

photodiode and I GZO TFT, we have f abricated pixel arrays
formed b y p erovskite p hotodiodes a nd I GZO-TFTs. The
device performance of t he i ntegrated X-ray detector under
indirect detection mode i s i nvestigated.

II. DEVICE ARCHITECTURE AND FABRICATION
The i ntegrated I GZO TFT/perovskite PD f or X-ray detec-
tion was f abricated o n a 5 c m × 5 c m g lass s ubstrate
with t he device structure shown i n Fig. 1. The I GZO TFTs,
with bottom gate and t op contact structure, were f abricated
by conventional s puttering and photolithography processes.
First, a n 8 0 n m t hick Mo was r adio f requency s puttered
and p atterned a s t he g ate e lectrode, SiO2 ( 200 n m) was
then d eposited b y P ECVD. A 4 0 n m t hick I GZO was
RF-sputtered a t r oom t emperature a nd p atterned v ia l ift-
off t echnique. Next, a n 8 0 n m I TO was RF-sputtered a s
the source and drain electrodes. Finally, another SiO2 l ayer
was deposited as an encapsulation l ayer which protected t he
IGZO t hin f ilm f rom potential damages i n t he s ubsequent
perovskite f abricating process [ 3]. The a s-fabricated 12 ×
12 IGZO TFT array is shown i n Figure 2a, with the top view
of a single IGZO TFT with ITO drain pad for perovskite pho-
todiode area are shown i n Fig. 2b. The width/length of t he
IGZO TFT i s 1600 μm/40 μm. The c ross-sectional SEM
image of t he drain e lectrode r egion of t he I GZO TFT i s
shown i n Fig. 2c. Fig. 2d s hows t he equivalent circuit dia-
gram of t he TFT/PD pixel. In t otal, 6 masks are used i n our
work. 4 photomasks a re used f or t he f abrication of I GZO

FIGURE 2. ( a) The as-prepared 12 × 12 IGZO TFT array, the size of the
glass substrate i s 5 cm × 5 cm. (b) Optical microscope i mage of a single
IGZO TFT pixel, respectively. The length and width of the IZGO TFT are 40
μm and 1600 μm. The dimension of the perovskite photodiode area i s
2 mm × 2 mm. (c) The cross-sectional SEM i mage of the IGZO TFT. The
scale bar i s 250 nm. (d) The equivalent circuit diagram of the TFT/PD pixel.

TFT and 2 f ine-metal masks are f or t he perovskite photodi-
ode f abrication. For comparison, 12 masks are r equired f or
typical conventional optical sensor f abrication [ 5], [ 6].
For i mage s ensor a pplications, i deally, t he p hotodiode

should h ave h igh r esponsivity a nd d etectivity, a nd l ow
dark c urrent. Our previous s tudies r eveal t he performance
of p erovskite p hotodiode, p articularly t he d ark c urrent,
is s trongly a ffected b y i ts d evice s tructure a nd i nter-
layer [ 7]–[10]. I nterface e ngineering i s o ne o f t he e ffec-
tive s trategies t o r educe l eakage c urrents i n p erovskite
photodiodes. I n t his work, p oly ( bis(4-phenyl) ( 2 , 4, 6 -
trimethylphenyl)amine ( PTAA) i s chosen as t he hole t rans-
porting layer for a low dark current of perovskite photodiode.
It i s reported t hat t he HOMO l evel of t he PTAA matches t he
valence band of perovskite t hin f ilm and plays an i mportant
role i n i ncreasing t he grain s ize a nd decreasing t he grain
boundary of perovskite [ 11].
In t his work, PTAA ( Wuhan LinkZill Technology Co.,

Ltd.) was dissolved i n 1,2-dichlorobenzene with a concen-
tration of 2 mg/ml and was s pin-coated on t he as-prepared
TFT array in Fig. 2a. We adopted a two-step thermal evapora-
tion method to realize the patterning of perovskite thin films.
Briefly, a l ayer of PbI2 ( 150 nm) was t hermally evaporated
on t he t op of t he PTAA l ayer using a fine-metal mask. Next,
methylammonium i odide ( MAI) s olution ( 30 mg/ml) was
spin-coated on t he patterned PbI2 t hin f ilm. The stack f ilms
were t hen annealed at 100 ◦C t o f orm patterned perovskite
thin f ilm. The unreacted MAI was washed by i sopropanol
solution. Subsequently, PC61BM and BCP were spin-coated
at 2000 r pm f or 60 s and annealed at 100 ◦C f or 10 min.

97



FIGURE 3. ( a) SEM i mage of as-prepared perovskite thin-film via two-step
method fabrication. (b) The cross-sectional SEM i mage of the perovskite
photodiode. The scale bar i s 250 nm.

FIGURE 4. ( a) I-V curve of an inverted perovskite photodiode measured
under dark. (b) The absorption spectrum of perovskite thin film.
(c) Responsivity (R) of the perovskite photodiode (solid l ine) and
a conventional a-Si photodiode (dotted-line) calculated from their external
quantum efficiency. (d) The transient response of a perovskite photodiode
under the i llumination of 550 nm green l ight.

Finally, patterned Ag electrodes were t hermally evaporated
under high vacuum ( ∼ 5×10−4 Pa) with a s hadow mask.
The a rea of t he t hermal-evaporated t op Ag e lectrode with
a shadow mask i s about 0.28 mm2, which defines t he active
area of t he perovskite photodiode. The perovskite t hin-film
deposition area i s 2 mm × 2 mm as shown i n Fig. 2b. Thus,
the maximum f ill f actor could be up t o ∼60%, depending
on t he a rea of t he t op e lectrode. The s urface morphology
of t he as-prepared perovskite t hin f ilm i s shown i n Fig. 3a.
A densely packed morphology with large grain boundaries i s
observed i n our perovskite t hin f ilm, with an average grain
size o f ∼200 n m. Fig. 3 b s hows t he c ross-section SEM
images of t he perovskite photodiode. The t hickness of t he
perovskite t hin f ilm i s about 230 nm.

III. RESULT AND DISCUSSION
In the i ntegrated T FT/PD p ixel, t he d ark c urrent l evel
(or more p recisely t he n oise e quivalent p ower) o f t he

FIGURE 5. ( a) Transfer characteristics of a typical IGZO TFT at Vd = 0.1 V
and corresponding Ig curve. (b) Photocurrent density of a TFT/PD pixel at
Vg = 5 V and Vd = 0.5 V as a function of i ncident l ight i ntensity. (c) Transfer
characteristics of a pixelated TFT connected with a perovskite PD under
various l ight i ntensities. (d) Photocurrent of a pixel at Vg = 5 V and
Vd = 0.5 V as a function of l ight wavelength (light i ntensity i s 1 µW/cm2).

perovskite photodiode will determine t he weak l ight detec-
tion c apability [ 12]. As s hown i n Fig. 4 a, with a d iode
structure of I TO/PTAA/Perovskite/PCBM/BCP/Ag, t he dark
current o f a p erovskite p hotodiode i s ∼47 n A/cm2 a nd
∼163 nA/cm2 when biased at −0.1 V and −0.5 V, r espec-
tively. Our p revious work s hows a g ood u niformity o f
10 × 10 photodiode a rrays f abricated using t he s ame f ab-
rication method [ 9], [ 13], i n which t he median dark current
value i s 115 nA/cm2 a nd t he median photocurrent value i s
9.73±2.39 mA/cm2. So f ar, t he dark c urrent l evel of t he
best-reported p erovskite p hotodiodes was ∼14 n A/cm2 a t
−0.3 V [ 11], [ 14], where weak l ight detection i n t he s ub-
picowatt per square centimeter range is achieved. The UV-vis
absorption s pectrum of t he perovskite f ilm ( Fig. 4b) i ndi-
cates a broad l ight a bsorption a t t he visible r egion up t o
800 nm. The calculated r esponsivity f or perovskite photodi-
ode i s ∼0.34 A/W at 550 nm, which i s close t o t he a-Si:H
photodiode ( 0.35 A W−1)  [ 15], a s s hown i n Fig. 4 c. I n
Fig. 4d, t he perovskite photodiode s hows a s hort r ise a nd
fall time of ∼14.2 μs under t he illumination of pulse switch-
ing green l ight LED, while t he f luorescence decay t ime of
the commercial CsI:Tl scintillators i s ∼1 μs [ 16], [ 17]. The
response speed of a photodiode i s mainly determined by t he
charge t ransport and collection, which i s i nfluenced by, f or
example, t he c harge mobility, t he i nterfacial c harge t rans-
port materials, t rap s tates at t he i nterface, t he t hickness of
the device, and applied electrical bias [ 18]–[21].
The t ransfer characteristics of a t ypical I GZO TFT f abri-

cated i n t his work are shown i n Fig. 5a with drain-to-source



voltage Vd = 0.1 V. The calculated carrier mobility of our
IGZO TFT i s 7.5 cm2/(V·s), which i s beneficial f or design-
ing high-density pixels a rrays f or high-resolution i maging
panel. The t ransfer c haracteristics of a t ypical I GZO TFT
(W/L = 1600 μm/40 μm) s how an off-state drain current
∼10−11 A at gate biased at −4V, which i s comparable t o
the a -Si:H TFT i n a c ommercial f lat p anel i mager [ 22].
Fig. 5b s hows t he photoresponse of t he i ntegrated TFT/PD
pixel measured u nder 5 20 n m l ight with i ntensity v aried
from 0 t o 4.9 μW/cm2. When t he TFT was s witched on
(Vg > −2 V) (Fig. 5c), the on-state dark current is apparently
limited by t he dark c urrent of t he perovskite photodiode,
which i s ∼ 0.32 nA, corresponding t o a dark current i nten-
sity of ∼113 nA/cm2 of t he perovskite photodiode. Under
illumination, t he i ntegrated pixel shows significant photore-
sponse t o 550 nm l ight with measurable i ntensity down t o
4 nW/cm2. The i ncreased off current after i ntegrating per-
ovskite p hotodiode i n Fig. 5c c ompared with t hat b efore
integration i n Fig. 5a can be contributed t o t he f abrication
process of perovskite t hin f ilm, particularly t he MA+, a s
revealed i n our previous study t hat MAI could i ncrease t he
off-current of I GZO TFT [ 3].
Furthermore, t he p hotoresponse c urrent d ensity o f t he

integrated TFT/PD p ixel t o d ifferent l ight wavelength i s
investigated by f ixing t he i ncident l ight i ntensity at 1 μW
cm−2, as s hown i n Fig. 5d, manifesting t hat our i ntegrated
photodetector i s capable of detecting t he completely visible
region f rom 400 nm t o 750 nm. Therefore, t he perovskite
PD i ntegrated pixel can be adapted t o many different t ypes
of scintillators i n t he X-ray detection system.
For i ndirect X-ray detection, t he photocurrent of t he per-

ovskite photodiode i s mainly determined by t he conversion
efficiency (light output) of the scintillator and the EQE of the
perovskite photodiode. A CsI-Tl scintillator was used i n our
work with t he r adioluminescence peak at 547 nm ( Fig. 6a).
The X-ray source i s f rom VJ Technologies China ( Suzhou)
Co., Ltd. ( MODEL: I XS080BP210P396), with a maximum
power o utput o f 2 10 W. The r adiation d ose r ate o f t he
incident X-ray can be modulated by controlling t he output
voltage from 20 kV to 80 kV, and was carefully calibrated by
using a standard dosimeter. Fig. 6c shows the photocurrent of
a single perovskite PD i n ambient air without encapsulation,
under various X-ray dose r ate, with a measurable photocur-
rent o f ∼2.5 n A a t a d ose r ate a s l ow a s 2 .0 mGyair/s.
The c alculated s pecific s ensitivity f or t he perovskite pho-
todiode under t he i ndirect X-ray detection i s ∼ 7.2 × 102

μC·mGy−1
air ·cm−3) ( or 1 6.5 μC·Gy−1

a                           ir ·cm−2)) a t a n X-ray
dose of 2 mGyair/s. The value i s c omparable t o previous
X-ray detectors based on perovskite s ingle c rystals, [ 23]–
[25] and i s 3 t imes higher t han t hat of α-Se detectors under
direct detection [26]. The sensitivity is still lower than that of
some perovskite-based direct X-ray detector, such as single
crystal perovskite, [ 27]–[31] quantum dots, [ 32] perovskite
wafer, [ 33] 2D hybrid perovskite, [ 34] a nd polycrystalline
perovskite, [ 35] which s hows a s ensitivity of ∼103 to 104       

μC Gy−1
air ·cm2    ) . The s tate-of-the-art a -Si:H b ased i ndirect

FIGURE 6. ( a) Luminescence spectrum of a CsI-Tl scintillator under X-ray
illumination. The inset i s the i mage of the CsI-Tl scintillator used in our
work. (b) Radioluminescence i ntensity (Light output) of the CsI-Tl
scintillator as a function of the X-ray dose rate. (c) Response of
a perovskite photodiode (size: 0.04 cm2) under i ndirect detection mode
with CsI:Tl scintillator upon exposure to X-ray with dose rates decreasing
from 89.8 mGyair/s to 2 mGyair/s over time. The device was measured i n
ambient air without encapsulation. (The ambient temperature and
humidity of the measuring environment was 25◦C and ∼50%, respectively).
(d) semi-log plots of the transfer characteristics of a TFT/PD pixel exposed
to various X-Ray dose rate (Vd = 0.5 V). (e) Photocurrent response of the
IGZO TFT/perovskite photodiode pixel at Vg = 5 V and Vd = 0.5 V as
a function of i ncident X-Ray dose rate in an i ndirect detection mode.

x-ray detector can be used well below 10 nGyair, i n which
the d etective q uantum e fficiency ( DQE) i s a bove 4 5% a t
5 nGyair and 1 l p/mm [ 2].
The sensitivity of t he perovskite PD under X-ray exposure

is s ignificantly l imited b y t he s cintillator i n o ur e xperi-
ment. The p erformance o f t he CsI:Tl s cintillator a dopted
in t his work f alls behind t he state-of-the-art scintillator due
to a poor s torage e nvironment. The output l ight i ntensity
of t he CsI:Tl s cintillator u sed i n t his work v aries f rom
62 nW/cm2 t o 1.0 × 104 nW/cm2         i n t he X-ray dose r ate
range f rom 2 mGyair/s t o 89.8 mGyair/s ( Fig. 6b), which i s
lower than that of GOS scintillator reported by Heo et al. [36]
in which t he output l ight i ntensity i s ∼12 μW/cm2 i n a n
X-ray dose r ate of 100 μGyair/s. For c omparison, a high-
quality scintillator for a low dose X-ray detection system can
provide a l ight i ntensity of 15 nW/cm2 at a dose r ate of 10
μGyair/s [ 37], which is within the detection limit of our inte-
grated pixel ( 4 nW/cm2 as shown i n Fig. 5b). Therefore, i f



a scintillator with higher light yield was adopted in this work,
such as Rb2CuBr3 s cintillator [ 38] and CsPbBr3 perovskite
nanocrystals scintillator, [36] low dose X-ray detection could
be expected.
We then exposed the integrated pixel to various X-ray radi-

ation dose r ates r anging f rom 89.8 mGyair/s t o 2 mGyair/s
to measure i ts detection performance. As shown i n Figs. 6d
and e , t he o n-state d rain c urrent o f t he i ntegrated p ixel
increases with t he i ncident X-ray r adiation dose r ate. The
measured r esponse current ( Id) i s 218 nA/cm2 which con-
verts t o a specific sensitivity of 8.2 × 102 μC·mGy−1

air ·cm−3

or 16.4 μC·Gy−1
air ·cm−2 t o a dose r ate of 2 mGyair/s. The

CsI:Tl scintillator has effectively absorbed most of t he X-ray
and protect t he i ntegrated pixel f rom direct X-ray exposure.
It has been r eported previously t hat I GZO TFT would s uf-
fer from i ncreased gate l eakage current ( Ig) when subject t o
direct X-ray exposure due t o t he t rapping of hole charges i n
the dielectric l ayer [39]. Fig. S1a shows t hat t he IGZO TFT
maintains a r elatively l ow gate l eakage c urrent during X-
ray exposure with CsI:Tl scintillator compared with t hat of
IGZO TFT under direct exposure without CsI:Tl scintillator
(Fig. S1b).

IV. CONCLUSION
In s ummary, t he perovskite photodiode, which i s patterned
by a t wo-step deposition method, presents a l ow dark cur-
rent o f ∼47 n A/cm2 a t −0.1 V. Our i ntegrated TFT/PD
pixel s hows a weak l ight d etection c apability d own t o
4 nW/cm2. Combining with a CsI-Tl s cintillator, t he i nte-
grated I GZO TFT/Perovskite P D p ixel s hows a s pecific
sensitivity of 8.2 × 102 μC/(mGyair·cm3), The i ntegrated
photodetector shows a high photoresponse t o a broad spec-
trum covering 350-800 nm, i ndicating i ts compatibility with
different s cintillators. The pixel c onfiguration described i n
this work i s v ery p romising f or f uture l ow d ose X-ray
detection applications.
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