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ABSTRACT: Hybrid phototransistors based on InGaZnO
(IGZO) metal oxide thin-film transistors (TFT) and a
photoabsorbing capping layer such as perovskite (MAPbI;)
are a promising low-cost device for developing advanced X-ray
and UV flat-panel imagers. However, it is found that the
introduction of MAPDbI; inevitably damages the IGZO channel
layer during fabrication, leading to deteriorated TFT
characteristics such as off-current rising and threshold voltage
shift. Here, we report an effective approach for improving the
performance of the perovskite—IGZO phototransistor by
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inserting a [6,6]-phenyl C61-butyric acid methyl ester (PCBM) or PCBM:PMMA interlayer between the patterned MAPbI,
and IGZO. The interlayer effectively prevents the IGZO from damage by the perovskite fabrication process, while allowing
efficient charge transfer for photosensing. In this configuration, we have achieved a high-detectivity (1.35 X 10'* Jones)
perovskite—IGZO phototransistor with suppressed off-state drain current (~10 pA) in the dark. This work points out the
importance of interface engineering for realizing higher performance and reliable heterogeneous phototransistors.
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1. INTRODUCTION

Integration of organic and inorganic materials provides new
opportunities for realizing advanced optoelectronic devices
that combine the unique advantages of each integrated
component. Thin-film transistors (TFT) based on indium
gallium zinc oxide (IGZO), which has the merits of a high
field-effect carrier mobility and low off current,' ™ are
considered as a competitive backplane technology for display
devices and imagers. However, when functioning as a
phototransistor for photodetection or image-sensing applica-
tions, with an optical bandgap of about 3.5 eV,’ IGZO is not
sensitive to most visible or near-infrared light. Even for UV
detection, the long decay time after light off, which is known as
the persistent photoconductivity (PPC),” would still hinder its
application in a circumstance where fast response or a high
frame rate is needed. To extend its ability for photodetection,
hybrid IGZO phototransistors were investigated with different
types of light-absorber capping layers, such as polymer (P3HT
and PCDTBT),” quantum dots (CdSe QDs, graphene dots,
CdSe/ZnS QD, PbS QD),* and two-dimensional materials
(MoS,, WSe,).'%"!

Organolead halide perovskite, such as MAPbI;, has been
actively investigated in optoelectronic applications, due to its
outstanding features such as a broad absorption range, tunable
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bandgap, high charge carrier mobility, and long carrier
diffusion length."””'> One of the great advantages of this
material is that it can be processed at a relatively low
temperature (80—150 °C), which enables its integration with
other functional materials on flexible substrates. Moreover, its
compositional heavy elements such as lead and iodine ions
render it a suitable material for high-energy radiation detection,
such as X-ray.'® Various types of photodetectors have been
reported, such as phototransistors, photodiodes, and photo-
conductors.'”~"? Nonetheless, perovskite phototransistors
show bipolar characteristics with the unstable off-state drain
current at room temperature, and suffer from severe hysteresis
due to strong ion migration.zo’21 To tackle these issues, some
hybrid approaches have been proposed, with perovskite
stacking on a transistor for example.””*’ Capping the oxide-
based TFT with an organolead halide perovskite photo-
absorber is another attempt to combine the merits of these two
materials.” The perovskite—IGZO hybrid phototransistor, in
theory, should be able to provide a low off-state drain current
and sensitive photoresponse to lights from the UV to visible
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Figure 1. (a) Schematic diagram of the fabricating process of a perovskite—InGaZnO hybrid phototransistor; (b) top view of the perovskite—
InGaZnO phototransistor under an optical microscope; (c) scanning electron microscope (SEM) image of the patterned perovskite layer; (d)
optical absorbance of the fabricated MAPbI, and PCBM thin films on glass substrates; (e) photoluminescence spectra of the MAPbI; and MAPbI,/

PCBM thin films.

region, and even to infrared. However, there is evidence that
the perovskite capping layer would raise the off-state dark
current of oxide-based TFTs. In our previous work, a
perovskite—IGZO heterojunction phototransistor for visible
light detection was reported to have an off-state dark current
that is 1 order of magnitude higher than that of the IGZO-only
phototransistor.” Tak et al. also reported a similar off-state dark
current rising issue in the IGZO/perovskite phototransistor, in
which they reduced the thickness of the perovskite layer to
minimize the dark current rising.”* The rise of off-state dark
current can be ascribed to the extra defects at the back channel
of the oxide TFT created during perovskite deposition, or to
the bypass channel created by direct contact of the perovskite
layer with the source and drain electrode. Therefore, care must
be taken to minimize these negative effects when bringing the
perovskite on top of oxide TFTs.

Here, we introduce a [6,6]-phenyl C61-butyric acid methyl
ester (PCBM) interlayer to protect the IGZO back channel,
while maintaining efficient charge transfer between the IGZO
and MAPbL,. [6,6]-Phenyl C61-butyric acid methyl ester
(PCBM) is a common electron-transporting layer that is
frequently used in perovskite-based solar cells and photo-
detectors.”””° It has been shown that C60 and its derivatives
may suffer from significant structural change on exposure to
UV or X-ray at extreme intensity, due to the photoablation
effect.”” ™ In our device configuration, PCBM is sandwiched
between the perovskite and the IGZO layer. The perovskite
with a high absorption coeflicient for incoming light can
protect the bottom PCBM and IGZO layers from irradiation
damage. The phototransistor is also designed with patterned
perovskite and a bottom source/drain contact structure to
avoid leakage current. A new type of perovskite—IGZO
phototransistor is successfully achieved with suppressed dark
current and enhanced detectivity.

2. EXPERIMENTAL SECTION

2.1. Device Fabrication. To fabricate the coplanar structured
IGZO TFT, 30 nm-thick molybdenum used as source/drain
electrodes were deposited on a clean P++-doped Si wafer coated
with 300 nm SiO, and followed by a photolithographic lift-off process.
A 40 nm-thick IGZO film was deposited and then patterned by wet-
etching to define the channel. At last, the devices were annealed in a
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furnace in O, atmosphere at 250 °C for 1 h. The channel length (L)
and width (W) were 60 and 600 um, respectively. To fabricate the
PCBM interlayer, a 20 mg mL™" solution of PCBM was synthesized
by dissolving PCBM in dichlorobenzene and heating at 70 °C
overnight. The PCBM solution was spin-coated on the substrate at
2000 rpm for 40 s and then annealed on a hot plate at 100 °C for 10
min. To fabricate the perovskite capping layer, 200 nm-thick
patterned Pbl, was thermal evaporated using a shadow mask and
followed by spin-coating MAI solution at 3000 rpm for 40 s and then
heated on a hot plate at 100 °C for 30 min. The 30 mg mL™" solution
of MAI was synthesized by dissolving MAI in isopropanol and heating
at 70 °C overnight.

2.2. Characterization. The surface morphology of the perovskite
films was observed using a scanning electron microscope (SEM, Carl
Zeiss SUPRA S5 and VEGA3 TESCAN). The UV—visible absorption
spectrum was measured by a UV—vis spectrophotometer (Shimadzu
UV-2600). X-ray diffraction pattern data were collected with a Bruker
D8 Advance diffractometer with nickel-filtered Cu Ka radiation
(1.5406 A) operating at 40 kV and 40 mA. Photoluminescence (PL)
spectra were obtained using a 1 K series He—Cd laser. Electrical
characteristics and photoresponse of the phototransistors were tested
using an Agilent B1500 semiconductor parameter analyzer under dark
and illuminated conditions. Lights of various wavelengths were
provided by a S00 W Xenon arc lamp and Monochromators (Zolix
Omni-4). The incident optical power was measured by a high-
sensitivity power meter (Newport 818-UV-DB).

3. RESULTS AND DISCUSSION

Figure 1la illustrates the device structure of the perovskite—
IGZO hybrid phototransistor with a PCBM interlayer. A
schematic of the fabrication process can be found in Figure S1.
To fabricate the device, first, a bottom gate bottom contact
IGZO TFT was fabricated with 60 ym channel length (L) and
600 pm width (W). Then, a PCBM interlayer (~30 nm) was
deposited by spin-coating. Next, a patterned Pbl, layer with an
area of 600 ym X 1000 ym was thermal evaporated on top of
the IGZO channel region, followed by spin-coating the MAI
precursor, and annealing at 100 °C to form a patterned
MAPbI; perovskite photoabsorbing layer. The optical micros-
copy image of the device is shown in Figure 1b. In such a
configuration, the patterned perovskite acts as the light
absorber without contacting the source/drain electrode,
which is supposed to guarantee a low off-state dark current
for the IGZO TFT. The surface morphology of the resultant
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compact MAPDI; layer is shown in Figure 1¢, which comprises
of large crystal grains in the range of hundreds of nanometers.
UV—vis absorption spectra of MAPbI; and PCBM are shown
in Figure 1d. The MAPbI; top layer with an absorption
coefficient much higher than that of PCBM would, therefore,
absorb most of the incident photons from the ultraviolet to
visible region (from 350 to 780 nm). Figure le compares the
PL intensity of a perovskite-only thin film and a perovskite/
PCBM thin film. It can be observed that the PL intensity of the
perovskite layer is significantly quenched when a PCBM layer
is inserted, which shows that photogenerated charge
(electrons) can be effectively transferred from MAPbI; to
PCBM. A similar charge-transfer process was reported from
the PCBM layer to the IGZO layer in previous investigations."

To verify the importance of the perovskite-patterning steps
and of the PCBM interlayer, hybrid IGZO phototransistors
without a PCBM interlayer were fabricated by spinning the
perovskite layers onto the IGZO TFT. As shown in Figure 2,
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Figure 2. Transfer characteristics (V3 = 2 V) of pristine TFT, the
patterned perovskite/PCBM/TFT device, the unpatterned perov-
skite/TFT device, and the patterned perovskite/TFT device.

capping the perovskite by the spin-coating process severely
deteriorates the performance of a phototransistor. By the spin-
coating process, the contact between the perovskite and the
source/drain is unavoidable, which could be one of the
possible reasons for the large leakage current. Nonetheless, the
patterned perovskite without the PCBM interlayer still causes a
significant rise in the off-state drain current, which could
probably be due to the extra defects at the back channel of the
IGZO TFT created during perovskite deposition. To identify
which perovskite fabrication step and composition (MA* or
17)*%*" is responsible for the deterioration of the IGZO TFT,
further investigations were carried out by depositing both
patterned and unpatterned Pbl, or MAI layer at the back of the
IGZO channel. In Figure S3a, it can be found that both
unpatterned spin-coated Pbl, film and MAI film can cause
serious deviation of the transfer characteristics from the
pristine IGZO TFT, whereas with the patterning process, as
shown in Figure S3b,c, the patterned MAI layer brings
significantly higher damage on the IGZO TFT than the
patterned Pbl, layer. From these results, it can be concluded
that MA™ is the main reason for causing the malfunction of the
IGZO TFT. To counter this problem, an interlayer is required

for effective charge transportation and restriction of MA™ ion
migration from the perovskite layer. Figure S3d shows that by
inserting a PCBM interlayer and patterning the MAIL a good
transfer characteristic (Id—Vg) with a fair on/off current ratio
and low off-state current can be achieved from the IGZO
phototransistor.

The details of the TFT device parameters with and without a
perovskite/PCBM capping layer is shown in Table 1, where Vy,
denotes the threshold voltage and S.S stands for the
subthreshold swing of the TFT (for the extraction method,
refer to Figure S2). The off-state dark current of the hybrid
phototransistor reaches 2.36 X 107" A when biased as —5 V,
leading to an on/off current ratio I,,/I¢ of 10, which is
comparable to that of pristine IGZO TFT without perovskite/
PCBM capping layers, and is much smaller than those of most
of the reported IGZO-based phototransistors (see Table S1).

To evaluate the photodetection performance of the
perovskite—IGZO phototransistor, the transfer characteristics
(Iq—V,) of the perovskite—IGZO phototransistors under the
illumination of different wavelengths of monochromatic light
and under different illumination intensities are presented in
Figure 3a,b, respectively. The device shows a wide response
from the ultraviolet to visible region in Figure 3a, with an
obvious decrease in the photocurrent at ~800 nm, which is
close to the bandgap of the perovskite capping layer. Besides,
the device even shows a remarkable photocurrent in the on-
state region, where the gate bias voltage is bigger than the
threshold voltage (Vg > Vy), when illuminated with a
wavelength shorter than 700 nm. It is noted that the change
of current with wavelength (350—700 nm) at Ve=-5Vis
different from that at V, = 15 V. For example, when
illuminated at 350 nm, the photocurrent of perovskite/IGZO
TET is the lowest at V, = =5 V and becomes the highest at V,
= 15 V as shown in Figure 3a. It is suspected that this
phenomenon is related to the optical absorption length and the
carrier drift/diffusion mechanism in the perovskite layer. When
the perovskite layer is illuminated under short-wavelength
light, most of the photogenerated electron hole pairs are
created at the top surface of the perovskite layer. Under
negative gate bias, the photogenerated electrons have to diffuse
a long distance across the whole perovskite layer to reach the
PCBM interlayer, which leads to heavy recombination loss
during diffusion. In contrast, when operated at V, = 1§ V, the
applied positive bias could attract the electrons to drift to the
bottom interface, which effectively reduces the photogenerated
carrier recombination loss, resulting in a higher current under
short-wavelength light illumination. For longer wavelengths,
due to the long optical absorption length, the photogenerated
carriers are created in the whole perovskite layer. In this case,
the average carrier diffusion distance is within the diffusion
length, and the effect of gate bias on the on-state photocurrent
is then not as significant as that in the case of short-wavelength
illumination. Figure 3b shows the transfer characteristics of the
perovskite—IGZO phototransistor when illuminated under 550
nm with the light intensity varying from 0.008 to 0.754 mW
cm™2 Tt can be found that the hybrid phototransistor responds

Table 1. IGZO TFT and Perovskite—IGZO Phototransistor Parameters

structures Vi (V)
1GZO —-1.04 + 1.13
MAPbL,;/PCBM/IGZO —0.33 + 0.98

S.S (V dec™) Ig (A) I, (A)
0.25 + 0.06
1.92 + 0.05

(671 + 2.0) x 1072
(236 + 1.1) x 107"

(1.96 + 0.1) x 1077
(295 + 0.1) x 1077
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Figure 3. Transfer characteristics of (a) perovskite—IGZO phototransistors under various wavelengths of incident light and (b) different incident
light intensities at S50 nm (V3 = 2 V). (c) Schematic of the energy-band diagram of MAPbI;, PCBM, IGZO, and the photogenerated charge
transportation (data are adapted from refs 1 and 2). (d) Schematics of the photodetection mechanism of perovskite—IGZO hybrid phototransistors
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10 V; (d) transient response of perovskite—IGZO phototransistors to 350 nm light with a rise time less than 25 ms and fall time less than 50

well to the weak light signal due to its low off-state dark
current, and the photoinduced drain current increased linearly
with the incident light intensity when the TFT operates at the
off-state (V, < V).

A device working mechanism of the perovskite—IGZO
hybrid phototransistors is proposed and sketched in Figure
3c—e. When operated at V, < Vy, the transistor is working in
the turn-off regime. The free carrier-depleted IGZO channel
leads to the low drain current in the dark. When illuminated,
excitons would be generated in the perovskite photoabsorbing
layer. Meanwhile, due to the low exciton-binding energy,
excitons can be easily separated into free carriers in the
perovskite thin film or at the perovskite/PCBM interface.*”

44147

However, the deep LUMO level of the PCBM layer and the
valence band of IGZO would block the photogenerated holes,
as sketched in Figure 3c. The band alignment only allows the
transportation of photogenerated electrons from the perovskite
to the back channel of IGZO via the PCBM interlayer, whereas
holes are blocked and accumulated in the perovskite layer.
Vertically, the device is similar to the open-circuit condition of
a solar cell without the hole transport layer; the holes remain in
the perovskite and the electrons are accumulated at the bottom
of the PCBM and are responsible for the current at the back
channel of IGZO TFT.**** As the gate is negative biased, the
electron will be repelled from the IGZO/SiO, interface; it is
suspected that the transferred electron would only travel at the
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back channel of the IGZO TFT. When operated at on-state
(Vg > Vy), electrons start to accumulate at the IGZO/SiO,
interface in the dark, creating a conductive path known as a
front channel. Upon illumination, the photogenerated
electrons from the perovskite layer would add to the electron
concentration at the accumulation region, leading to an
increase in the on-state current.

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

~ Laeph — Lada
P

mn

(1)

e R

(Zqu—dark/A)l/z (2)
where Iy, and Iy g, are the drain current under illumination
and dark condition, respectively, P; is the power of the
incident light, q is the elementary charge (1.6 X 107" C), and
A is the effective area of the detector. Equation 2 is valid when
the shot noise is assumed to be mainly from the dark current.*
As shown in Figure 4a, the perovskite—IGZO hybrid
phototransistor shows a decent and stable responsivity larger
than 10 mA W', when Vg is biased at —5 V for wavelengths
between 350 and 750 nm, reaching a maximum value of 244.3
mA W' at 550 nm under a power density of 0.754 mW cm ™.
The responsivity is about 1 order of magnitude larger when V,
is biased at V, = 15 V due to a larger photocurrent. Compared
with the IGZO phototransistor, due to the photoabsorption of
the perovskite layer, the perovskite/IGZO phototransistor
shows light-detecting ability to near-infrared light (800 nm).
The responsivity of the perovskite—IGZO hybrid photo-
transistor is comparable to some reported IGZO-based hybrid
phototransistors like MoS,/IGZO or other perovskite photo-
detectors.'""”

The detectivity of the perovskite—IGZO hybrid photo-
transistor reaches 1.35 X 10'* Jones at 550 nm under the
power intensity of 0.754 mW cm™, which is more than 2
orders of magnitude higher than the previously reported
MAPbI,/IGZO hybrid phototransistor (D* = 9.5 X 10° J) due
to the lower dark current in off-state.”

The linearity of the photoresponse to the light intensity of a
photodetector is often characterized by linear dynamic range
(LDR), which can be expressed as

Iph—max

LDR = 20 log 3)
3

Idark
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Here, I ma is the maximum photocurrent within the linear
region. The calculated LDR at 550 nm is 59 dB, as shown in
Figure 4b. The calculated LDR is much larger than that of our
previously reported nonpatterned hybrid device (31 dB) due
to the reduced dark current.” The LDR of the perovskite—
IGZO phototransistor is currently limited by the maximum
power intensity of our light source. As most of the
photocurrent at the TFT on-state region is saturated at
around 1077 A, the theoretical maximum linear photocurrent is
estimated to be in the same order, which gives a theoretical
LDR of around 80 dB.

The transient responses of the perovskite—IGZO photo-
transistor were measured by periodic illumination with an on/
off interval of 10 s. The perovskite—IGZO hybrid photo-
transistor was measured at V4 = 2 V and V; = —10 V under
illumination with a light intensity of 0.707 mW cm™ at 350
nm. The rise time or fall time is defined as the time interval
between 10 and 90% of the peak value of the photocurrent
when the light is on or off. As shown in Figure 4c, for the
IGZO TFT, the drain current decays slowly after the light is
turned off (more than 10 s) and it increases rapidly after
several periods of illumination. This is known as the persistent
photoconductivity (PPC) phenomenon, which is caused by the
ionization of oxygen vacancy sites under the light, especially in
the ultraviolet region.” The transient response of the
perovskite—IGZO hybrid phototransistors to 350 nm light in
one period is shown in Figure 4d. After capping the perovskite
light absorber, the phototransistor features a fast transient
response with an abrupt rise and fall time within tens of
milliseconds and the characteristic remains unchanged for a
long measurement time. To further exclude the effect of the
photoresponse of IGZO, the transfer characteristics of IGZO
transistors under visible light with the wavelength ranging from
450 to 700 nm were measured and are shown in Figure S4a;
the photoresponse effect of the IGZO phototransistor at V, =
—5 V to light longer than 500 nm becomes negligible. We
further tested the transient response of the perovskite/IGZO
device under 550 nm light with V, = =5 V and V4 =2V,
which is shown in Figure S4b. The perovskite/IGZO
phototransistor exhibits a similar fast transient response
features with an abrupt rise and fall time of less than 40 and
28 ms.

Details of the performance parameters of some reported
photodetectors are listed in Table S1. The fast transient
response comes from the effective transportation of electron
form MAPDI; to IGZO via the PCBM interlayer. Besides, the
PPC phenomenon of the IGZO under illumination is
prevented, as most of the incident light is absorbed by the
MAPDbI; light absorber.
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The noise current level of the photodetector is another key
parameter that deserves to be investigated, especially when
designing a readout circuit for the photodetectors that would
amplify the noise signal as well. Here, the low-frequency noise
(LEN) characteristics of the pristine TFT and the perovskite—
IGZO phototransistor under positive and negative gate bias are
compared in the frequency range of 1 Hz to 1 kHz. In Figure
Sa, both the pristine IGZO TFT and the perovskite—IGZO
TFT show a noise level close to the equipment’s background
white noise when V, = —S V. This is probably due to the
extremely low dark current level obtained from the TFTs. In
contrast, the normalized drain-current noise spectral densities,
Sip/Ip, fit well to the 1/f relationship as shown in Figure 5b,
which indicates that the low-frequency noise of drain current
of IGZO TFT and perovskite—IGZO TFT obeys the classical
1/f noise theory. The obtained data agree well with the
previous study on the LEN characteristics of IGZO TFTs.***
The above results indicate that the integration of MAPbI, light
absorption layer does not affect the LEN characteristic of the
underlying IGZO TFTs.

To further reduce the off-state drain current and increase the
stability, we also investigated the effect of the blended
PCBM:PMMA interlayer (poly(methyl methacrylate)
(PMMA) wt = 25%). Compared with the PCBM thin film,
the PMMA polymer can form a relatively more compact gel-
like thin film during the spin-coating process. An interlayer
with a mixture of the appropriate proportion of PCBM and
PMMA could form a compact conductive composite polymer
that protects the IGZO transistor from potential ion-diffusion
damages during the perovskite fabrication process. Thus, the
perovskite/IGZO TFT with a PMMA/PCBM layer can
maintain a dark off-state current level similar to that of the
original IGZO TFT. Besides, since IGZO is sensitive to
moisture, PMMA can help encapsulate the bottom IGZO
TFT. The transfer characteristic of the PCBM:PMMA
interlayered device is shown in Figure 6: the off-state drain
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Figure 6. Transfer characteristics (Vg 2 V) of a patterned
perovskite/PCBM:PMMA/IGZO TFT device under dark and light
illumination.

current of the PCBM:PMMA device is almost the same as that
of pristine IGZO TFT. The result shows that the
PCBM:PMMA interlayer can further restrain ion diffusion
from perovskite to IGZO and thus leads to a lower off-state
drain current. However, the mixture of PMMA decreases the
electric conductivity of the interlayer, which leads to the
reduced photocurrent. The blended PCBM:PMMA interlayer
provides a way to further optimize the device by adjusting the
proportion of PMMA to compromise the dark off-state drain
current and photocurrent to get better responsivity and
detectivity.
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4. CONCLUSIONS

In conclusion, we demonstrated a high-performance perov-
skite—IGZO hybrid phototransistor with suppressed dark
current, broad-spectrum response, and a fast transient response
time. The device exhibits a sensitive response from ultraviolet
to visible light and extends its sensing ability to the near-
infrared region when operating in the off-state region. It also
obviates the persistent photoconductivity behavior of metal
oxide phototransistors in the ultraviolet region with a fast
transient response within tens of milliseconds. The dark
current of the device remains at a remarkably low value of 10
pA, which is smaller than that of most of the reported
photodetectors. The performance parameters of the perov-
skite—IGZO hybrid phototransistor is comparable to or even
better than the reported perovskite photodetectors or IGZO-
based phototransistors. This work provides a new way to
integrate a light absorber with a metal oxide semiconductor in
the photodetection area, which has great potential applications
in low-cost and flexible image sensors.
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