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Flexible Quasi-2D Perovskite/IGZO Phototransistors
for Ultrasensitive and Broadband Photodetection

Shali Wei, Fang Wang, Xuming Zou,* Liming Wang, Chang Liu, Xingqiang Liu,

Weida Hu, Zhiyong Fan, Johnny C. Ho,* and Lei Liao*

Organic—inorganic hybrid perovskites (PVKs) have recently emerged as attractive
materials for photodetectors. However, the poor stability and low electrical con-
ductivity still restrict their practical utilization. Owing to the quantum-well fea-
ture of two-dimensional (2D) Ruddlesden—Popper PVKs (2D PVKs), a promising
quasi-2D PVK/indium gallium zinc oxide (IGZO) heterostructure phototransistor
can be designed. By using a simple ligand-exchange spin-coating method, quasi-
2D PVK fabricated on flexible substrates exhibits a desirable type-Il energy band
alignment, which facilitates effective spatial separation of photoexcited carriers.
The device exhibits excellent photoresponsivity values of >10° A W' at 457 nm,
and broadband photoresponse (457-1064 nm). By operating the device in the
depletion regime, the specific detectivity is found to be 5.1 x 10"® Jones, which

is the record high value among all PVK-based photodetectors reported to date.
Due to the resistive hopping barrier in the quasi-2D PVK, the device can also
work as an optoelectronic memory for near-infrared information storage. More
importantly, the easy manufacturing process is highly beneficial, enabling large-

In the past decade, high-performance,
low-cost, and robust photodetectors have
become one of the key components for
a wide range of commercial systems,
including environment and security moni-
toring,[!! wearable electronics,?! free-space
communications,®l and biomedical diag-
nostics, etc. As inspired by these appli-
cations, various emerging materials, such
as quantum dots,’! carbon nanotubes,®!
graphene,/l and transition-metal dichal-
cogenides,®l are extensively explored for
the efficient photodetection. In particular,
organic—inorganic  hybrid  perovskites
(OHPs) are lately considered as the supe-
rior light-harvesting materials for photode-
tectors owning to their unique advantages
of high optical absorption coefficient, long

scale and uniform quasi-2D PVK/IGZO hybrid films for detector arrays with
outstanding ambient and operation stabilities. All these findings demonstrate
the device architecture here provides a rational avenue to the design of next-
generation flexible photodetectors with unprecedented sensitivity.
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exciton diffusion length, and low binding
energy of exciton.’-!! Although these
OHP materials can be easily prepared by
cost-effective  solution-based processes
to meet the ever-increasing consumer
demands for large-area and flexible opto-
electronics, their photodetectors usually
exhibit the relatively low responsivity because of the limited
carrier mobility as well as the absence of photoconductive gain
(G) mechanism that can induce multiple charge carriers by one
incident photon.

In order to tackle these insufficient device performances,
hybrid phototransistors by simply integrating perovskites
(PVKs) with different 2D materials (e.g., graphene,!2 black
phosphorus,3'% MoS,,""l and WSe,[')) have been proposed
and demonstrated. By using these hybrid heterostructures,
upon illumination, the photoexcited charge carriers can be spa-
tially separated at the hetero-interface in order to prolong their
carrier lifetimes, which subsequently improves the photocon-
ductive gain of the system. However, there are still significant
concerns regarding the high fabrication cost and low produc-
tion yield of 2D materials for the realization of such photode-
tectors. At the same time, due to the low formation energy,
PVK photodetectors are generally susceptible to degradation
upon air and moisture exposure. In this case, tremendous
efforts have then been invested to explore effective approaches
to enhance the ambient-stability of these devices.l'”'¥l Among
many latest advances, recent breakthroughs in achieving the
2D Ruddlesden—Popper phase of PVKs with the chemical for-
mula of (RNH;),(A), 1M, X3,,1, where RNHj is a large size or
long-chain organic cation, A is a regular cation, M is a divalent
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metal cation, and X is a halide, are promising.’*24 These 2D
PVKs can still be solution-processed and uniquely come with
the quantum well structure formed by lead halide layers sepa-
rated by hydrophobic organic cation spacer layers. Importantly,
they have been illustrated with the exceptional robustness when
they are configured into optoelectronic devices due to their
excellent intrinsic chemical- and photostability.

In this article, we demonstrate a hybrid and cost-effective
quasi-2D perovskite/indium gallium zinc oxide (quasi-2D
PVK/IGZO) heterostructure phototransistor fabricated on a
poly(ethylene terephthalate) (PET) substrate, in which this
flexible device utilizes the ordered quantum well features of
quasi-2D PVKs to obtain the ultrasensitive and highly stable
photodetection. To be specific, a simple but robust ligand
exchange method is employed to achieve the desired type-II
energy band alignment of this device in the direction perpen-
dicular to the substrate, ensuring the efficient spatial separation
of photoexcited carriers. Meanwhile, the top IGZO film can
function as a capping layer to prevent the underneath PVK from
atmosphere exposure such that a superior stability is resulted
in these PVK photodetectors. In this regard, this heterostruc-
ture phototransistor exhibits the ultrahigh specific detectivity
(5.1 % 10 Jones), broadband photoresponse (457-1064 nm),
and unique photo-induced memory characteristics. All these
results clearly indicate that the hybrid systems based on 2D
PVKs are promising architecture to achieve high-performance
and flexible photodetectors for practical applications.

The mechanically flexible quasi-2D PVK/IGZO phototran-
sistor configured with the bottom-gate structure is sche-
matically illustrated in Figure 1a. In details, the device channel,
consisting of the bottom PVK light absorption layer and the
upper IGZO carrier transport layer, is placed on top of the
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Al,O; dielectric layer. In this work, the 2D PVK is chosen to
have the chemical formula of (PEA),(MA), Pb,I;,.;, where
PEA* refers to CgHoNH;*, MA* represents CH3;NH;", and n
defines the lead iodide octahedral layers between two PEA*
organic spacers. Generally, phototransistors utilize the photo-
gating effect to achieve a high gain (G) according to the fol-
lowing equation!?’]

G= Tlifetime (1)

Tlransit

where 7., denotes the transit time of carriers transporting
within the channel and Tjggme denotes the lifetime of trapped
photocarriers. It is apparent that one can enhance the ratio of
Tiifetime/ Twansic 1 0rder to obtain the photoconductive gain. Since
the Ty, value is inversely proportional to the carrier mobility
of channel material, integrating the IGZO here with the much
higher carrier mobility than the one of PVK would be benefi-
cial for reaching a high G in our devices (Figure S1, Supporting
Information). In addition, increasing the Tjpqme value would
give the sufficient spatial separation of photoexcited electron—
hole pairs to reduce recombination. As a result, a graded distri-
bution of quasi-2D PVK quantum wells with type-II band align-
ment is highly favorable for high-gain phototransistors.
Impressively, when the 2D PVK film is prepared by conven-
tional spin-coating, the inorganic layers composed by metal
halides tend to extend parallel to the substrate plane, resulting
in a unique cascaded structure of organic-inorganic alternating
layers.?#?5] In other words, this 2D PVK film can be consid-
ered naturally as a multiple quantum well structure, where the
insulating organic layers serve as the “barrier” and the semi-
conducting inorganic layers work as the “well.”* In this case,
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Figure 1. Operational mechanism of the quasi-2D PVK/IGZO heterostructure phototransistor. a) Schematic illustration of the quasi-2D PVK/IGZO
phototransistor. b) The cross-section schematic of the device with different n values. Here, the 3D PVK structure is equivalent to n = . c) Energy level
alignment of the quasi-2D PVK/IGZO phototransistor, illustrating a slope existed in the energy band for the efficient photoexcited carrier separation.
d) Schematic of the photoexcited charge transfer process in an ordered type-Il energy band alignment. The photoexcited electrons would transfer from
PVK into IGZO, while the hopping barrier in quasi-2D PVK quantum wells can hinder the photoexcited carrier recombination.
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these quasi-2D PVKs with increasing n values would stack in a
direction perpendicular to the substrate, offering the desirable
band structure with type-II energy band bending (Figure 1b).
This ordered distribution of 2D PVKs then results in a directed
electron flow from low-dimension to high-dimension PVKs
with the hole carriers flowing in an opposite manner. Simul-
taneously, simply by tuning the n values, the band structure
of 2D PVKs would also change accordingly (Figure 1c).?%! The
conduction band minimum (CBM) is expected to increase with
n, which allows the photoexcited electrons to be transferred
efficiently from PVK into IGZO (Figure 1d). Meanwhile, the
valence band maximum of all 2D PVKs is lower than that of
IGZO, enabling the holes to move toward the Al,0;/PVK inter-
face. Furthermore, the hopping barriers are arranged in an
orthogonal orientation that hinders the photoexcited carrier
recombination and thus improves the photosensitivity greatly.
Regarding the device fabrication, the process flow of these
flexible quasi-2D PVK/IGZO heterostructure phototransistor
is illustrated in Figure 2a with the details described in the
Experimental Section. Briefly, a 50 nm thick indium tin oxide
(ITO) bottom-gate electrode was first deposited onto the PET
substrate by magnetron sputtering. Then, a 100 nm thick
Al,O; dielectric layer was grown using atomic layer deposition
(ALD), followed by the spin coating of quasi-2D PVK. Subse-
quently, an IGZO film was deposited with low-temperature
magnetron sputtering to cover the PVK entirely. Here, although
the finished quasi-2D/IGZO film exhibits a slightly increased
root-mean-squared (RMS) surface roughness caused by the
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low-temperature magnetron sputtering, X-ray diffraction (XRD)
measurements indicate that there is not any noticeable lat-
tice damage induced to the PVK film (Figure S2, Supporting
Information). Finally, Cr/Au (15/50 nm) contact electrodes
were patterned using thermal evaporation. The length (L) and
width (Wg,) of the IGZO channel are fixed to be 80 and 80 um,
respectively. It is worth noting that we obtained the desired
quasi-2D PVK film through a two-step ligand exchange method
(Figure 2a). At the first step, 30 uL of 2D PVK precursor solu-
tion, PEA,(MA),Pbsl,y (n = 3), preheated at 100 °C was spin-
coated onto the substrate at 4000 rpm for 1 min. During this
process, 5 UL of 3D PVK precursor solution, MAPbI; (n = o),
preheated at 100 °C was dripped onto the substrate. Under the
thermal energy action, the 3D PVK component is expected to
diffuse into the 2D PEA,(MA),PbsI;y PVK to constitute a ver-
tical gradient of n values, achieving the above-mentioned type-
II band alignment. The optical absorption spectrum of the
obtained quasi-2D PVK film is shown in Figure S3 (Supporting
Information). The distinctive bleach peaks indicate that the
spin-coated quasi-2D PVK thin film comprises multiple phases
with varying n values.

To shed light onto the phase distribution of this quasi-2D
PVK film, photoluminescence (PL) spectra measurements
are performed with two different incident light directions
(Figure 2c). The 457 nm laser beam is either impinged through
the PVK side (i.e., front excitation) or through the glass side
(i-e., back excitation). The dominant PL spectra of three dif-
ferent PVK films (i.e., 2D PEA,(MA),Pbsl;, quasi-2D PVK, and
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Figure 2. The preparation process and characterization of the 2D PVK/IGZO heterostructure phototransistor. a) The fabrication process of a flexible
quasi-2D PVK/IGZO heterostructure phototransistor on a transparent PET substrate. b) Photograph of a typical flexible quasi-2D PVK/IGZO phototran-
sistor under a bending state. c) The semilog scale curves of PL spectra of the 2D PVK, quasi-2D PVK, and 3D PVK illuminated from the back and front
sides of the films; excitation at 457 nm. d) PL spectra of the quasi-2D PVK and quasi-2D PVK/IGZO films with a linear scale.
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Figure 3. Measured ionic migration in 3D PVK and quasi-2D PVK films. a) Transfer characteristics of pristine IGZO, quasi-2D PVK/IGZO, and 3D PVK/
IGZO phototransistors, respectively. b) The schematic illustration of a representative charging—discharging process for PVK device measured at 290 K.
c) The temporal response curves under an external bias of 0.1 V for the 3D PVK film device in the dark. d) The temporal response curves under an
external bias of 0.1 V for the quasi-2D PVK film device in the dark. €) Arrhenius plot of the ion decay rate 1/t extracted from (c). The solid line presents
the corresponding linear fitting result. f) Arrhenius plot of the ion decay rate 1/7 extracted from (d). The solid line presents the corresponding linear

fitting result.

3D MAPDI;) are corresponded to the radiative recombination
of the n = o phase. In comparison with the 2D PVK, a redshift
of the dominant peaks in quasi-2D and 3D PVKs are witnessed
(765, 775, and 794 nm for 2D, quasi-2D, and 3D PVK, respec-
tively), which implies an increase of the n values. This increased
dimensionality results in a reduced bandgap due to the weaker
dielectric confinement, indicating that different phase distribu-
tion is indeed achieved in the quasi-2D PVK. Moreover, for the
2D PVK of PEA,(MA),Pb;l,,, additional PL peaks arising from
the PVK phases of n =1, 2, 3, and 4 are observed under both
front and back excitation. On the contrary, the quasi-2D PVK
exhibits a complete elimination of these minor emission peaks
under front excitation. In view of the shallow penetration depth
of 457 nm laser, these observations suggest that the phases
with small n values are mainly located near the bottom surface
while the ones with large n values are positioned toward the
upper surface of the quasi-2D PVK film. This particular ordered
phase distribution is anticipated to promote the directional
photocarrier transport within the PVK film, in which this spec-
ulation is later confirmed by the PL measurement of quasi-2D
PVK and quasi-2D PVK/IGZO heterostructure (Figure 2d). In
contrast with the PVK-only film, a remarkable PL quenching of
exceeding 95% is observed in the quasi-2D PVK/IGZO hetero-
structure under the same experimental condition, which serves
as a direct evidence for the efficient separation of photoexcited
carriers at the quasi-2D PVK/IGZO interface.

At present, the hysteresis issue of PVK devices still attracts
the extensive attention because of its negative influence of the

Adv. Mater. 2020, 32, 1907527 1907527

scanning direction on the current-voltage curves of devices,
which prevents the accurate evaluation of device performance
and at the same time induces the premature device failure.?’-%’
Figure 3a demonstrates the typical transfer curves of IGZO,
quasi-2D PVK/IGZO, and 3D PVK/IGZO PVK phototransistors,
respectively. The scanning direction of gate bias is first manipu-
lated from negative to positive voltages, and then back to negative
voltages. For the IGZO device, the hysteresis loop is observed
along the clockwise direction that can be attributed to the trap-
ping of electrons from gate-induced high-conduction channels
into immobile localized states. Accordingly, the device threshold
voltage would shift toward the positive direction. On the other
hand, by inserting a PVK layer between the IGZO and Al,0; die-
lectric, the hysteresis loop turns into the anticlockwise direction.
Apparently, this anticlockwise hysteresis cannot be explained by
the trapping of negative charges into localized states. Previous
studies have demonstrated the electric field-induced ion migra-
tion in perovskites.?83%311 When PVKs are directly interfaced
with the IGZO layer, there would be additional electric field
caused by the directionally mobile ion under gate bias to induce
additional charges in the IGZO channel, leading to the enhanced
channel current with the anticlockwise hysteresis. If the electric
field-driven ion migration is suppressed, then we can employ
a larger gate bias to modulate the channel conductivity. In this
case, the hysteresis window is found to be 1.8 V for IGZO, 2.1 V
for quasi-2D PVK/IGZO, and 13.5 V for 3D PVK/IGZO devices,
respectively. The smaller hysteresis observed for the quasi-2D
PVK device implies a weakened ion migration there.

(4 of 9) © 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Optoelectronic characteristics of the 2D PVK/IGZO heterostructure phototransistor. a) Transfer characteristic curves under different Pjgp
values at Vg = 2 V. The inset shows the the light-to-dark current ratio under different Py, values. b) Output characteristic curves under different Pjgp,
values at Vo = =7 V. ) Vg and Py dependent responsivity extracted from transfer characteristic curves in (a). d) The I, values plotted as a function
of incident power. The inset shows the extracted exponent o for different V,, values. e) Noise analysis of the IGZO-PVK phototransistor extracted from
the Fourier transform of the dark current. f) Transfer characteristic curves under different wavelength lasers.

Furthermore, in OHPs, it is well known that the ion diffusion
Dbarrier depends primarily on the rotation and orientation of nearby
organic molecules toward the electric field direction. Here, the
weakened structural relaxation in quasi-2D PVK by long-chain cat-
ions is expected to suppress the ion migration greatly. In order to
quantitatively understand the ion migration process, we utilize the
method demonstrated by Duan et al. to perform electrical meas-
urements on vertically stack Au/PVK/Au devices.’?l Figure 3b
illustrates the schematic diagram of the activation energy extrac-
tion for ionic migration in PVK. After exerting an external bias to
the device, an obvious current spike is observed due to the much
faster drift speed of electrons/holes than ions. At the same time,
anion and cation vacancies (e.g., V}, Vpp, and so on) also get drifted
along the external electric field direction and gradually accumu-
lated close to Au electrodes, resulting in an internal electric field.
This developed field would then weaken the external electric field
and reduces the electron/hole current until a stable equilibrium
achieved. Once the external bias is removed, the accumulated ions
would move again to restore the initial distribution because of
the concentration gradient, leading to a reverse decaying current.
According to the decay rate, we can extract the ion transport acti-
vation energy (see the Experimental Section for details). The acti-
vation energy is estimated to be 278.9 meV for 3D PVK MAPbI;
(Figure 3c-e), slightly different from that of previous report.l?’
In contrast, the quasi-2D PVK exhibits a much higher activation
energy of 427.4 meV (Figure 3d—f), indicating the ion migration in
our quasi-2D PVK indeed more difficult and get suppressed.

Based on the quasi-2D PVK quantum well structure with
desirable type-II energy band bending as well as the suppressed
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ionic migration, it is worth to investigate the performance limits
of these quasi-2D PVK quantum well/IGZO heterostructure
phototransistors. Figure 4a shows the device transfer curves
under different incident power at Vg = 2 V with V,, sweeping
from —10 to 10 V. The corresponding gate leakage curves are
given in Figure S4 (Supporting Information). In specific, even at
an ultralow power density of 0.08 fW cm™2, there is an obvious
threshold voltage shift of 3.3 V observed toward the negative
direction. In view of the n-type characteristics of IGZO, this
shift is typically referred to the trapping of photoexcited holes,
which is capable to modulate the capacitance of the IGZO
channel to induce the pronounced photogating effect. Figure 4a
inset displays the light-to-dark current ratio (Ijgne/lqan), Which
is a typical parameter employed to evaluate the degree of obtru-
sive noise. It is clear that the Ijgp/ Ig.r value gets increased with
the increasing incident light intensity (Pygp,), which exhibits a
maximum value of 3.3 x 10° at Pligh = 4.28 uW cm™2. Under
dark, the hybrid phototransistor is operated in an off-state for
Vgs = =6 V (Figure 4b). With light illumination, photoexcited
electrons are then injected into the IGZO channel, whereas the
device output current is amplified significantly by the photo-
gating effect.

Apart from that, we further characterize the photorespon-
sivity (R) as a function of gate voltage varying from —10 to 10 V
under different incident light powers (Figure 4c). In explicit,
the R value is defined as the following!*’]

_ Ilight _Idark — Iph
Plight S P light S

R (2)
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where I, denotes the photocurrent, and S represents the active
area of photodetector. It is expected that the responsivity grad-
ually decreases with the increasing light intensity, which is
attributable to the higher recombination rate of photoexcited
carriers in the PVK layer. When gate voltage is =0 V, R reaches
its maximum value of 3.1 x 10° A W~'. This value is three
orders of magnitude higher than the one previously reported
for graphene/3D PVK hybrid phototransistor, which evi-
dently demonstrates the superior performance achieved in our
devices. It is also noted that the responsivity gets monotonically
decreased as gate voltage decreases to —10 V or increases to
10 V. This V,, dependent responsivity can be explained with the
effective modulation of Schottky barrier height (SBH) and car-
rier density at the Cr/IGZO interface and in the IGZO channel,
respectively (Figure S5, Supporting Information). Under light
illumination, excitons or electron-hole pairs are generated effi-
ciently in the quasi-2D PVK layer and then swept at the quasi-2D
PVK/IGZO interface driving by the built-in electric field estab-
lished there. Subsequently, the photoexcited electrons would
transfer into the IGZO layer and circulate under the applied
source—drain bias, whereas the photoexcited holes are trapped
in the quasi-2D PVK layer, efficiently modulating the conduc-
tion of IGZO channel through capacitive coupling. At Vs =0V,
the Fermi level (Ef) of IGZO is close to the CBM due to n-type
doping induced by the quasi-2D PVK. The small SBH between
Cr electrode and IGZO enables the highly efficient photocurrent
generation, including both thermionic and tunneling current, to
yield a strong photogating effect. When turning the device into
an off-state by decreasing the Vi value, the Ep of IGZO would
shift down near the midgap and induces a large SBH value. This
hinders the photoexcited electron drifting to the external cir-
cuit to give a low photoresponsivity. In contrast, once the posi-
tive gate voltage is applied, the Er can move into the conduction
band and the IGZO device would operate in the saturation state.
This way, majority of the states with the conduction band are
occupied. Thus, a large amount of photoexcited carriers would
recombine in the PVK quickly, leading to a suppressed photo-
gating effect. To confirm the above-mentioned mechanism, we
plot the photocurrent as a function of Py, with different Vi
values (Figure 4d). The obtained curves can be fitted well with an
equation of Iy o< Pjigy where o is a constant. In general, o= 1
represents a pure photoconductive effect, while o < 1 indicates
the existence of a photogating effect.?l All extracted o values
are determined to be less than 1, which suggests the existence
of photogating effect. It is also observed that the variation of
o values is perfectly consistent with the device photoresponsivity,
reaching its minimum value of 0.56 at Vi = 0 V. This consist-
ency reveals that the photogating effect is the dominating mech-
anism responsible for the enhanced photocurrent in our devices.

Next, we assess the specific detectivity (D*) of our devices,
which is one of the figure-ofmerits for a photodetector in
detecting weak optical signals. The D* value can be evaluated

with the equation[3¢]
SB 1/2
D* = (SB) (3)
NEP
izfl/z
NEP ==
R “)
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where B denotes the bandwidth, NEP refers to the the noise
equivalent power, and 2" represents the RMS value of the
noise current. Figure 4e exhibits the iZ value measured at
different gate voltages in order to determine the detectivity. At
Vs =3V, the device displays a clear 1/fnoise component, while
a flat line of spectral noise density starts to emerge at Vy=-6V
due to the noise floor of the measuring instrument. The noise
level per unit bandwidth (1 Hz) of the phototransistor is meas-
ured to be 1.9 x 107, 1.1 x 107, 1.0 x 10719, and 2.4 x 10710
pA/Hz!'? under the operational gate voltages of —6, -3, 0,
and 3 V, respectively. Despite the highest responsivity value
at Vg = 0V, the detectivity exhibits its lowest value due to the
high noise at such high dark current. The D* value would then
get improved for the more negative gate voltage, reaching its
maximum value of 5.1 x 10' Jones at V,; = —6 V (Figure S6,
Supporting Information), where this D* value is already four
orders of magnitude higher than the one of traditional Si photo-
detectors (=4 x 10'2 Jones).’”] Such an ultrahigh detectivity can
provide a quantitative evidence that the device configuration
presented here is extremely suitable for the detection of small
optical input signals. In addition, to the best of our knowledge,
this detectivity of 10'® Jones constitutes the record high value
among all PVK-based photodetectors reported in the literature,
since our device design and performance are not limited by the
obstacles in achieving both high responsivity and low dark cur-
rent at the same time.

Although the above measurements are all focused on the
photoresponse to 457 nm light, it is also important to eval-
uate the spectral response of these photodetectors (Figure 4f).
Notably, the laser power intensity is fixed at 10.35 uW cm™
for all measurements here. It is obvious that the device gives
a high photoresponse to 457 nm light as well as to the light of
longer wavelengths. For the wavelengths beyond 760 nm, the
optical absorption of the PVK becomes relatively low, but the
responsivity of the device can maintain as high as 526 A W~ at
1064 nm (Figure S7, Supporting Information). This impressive
photoresponse in the near-infrared regime beyond the absorp-
tion edge of PVK can be attributed to the efficient excitation of
carriers from the valence band to the traps states within the
PVK bandgap, being similar to the extrinsic photoconductors
based on conventional semiconductors.38

Besides, memory devices are another important device
components in the electronic information industry.3>4° For
instance, the optoelectronic memory devices, which can con-
vert electromagnetic radiation into storable electric signals, are
extremely attractive for optical recording.*'=*3! Interestingly,
apart from photodetection, our photogate quasi-2D PVK/IGZO
heterostructure can also be employed for the photo-induced
memory applications (Figure 5a). In this case, in view of the
dominant role of near-infrared light in optical communica-
tion, night vision, and spectroscopy, we focus on character-
izing the near-infrared storage of our devices. When the laser
(15.6 uW cm2, 1064 nm) is illuminated onto the device, the Iy
rapidly increases to a maximum value with a writing time of 6 s
due to the process of programmed light signal. Then, it quickly
drops to an optimum value and reaches its photocurrent sta-
bility (Figure 5a inset). Such a sharp current rise can be attrib-
uted to the sudden increase of photoexcited electrons in the
IGZO channel when first exposing to light. The subsequent

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim



ADVANCED
SCIENCE NEWS

ADVANCED
MATERIALS

www.advancedsciencenews.com

www.advmat.de

a .. b c
o rh e
6V 10V 1084 ‘\ 107 | tght Pluss |
10 Initial
< r—— < 10° < ﬂ‘LF‘LL\
i= -8 = Bin2 M |
8 1071 g 910 After bend
5 510_10_ 510_7- er bending
(&) ) (6]
10-10 =
i
1071 | L“—L\
10-12 T T T T T T T 10'12 T T r
0 20 40 60 0 2 4 6 10 0 40 80 120
Time (s) Time (x10% ) Time (s)
Initial Iph (WA) After a month Ioh (MA)
15 L
1.0 1.0
0.5 0:5
0.0 0.0

Figure 5. The storage, flexibility, and stability characteristics of the 2D PVK/IGZO heterostructure phototransistor. a) Writing and erasing processes of
the device under infrared laser pulse (1064 nm) and V,, pulse, respectively. The power density of the infrared pulse is 15.6, 24.6, and 2672.2 uW cm™>
with a duration of 5 s. The inset indicates an instant increase of source—drain current when the gate voltage pulse is applied. The shade of blue rep-
resents the laser pulse. b) The charge storage stability of the photo-induced memory device. c) Program, storage, and erase of the infrared signal
before and after 300 bending cycles. d) Schematic illustration of a flexible 2D PVK/IGZO photodetector array for multipoint light distribution detection.
e) Photocurrent mapping of the photodetector arrays with the H-shaped mask. f) Photocurrent mapping of the photodetector arrays with the H-shaped

mask upon atmosphere exposure for 1 month.

current decrease and its current stabilization are probably due
to the traps existed in the slightly surface-roughened quasi-2D
PVK and IGZO films, where these traps can capture parts of
photoexcited carriers quickly. When the laser is turned off, the
enhanced I stays on a high level and shows a long relaxation
time, leading to a metastable state with high conductivity. This
metastable state can be ascribed to the hopping barrier estab-
lished in quasi-2D PVK, which induces the slow release of
photoexcited holes in the PVK layer as well as the suppressed
recombination of photoexcited carriers. Finally, the applied gate
bias is varied from —6 to 10 V for 0.03 s in order to erase the
stored optical signal such that the device can return to its non-
conducting initial state. This way, the entire process constitutes
a complete dynamic working cycle of an optoelectronic memory
device, including programming, storing, and erasing optical
signals. The schematic diagram of near-infrared memory oper-
ation and Vg pulse cancellation are shown in Figure S8 (Sup-
porting Information). We also achieve three distinct resistance
states programed by the light intensity modulation. Figure 5b
presents the retention time of photo-induced persistent photo-
current under a long measurement duration of exceeding 10* s.
It is found that the current decays extremely slowly during the
entire measurement range, which demonstrates the feasibility
of nonvolatile optical signal storage for these quasi-2D PVK/
IGZO device. Figure 5c shows the three complete dynamic
working cycles before and after repetitive bending for 300 times.
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The device performance gives an unnoticeable change upon the
bending test, indicating a promising future of these devices for
mechanically flexible applications.

Finally, we as well construct large-scale device arrays to
evaluate their scalability for the applications of real-time
light trajectories and multipoint light distribution systems.
As shown in Figure 5d, the pixels generate the higher cur-
rent values for the letter pattern area with light illumination,
while the other pixels give the dark current with insignificant
variations for the region blocked by the designed mask. As
a result, a clear letter “H” can be identified in the mapping
results, which indicates the excellent imaging performance
of fabricated flexible photodetector arrays. In order to inves-
tigate their long-term stability, we test the device operation
when they are freshly made (Figure 5e), stored for 1 week
(Figure S9, Supporting Information) and 1 month (Figure 5f)
in details for comparison. Remarkably, the photocurrent
variation of less than 20% is obtained, indicating the excel-
lent long-term stability of the photodetector arrays. X-ray
diffraction measurement upon atmosphere exposure fur-
ther indicates that the IGZO capping layer plays a key role
in stabilizing the devices, which can prevent the direct con-
tact between quasi-2D PVK and adventitious water moisture
(Figure S10, Supporting Information). All these results evi-
dently demonstrate the stable and efficient real-time light tra-
jectory tracking and imaging of our devices.
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In summary, we have demonstrated the large-scale flex-
ible device arrays based on quasi-2D PVK/IGZO heterojunc-
tions for efficient photodetection and imaging. By using the
simple two-step ligand exchange spin-coating, the PVK film
fabricated on flexible substrates are observed to have the desir-
able type-II energy band alignment. This ideal band bending
facilitates the effective spatial separation of photoexcited car-
riers, which greatly enhances the photoconductive gain of
obtained devices. Under illumination, the device exhibits the
outstanding photoresponse properties, including a high respon-
sivity of 3.1 x 10> A W' and a record high specific detectivity
up to 5.1 X 10 Jones. Furthermore, the device possesses the
excellent electrical stability after hundreds of bending cycles as
well as long-time storage in atmosphere. More importantly, the
photocurrent can maintain its stability exceeding 10* s until it is
erased by the positive V,, pulse. This makes the device attractive
for photo-induced memory applications. All these results clearly
illustrate the great potential of quasi-2D PVK/IGZO phototran-
sistors for next-generation flexible optoelectronic devices.

Experimental Section

Materials Synthesis and Device Fabrication: 3D PVK MAPbI; precursor
solution was prepared by dissolving MAI and Pbl, with a 1:1 molar ratio
in N,N-dimethylformamide (N,N-DMF). 2D PVK precursor solution
was prepared by dissolving PEAI, MAI, and Pbl, with a 2:2:3 molar ratio
in N,N-DMF. In both solutions, the molar concentration of Pb%* was
controlled to be 0.15 m.

The ITO gate electrodes (50 nm) was first deposited on a PET
substrate using radio-frequency sputtering. Then, a 100 nm thick Al,O3
dielectric layer was deposited by ALD (precursor: trimethylaluminum
and water; deposition temperature = 95 °C). Subsequently, 30 pL of
preheated 2D PEA,(MA),Pbsl;o solution (100 °C) was spin-coated
onto the substrate at 4000 rpm. After 15 s, 5 pL preheated MAPbI;
precursor solution (100 °C) was dripped onto the spinning substrate.
After another 45 s, the spinning process ended. The resulting film was
subsequently annealed for 1 h at 100 °C for the better crystallization.
Next, an IGZO film (around 60 nm) was deposited on the PET substrate
using sputtering with a single target (In,03:Ga,03:Zn0O = 1:1:1 atom%).
The sputtering power was 15 W, while the vacuum was maintained at
0.6 Pa. Finally, quasi-2D PVK/IGZO heterostructure phototransistor
arrays were achieved by the thermal evaporation of 50 nm Au as source/
drain electrodes.

Materials Characterization and Electrical Measurements: The PL
spectra of the films were recorded at room temperature using WiTec
alpha 300R. Electrical and optoelectronic properties were measured
by an Agilent B1500A and B2912A semiconductor parameter analyzer.
The low-temperature electrical measurements were performed with
the Lake Shore TTPX probe station. The laser source was a laser with
wavelengths of 457, 532, 660, 808, 914, and 1064 nm, respectively.
XRD measurement was performed by X-ray diffraction spectrometer
(XRD-6100, SHIMADZU) operating at room temperature. The surface
morphologies of the PVK film were characterized by a scanning atomic
force microscope using XE-7, Park Systems Corp.

Calculation of lonic Migration: The dynamic of ion motion was fully
reflected in the decay of the negative current. Therefore, the negative
current decay curve using the biexponential function can be fitted

1(t)=lo+(I. —I1)exp(—t;:° )+(l1 —Io)exp(—t_t+_y) (5)

where I, denotes the constant current of the Au/PVK/Au device under
equilibrium conditions without external bias as shown in Figure 3c,d; I
represents the instant current as the external bias is removed at tot+y,
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7 denotes the time constant of ion diffusion and restoration; t, refers
to the time right after the removal of applied external bias; 7. and I,
relate to the RC delay of the equipment. By fitting the negative current
decay curve, the T value can be extracted. Because the decay rate k=1/7
reflects the ionic transport dynamics, the activation energy of ion
transport can be extracted by fitting the temperature-dependent decay
rate, k, with Arrhenius equation

|n(k)=c—kEBaT (6)

where C denotes a constant, E, represents the activation energy, kg
refers to Boltzmann’s constant, and T denotes the temperature.

Supporting Information

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