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ABSTRACT: Two-dimensional (2D) tin (Sn) halide perovskites (HPs) are promising
semiconductor materials for environmentally friendly lead-free photoelectric
transistors. Herein, 2D perovskites (PEA)2MAn−1SnnI3n+1 are successfully prepared
by introducing large phenylethylamine (PEA) cations. The effect of the dimensional
structure on the photoelectric performances of (PEA)2MAn−1SnnI3n+1 is investigated.
The electrical performances of (PEA)2MAn−1SnnI3n+1 photoelectric transistors are
significantly improved by regulating the dimensional microstructure of the perovskites.
The (PEA)2MA6Sn7I22 (n = 7) photoelectric transistor shows n-type charge transport
and excellent electrical properties with a linear mobility of 11.8 cm2·V−1·s−1, with a low
subthreshold swing (SS) of 0.38 V·decade−1 and a detectivity (D*) of 2.6 × 108 Jones.
The standard deviation of performance parameters across 6 batches is less than 0.1
exhibiting a high level of consistency in device performance from batch to batch and
good reproducibility. When stored in an N2 glovebox for 15 days, the electron mobility
of the device remained at 5.96 cm2·V−1·s−1, confirming their good long-term reliability. Additionally, the photoelectrically controlled
metal−oxide−semiconductor (MOS) inverter is constructed by connecting the (PEA)2MA6Sn7I22 photoelectric transistor with a
resistor, thus enabling logic values to be converted via photoelectric control at a low on-power consumption of 18 μW. The gain of
the inverter was still maintained at 30 under varying test conditions, exhibiting remarkable stability. The developed high-gain
photoelectric controlled MOS inverter with low energy consumption is applicable to portable electronic circuits.
KEYWORDS: (PEA)2MAn−1SnnI3n+1 perovskites, photoelectric transistors, photoelectric performances,
photoelectric controlled MOS inverter

1. INTRODUCTION
Photoelectric transistors have received significant attention
owing to their wide applications.1,2 Two-dimensional (2D)
halide perovskites (HPs) exhibit outstanding carrier mobility,
adjustable band gap, and light absorption properties, and have
been extensively applied in photoelectric transistors.3,4 In
particular, 2D HPs are effective photoactive components that
serve as conductive channels in photoelectric transistors and
can achieve high flexibility and efficiency.5,6 Lead-containing
perovskite-based optoelectronics have developed rapidly;
however, some critical problems remain to be resolved for
their wide application, including lead toxicity and instability.7

Tin (Sn) is highly similar to Pb, and the incorporation of Sn
can reduce the toxicity of Pb.8 Tin (Sn) is highly similar to Pb
due to the similar outer electronic configuration (ns2 np2) and
ionic radius (135 pm) of Sn to that of Pb (149 pm).9 Besides,
Sn-based perovskite exhibits an ideal band gap (1.3−1.4 eV)
and high carrier mobility.10 The incorporation of Sn can
reduce the toxicity of Pb. Thus, Sn is a promising substitute for
Pb.11 Sn replacement has promoted the study of lead-free
perovskite-based transistors.

2D phenethylammonium tin iodide perovskite ((PEA)2SnI4)
was first used as the conductive channel of the field-effect

transistor (FET) with a hole mobility of 0.6 cm2·V−1·s−1 in
1999.12 Subsequently, researchers have attempted to improve
the performance of transistors through thin-film crystallization,
material, and structural engineering.13,14 Senanayak et al. have
reported that mixed metal (Pb/Sn) perovskite-based FET
exhibits hysteresis-free p-type transport with a mobility of 5.4
cm2·V−1·s−1.15 Liu et al. improved the mobility of a (PEA)2SnI4
FET from 0.25 to 0.68 cm2·V−1·s−1 by using solution doping
technology.16 Zhu et al. have reported a high-performance
pure-Sn perovskite FET with a hole mobility exceeding 70
cm2·V−1·s−1 achieved via cation engineering.17 Sn-based
perovskite transistors exhibit better properties than Pb-based
perovskite transistors, because Sn has a higher charge carrier
mobility than Pb owing to its smaller atomic mass.7 2D Sn-
based perovskites have large band gaps and exhibit quantum
confinement effects.18,19 By optimizing the material structure,
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the electronic transport and device performance of 2D Sn-
based perovskites can be enhanced.20,21

In this study, the effects of the dimensionality (n value) on
the performance of 2D (PEA)2MAn−1SnnI3n+1 perovskites and
their photoelectric transistors are investigated. The photo-
electric performances of the photoelectric transistors are
improved by adjusting the dimensionality and microstructure
of the 2D (PEA)2MAn−1SnnI3n+ 1 perovskites. The
(PEA)2MA6Sn7I22-based photoelectric transistor exhibits an
n-type charge transport and excellent electrical properties.
Furthermore, a (PEA)2MA6Sn7I22-based photoelectric tran-
sistor is integrated into a photoelectric controlled metal−
oxide−semiconductor (MOS) inverter for logic transfer.

2. EXPERIMENTAL SECTION
2.1. Materials. Phenylethylammonium iodide (PEAI,

99.9%) is obtained from Advanced Election Technology Co.,
Ltd. Stannous iodide (SnI2, 99.0%) is obtained from Macklin.
Methylammonium iodide (MAI, 99.0%) is obtained from Xi’an
Baolaite Co., Ltd. N,N-Dimethylformamide (DMF, 99.9%)
and dimethyl sulfoxide (DMSO, 99.9%) are purchased from
Merck. Anhydrous ethanol (ETOH, 99.7%), isopropyl alcohol
(IPA, 99.7%), and acetone (AC, 99.5%) are purchased from
Sinopharm Chemical Reagent Co., Ltd. All chemicals and
solvents are used as received without further purification.
2.2. Device Fabrication. The p-type heavily doped Si

substrate with SiO2 dielectric layer (200 nm, 30 nF·cm−2) is
ultrasonically cleaned using detergent, deionized water,
anhydrous ethanol, acetone, and isopropyl alcohol for 15
min in that order. Subsequently, the Si/SiO2 substrate is dried
with nitrogen and treated with ultraviolet ozone for 30 min. A
precursor perovskite solution is prepared by mixing PEAI,
MAI, and SnI2 at a molar ratio of 2:(n − 1):(3n + 1) (n = 1−
8) in DMF/DMSO (4:1, v/v) under stirring for 4 h at 70 °C.
The as-prepared precursor solution is filtered using a 0.22 μm
polytetrafluoroethylene filter before use. The filtered precursor
solution is spin-coated onto the Si/SiO2 substrate for 40 s at

4000 rpm and then annealed at 100 °C for 10 min. Finally, a
200 nm Ag source/drain electrode is thermally evaporated
using a metal shadow mask. The channel length and width are
50 and 500 μm, respectively. All operations are performed in
an N2 glovebox at room temperature.
2.3. Characterizations. The crystal structure of the 2D

perovskite is characterized by X-ray diffraction (XRD,
SmartLab, Rigaku) with Cu Kα radiation. The surface
morphologies of the perovskite films are analyzed by scanning
electron microscopy (SEM, S-4800, Hitachi, Japan). Ultra-
violet−visible (UV−vis) absorption spectra are recorded on an
Agilent Cary 5000 UV−vis spectrophotometer in the 400−900
nm range. The steady-state photoluminescence (PL) spectra
are obtained using Spectrofluorometer FS5 (Edinburgh
Instruments Ltd.) with the excitation wavelength λex of 370
and 435 nm for (PEA)2SnI4 and (PEA)2MA6Sn7I22,
respectively. The surface potential is measured via Kelvin
probe force microscopy (KPFM, NT-MDT, Russia). All
electrical characteristics are measured in a N2 glovebox at
room temperature using a semiconductor parameter analyzer
(TH1991, Tonghui, Jiangsu) at the probe station.

3. RESULTS AND DISCUSSION
3.1. Characterizations of 2D (PEA)2MAn−1SnnI3n+1

Perovskite. Photoelectric transistors are representative semi-
conductor devices that convert optical signals into electrical
signals.22 A 2D tin halide perovskite-based photoelectric
transistor is constructed in a simple architecture with a bottom
gate top contact (BGTC) configuration,23 as shown in Figure
1a. (PEA)2MAn−1SnnI3n+1 (n = 1, 2, 3, 4, 5, 6, 7, and 8) is spin-
coated onto the dielectric layer (200 nm SiO2) as an active
layer using a one-step spin-coating method. A p-type heavily
doped silicon (Si) wafer (525 μm) is used as the substrate. Ag
is deposited on the (PEA)2MAn−1SnnI3n+1 active layer via
vacuum evaporation as the drain and source electrodes with a
thickness of 200 nm. From the optical microscope image of the
actual measured device (Figure S1), the width (W) and length

Figure 1. Characterizations of (PEA)2SnI4 and (PEA)2MA6Sn7I22 films. (a) Device structure of (PEA)2MA6Sn7I22 photoelectric transistor. (b)
XRD patterns, (c, d) grazing incidence wide-angle X-ray scattering (GIWAXS) images, (e) UV−vis absorption spectra, and (f) PL spectra of
(PEA)2SnI4 (control) and (PEA)2MA6Sn7I22 (target) films.
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(L) of the channel are 500 and 50 μm, respectively. Figure S2
shows the transfer characteristic curve of different
(PEA)2MAn−1SnnI3n+1 devices, in which the drain-source
current (IDS) of the (PEA)2MA6Sn7I22 (n = 7)-based
photoelectric transistor reaches a maximum of 1.28 × 10−3

A, thus indicating a higher photocurrent response compared
with the other devices. Hereinafter, (PEA)2MA6Sn7I22 with n =
7 and (PEA)2SnI4 with n = 1 are referred to as the target and
control samples, respectively.

Scanning electron microscopy (SEM) images in Figure S3
show that the (PEA)2MA6Sn7I22 film exhibits square blocks
with larger crystal grains than the (PEA)2SnI4 film, which is
consistent with the atomic force microscopy (AFM) image
shown in Figure S3c. The larger crystal grain size of the
(PEA)2MA6Sn7I22 film contributes to its excellent electrical
performance in the phototransistor. A layered target film
structure is desirable for the horizontal charge transport in
transistors. The cross-sectional image shows a distinct and
well-defined borderline between SiO2 and perovskite layers,
and the thickness of (PEA)2SnI4 and (PEA)2MA6Sn7I22 film is
0.33 and 1.07 μm, respectively (Figure S4). The layer structure
of (PEA)2MA6Sn7I22 will make the film thicker. In combina-
tion with the previous electrical performance test, the
appropriate film thickness will enhance the absorption of
light and facilitate more efficient charge transport, thereby
improving the photoelectric performance.

The structural dimensionality (i.e., n value) of 2D
perovskites affects the electrical performance of the transistor;
X-ray diffraction (XRD) is used to investigate the structural
properties of the (PEA)2MA6Sn7I22 (target) and (PEA)2SnI4
(control) films, and the results are shown in Figure 1b. For
(PEA)2SnI4, the diffraction peaks at 5.47, 10.89, 16.34, 21.87,
27.40, 33.01, and 38.79° correspond to the (002), (004),
(006), (008), (0010), (0012), and (0014) lattice planes,

respectively, thus indicating that (00l) reflections are dominant
and (PEA)2SnI4 film grows parallel to the substrate.14,24,25 For
(PEA)2MA6Sn7I22, two strong diffraction peaks are observed at
13.96 and 28.35°, which correspond to the (111) and (202)
lattice planes,26,27 respectively. This suggests that the perov-
skite grows in a direction perpendicular to the substrate at
larger n values. The crystal orientation of (PEA)2SnI4 and
(PEA)2MA6Sn7I22 is further confirmed via grazing incidence
wide-angle X-ray scattering (GIWAXS). As shown in Figure
1c,d, the sharp and discrete Bragg spots in (PEA)2SnI4 and
(PEA)2MA6Sn7I22 films indicate excellent crystallinity and
well-aligned perovskite structure. In the (PEA)2SnI4 film, high-
intensity (00l) diffraction peaks along the qz direction are
observed, suggesting a preferred parallel orientation of these
planes, which is consistent with the XRD results discussed
above. The parallel-oriented crystals of (PEA)2SnI4 could
hinder the charge transport and decrease the device perform-
ance.28−30 The diffraction peaks of (111) and (202) in
(PEA)2MA6Sn7I22 show that the oriented 2D perovskite
crystals grew vertically to the substrate, forming a favorable
charge transport channel to enhance the device perform-
ances.31,32 The optical properties of the (PEA)2SnI4 and
(PEA)2MA6Sn7I22 films were investigated via ultraviolet−
visible (UV−vis) absorption and normalized photolumines-
cence (PL). As shown in Figure 1e, the control sample exhibits
three absorption peaks at 432, 522, and 613 nm, which
represent the formation of a 2D layered (PEA)2SnI4 film
originating from strong quantum and dielectric confinement
effects.33,34 By introducing MA cations, the (PEA)2MA6Sn7I22
film exhibits stronger absorption from 400 to 900 nm, and the
absorption peaks red-shift to 534, 615, and 681 nm. The
bandgap energy (Eg) of the (PEA)2MAn−1SnnI3n+1 thin films is
calculated using Tauc’s plot (Figure S5). For (PEA)2SnI4 and
(PEA)2MA6Sn7I22, Eg decreases from 1.94 to 1.54 eV, thus

Figure 2. Photoelectric characteristics of control ((PEA)2SnI4) and target ((PEA)2MA6Sn7I22) devices. (a) Transfer characteristics of control
((PEA)2SnI4) and target ((PEA)2MA6Sn7I22) photoelectric transistors under illumination with a power intensity of 158.7 mW·cm−2 at VDS = −40
V. (b) Output characteristic curves of control and target photoelectric transistors with different VGS values under illumination. (c) Extracted
threshold voltages under various gate electrochemical potentials (VGS). When VGS is 30, 20, 10, and 5 V, the corresponding VDS is −30, −20, −10,
and −5 V, respectively. (d) Semilog and linear plots of transfer characteristics for extracting target photoelectric transistor parameters, VDS = −40 V.
Variations in (e) photoresponsivity (R) and (f) detectivity (D*) of target photoelectric transistor with bias voltage under illumination at different
power intensities.
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indicating that (PEA)2MA6Sn7I22 exhibits a weaker quantum
confinement effect when the number of inorganic metal halide
layers increases with n.7 As shown in Figure 1f, the PL spectra
show a single peak for (PEA)2SnI4 and (PEA)2MA6Sn7I22, with
emission peaks at 633 and 439 nm, respectively. Meanwhile,
the peak area of (PEA)2MA6Sn7I22 is 61.03 larger than that
(50.17) of (PEA)2SnI4, as shown in Table S1, thus indicating
that the carriers in (PEA)2MA6Sn7I22 have released energy
primarily through radiative recombination.35

3.2. Photoelectric Modulating 2D Perovskite Photo-
electric Transistor. The photoelectric performance of the
(PEA)2MAn−1SnnI3n+1 photoelectric transistors is further
evaluated. Figures 2a and S6a show the transfer characteristic
curves of the control and target photoelectric transistors under
light and dark conditions. The source-drain currents (IDS) of
both the control and target devices increase with positive VGS
under negative VDS, thus presenting the typical n-channel
transport mode36 (Figure S6a). Hysteresis effects are clearly
observed in both devices under dark condition when VGS is
swept from −40 to 40 V and back to −40 V. After illuminating
with a power intensity of 158.7 mW·cm−2 at VDS = −40 V
(Figure 2a), the dual-sweep transfer curve of the target
photoelectric transistor coincides exactly without hysteresis
and the IDS at VGS = 40 V reaches 1.3 × 10−3 A, which is ∼100
times higher than that of the control device (1.5 × 10−5 A).
This can be attributed to the photoconductive effects.
Similarly, as shown in Figures 2b and S6b,c, the output
characteristics of the control and target devices exhibit n-type
transistor characteristics under dark and light conditions, with
both linear and saturation regions presented. When the same
VGS is applied, the IDS of the two devices increases distinctly as
VDS is swept from 0 to −40 V under dark and illumination,
while the transistor characteristics are retained. Meanwhile, the
|IDS| of the target device at VGS = 40 V and VDS = −40 V
reaches 1.2 × 10−3 A, which is ∼30 times higher than that of
the control device (4.9 × 10−5 A) in the illuminated condition.
These results indicate that the higher IDS of the target
photoelectric transistor is attributed to the photoelectric
conversion process under illumination,37,38 which implies
that the target device exhibits excellent photoelectric response
behaviors. To evaluate the stability and reproducibility,
performance tests on 6 batches of devices are conducted. As
shown in Figure S7 and Table S2, the standard deviation of
performance parameters across different batches is less than
0.1, exhibiting a high level of consistency in device perform-
ance from batch to batch and validating the robustness of our
fabrication process.

The threshold voltage (Vth) is the voltage at which the
transistor is activated and is an important metric for evaluating
the performance of transistors and logic circuits.39 Vth is
obtained from the axis intercept of VGS in the linear
extrapolation of the transfer characteristic curve at its
maximum first derivative (slope) point (the point of maximum
transconductance, gm).40 As presented in Figure 2c, the Vth of
the control and target photoelectric transistors increases with
positive VGS, which is consistent with the findings reported in
the literature.41 The shifts in Vth are attributed to the charge
trapping in the semiconductor (interface) under illuminated
conditions.42 When 20 V of VGS is applied, the Vth absolute
value of the control and target device is 16.5 and 7.3 V,
r e s p e c t i v e l y , t h u s i n d i c a t i n g t h a t t h e V t h o f
(PEA)2MAn−1SnnI3n+1 photoelectric transistors can be modu-
lated by different n values. Meanwhile, a lower Vth of the target

device is beneficial for improving the switching speed between
the on and off states, thus reducing the energy consumption
and enhancing the operating frequency and response
ability.22,43

Considering the higher IDS in the transfer and output
characteristic curves and the lower Vth absolute value, the
target ((PEA)2MA6Sn7I22) photoelectric transistor is primarily
investigated in this study. The Ion/Ioff ratio, linear mobility
(μlin), and subthreshold swing (SS) are important parameters
for evaluating the performance of photoelectric transistors.
Because |VGS−Vth| > VDS, μlin can be expressed from the IDS−
VGS curve according to the equation36,44,45

=
Ä
Ç
ÅÅÅÅÅÅÅÅ

É
Ö
ÑÑÑÑÑÑÑÑI C

W
L

V V V V( )
1
2Dlin i lin GS th DS DS

2

(1)

where Ci is the capacitance per unit area of the dielectric, and
W and L are the channel width and length, respectively. The SS
is obtained from the subthreshold region of the log(IDS)−VGS
curve using the following equation46,47

=
V

I
SS

d
d(lg )

GS

DS (2)

A smaller SS indicates that a slight change in VGS can change
the current significantly, suggesting a faster on-/off-switching
speed.48 As shown in Figure 2d, the Ion/Ioff ratio, Vth, μlin, and
SS of the target device under light illumination are 1.8 × 105,
−12.8 V, 11.8 cm2·V−1·s−1, and 0.38 V·dec−1, respectively.
Compared with the reported 2D halide perovskite transistors
in Figure S8, the (PEA)2MA6Sn7I22 transistor has the lowest SS
and exhibits better gate-controlled ability and a higher on-/off-
switching speed.

To further evaluate the photoelectric response of the target
transistor, the photoresponsivity (R), detectivity (D*), and
photosensitivity (S) as a function of VGS ranging from −40 to
40 V under different light power intensities are characterized.
The photoresponsivity reflects the capability in terms of optical
signals converted into electrical current and can be expressed
as49,50

=
×

R
I

P A
photo

ill (3)

where Iphoto is the photocurrent, Pill is the incident light
intensity, and S represents the effective area of the conductive
channel in the photoelectric transistor. D* reflects the strength
of the device’s detection ability and is determined by the
photoresponsivity and dark current density as follows51,52

* =D R
qJ2 dark (4)

where q is the elementary charge and Jdark is the dark current
density. As depicted in Figure 2e,f, R and D* are closely related
to VGS and increase monotonically as VGS increases from −40
to 40 V under different light intensities, which is attributed to
the gain caused by the photogating effect.53,54 Both R and D*
reach the maximum values of 5 A·W−1 and 2.6 × 108 Jones,
respectively, at a low incident power density of 63.49 mW·
cm−2 at VGS = 40 V, thus indicating that the target
photoelectric transistor exhibits good photoelectric response
under low light intensity. Moreover, the photosensitivity
increases significantly with the light power intensity55 (Figure
S9). The photoelectrical performances of the phototransistors
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are summarized in Figure S10 and Table S3. When the number
of layers is 7, the (PEA)2MA6Sn7I22-based photoelectric
transistor exhibits the best device performance, elaborating
that the photoelectrical performances of the phototransistors
can be controlled by adjusting the number of 2D perovskite
layers.56,57

The photoelectric behavior of the target photoelectric
transistor is further systematically investigated by exploring
the photocurrent at various light power intensities, scanning
rates, and cycles. Figure 3a shows the photocurrents at
different VGS and light power values at 405 nm. The target
device can generate a maximum photocurrent of 0.11 mA
under an optical power of 63.49 mW·cm−2 and a bias of 40 V.
As the light power intensity increases from 63.49 to 246.03
mW·cm−2, the photocurrent increases gradually from 0.11 to
0.33 mA. Similarly, the photocurrent shown in the output
characteristic curve increases gradually with the light intensity
(Figure 3b). This signifies that the target photoelectric
transistor exhibits different degrees of photoelectric response
under different light intensities, because the density of
photogenerated charge carriers is proportional to the light
power intensities.58,59 To demonstrate this photoelectric
response, the surface potential of the (PEA)2MA6Sn7I22 film
is determined by using Kelvin-probe force microscopy
(KPFM). As presented in Figures 3c and S11, the surface
mean potentials of the (PEA)2MA6Sn7I22 film before and after
light irradiation are 0.03 and 0.25 V, respectively. A relatively
higher surface potential appears under light illumination
because the perovskite can absorb photons and generate
photogenerated charge carriers,60,61 whereas photogenerated
holes and electrons accumulate on the perovskite film surface
and perovskite/SiO2 interface, respectively. To gain a deep
understanding of the charge transfer processes, a plausible
operation mechanism in our photoelectric transistor is
illustrated in Figure S12. (PEA)2MA6Sn7I22 perovskite and
SiO2 are arranged in a type-IV band alignment. A large number
of photogenerated electrons and holes are generated in

(PEA)2MA6Sn7I22 under light illumination. Type IV hetero-
interface effectively prevents the electron transfer from
perovskite to SiO2 and allows holes to transport through the
interface by tunneling. The photogenerated electrons will
transfer to Ag electrode. Therefore, light illumination can
enhance the electron-trapping capacity and photocurrent, thus
resulting in an excellent photoelectric response of the target
device.

Figure 3d shows the transfer characteristic curves acquired at
different VGS scanning speeds. When the scanning speed of VGS
increases from 0.2 to 4 V·s−1 as scanning is performed from
−40 to 40 V, the IDS decreases gradually from 0.47 to 0.33 mA.
This suggests that the speed of ion migration is diminished and
the mobile ionic species may have fewer opportunities to
remigrate to their equilibrium state, thus resulting in a lower
IDS.62,63 Moreover, the IDS increases gradually with the number
of scanning tests (Figure 3e), which is consistent with the
literature.64 This is primarily due to the holes trapped in
(PEA)2MA6Sn7I22, which prolongs the recombination time of
the photogenerated carriers. To further substantiate the
potential of this (PEA)2MA6Sn7I22-based transistor, its on-
and off-switching behaviors are investigated. Figure 3f presents
the reproducible IDS response to switching of the VGS pulse
under light illumination. As shown, IDS increases rapidly when
40 V of VGS is applied (0.06 s), after which it returns to its
initial state when VGS is removed. When this cycle is repeated
for 62 s, the maximum value of IDS increases gradually owing to
ion migration.62,65 Subsequently, IDS remains constant, thus
indicating that the target photoelectric transistor exhibits
reliable and reproducible IDS switching behavior. Moreover, the
stability of the target photoelectric transistor has a crucial
influence on the device performance, which can further
determine the practical application. When the target photo-
electric transistor is stored in an N2 glovebox for 15 days
(Figure S13), the electron mobility of the device remains
almost constant at 5.96 cm2·V−1·s−1, suggesting the good
resistance to aging under the tested conditions.

Figure 3. Photoelectronic performances of the (PEA)2MA6Sn7I22 (target) photoelectric transistor. (a, b) Transfer and output characteristic curves
of the target photoelectric transistor under different light intensities. (c) Three-dimensional (3D) topography images of (PEA)2MA6Sn7I22 film (5
μm × 5 μm) under dark and light conditions overlaid by surface potential. (d, e) Transfer characteristics of target transistor with various VGS
scanning speeds and number of successive scans. (f) Cycle-dependent switching characteristic curve of target transistor under 0.06 s of VGS pulse.
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3.3. Performance of Photoelectric Controlled MOS
Inverter. Among the diverse circuit components, inverters are
widely considered as the fundamental element. Additionally,
the applicability of 2D perovskite devices to logic electronics
must be evaluated. Therefore, a simple unipolar resistive-load
inverter (photoelectric controlled MOS inverter) is con-
structed by connecting the (PEA)2MA6Sn7I22 photoelectric
transistor with a 1.36 MΩ resistor. A digital circuit diagram and
a photograph of the inverter are shown in Figure 4a, where
VDD, Vin, Vout, and Vss represent the supply voltage, input
voltage, output voltage, and voltage source supply, respectively.
Vout remains primarily unchanged when Vin ranges from 0 to 5
V in the dark, indicating that the inverter does not amplify the
signal (Figure S14). Therefore, the voltage transfer curve is
tested in the dark when Vin is less than 2.5 V (VDD/2, VDD = 5
V) and under light illumination when Vin ranges from 2.5 to 5
V. A high Vin is equivalent to logic “1”, whereas a low Vout is
equivalent to logic “0”, and vice versa. As shown in Figure 4b,
Vout decreases abruptly from 4.9 to 1.5 V at Vin = 2.5 V when
the light is turned on, indicating an ideal logic transfer from “1”
to “0”. The inverter exhibits a standard rail-to-rail voltage
transfer characteristic.66 These results indicate that the logic
transfer of this inverter can be realized via light modulation.
When Vin is 3−5 V, Vout increases slightly; this is due to the
fact that the phototransistor reaches the saturation state and
the current does not continue to increase. The ability of the
charge trap to capture the hole increases after the continuous
application of light, the trap recombination increases, resulting
in the current decreasing. Finally, Vout increases and the curve
shows an upward trend.67,68 The butterfly voltage transfer
curve plot with a square, as shown in Figure 4b, is used to
calculate the noise margin based on the maximum equal
criterion (MEC) method,7 whereas another dotted voltage
transfer curve is plotted in a mirror. The high noise margin
(NMH) is calculated to be 2.2 V at VDD = 5 V, which is 88% of

the ideal value (VDD/2). The low noise margin (NML) is
calculated to be 0.88 V at VDD = 5 V. This demonstrates that
even if the noise causes a Vin shift of 2.2 V in every direction,
the inverter can still output the correct Vout signal. Addition-
ally, the inverter exhibits a high gain of 33 at VDD = 2.5 V
(Figure 4c) owing to the high mobility, small subthreshold
swing, and reliable stability of the photoelectric transistors.69

The on-power consumption (P) is determined by the supply
voltage (VDD) and conduction current (IDD) and calculated to
be 18 μW. The electrical performance parameters of the
photoelectric controlled MOS inverter are shown in Table S4.
This high-gain photoelectrically controlled MOS inverter with
low energy consumption is applicable to portable electronic
circuits.

The signal inverting behaviors of this photoelectric
controlled inverter are further demonstrated under different
VDD, light intensity, and load resistance values. As shown in
Figure 4d, the device guarantees either a high or a low output
voltage at different input voltages and achieves the logic
transfer from “0” to “1”. The output current decreases with
VDD (Figure S15a), and the on-power consumption decreases
from 174 to 18 μW. Meanwhile, a higher gain is obtained at a
lower VDD (Figure S15b). Figure 4e depicts the effect of the
light intensity on the voltage transfer characteristics. When the
light intensity increases from 7.93 to 39.68 mW·cm−2, Vout
decreases from 2.2 to 1.5, and the gain increases from 26.5 to
30.2 (Figure 4f), which is attributed to the increased density of
the photogenerated charge carrier with increasing light
intensity. This implies that a higher light intensity is beneficial
for improving the electrical performance of the device.
Additionally, the circuit performance can be adjusted by the
load resistance (Figure S16). The output current decreases,
resulting in the decrease of the power density with the increase
of load resistance, indicating that the power density can be
flexibly controlled by the load resistance (Figure S17). These

Figure 4. Performance of photoelectric controlled MOS inverter. (a) Equivalent electronic circuit and photographs of the inverter. (b, c) Voltage
transfer characteristic and gain curves of the inverter. The two shaded boxes show noise margin extraction using the maximum equal criterion
(MEC) method from the butterfly plot. (d) Voltage transfer characteristics of the photoelectric controlled inverter as a function of supply voltage
(VDD). Voltage transfer characteristic (e) and gain (f) curves under different light intensities at VDD = 5 V. The inset is a partial enlargement of the
gain from 20 to maximum.
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results present that the photoelectric controlled MOS inverter
exhibit good stability.

4. CONCLUSIONS
In conclusion, 2D perovskite (PEA)2MAn−1SnnI3n+1 is success-
fully prepared by introducing large PEA cations.
(PEA)2MA6Sn7I22 shows a weaker quantum confinement effect
as the number of inorganic metal halide layers increases with n.
The (PEA)2MA6Sn7I22 (n = 7) photoelectric transistor shows
n-type charge transport and excellent electrical properties, with
a mobility of 11.8 cm2·V−1·s−1, low subthreshold swing (SS) of
0.38 V·decade−1, photoresponsivity (R) of 5 A·W−1, and
detectivity (D*) of 2.6 × 108 Jones. The standard deviation of
performance parameters across 6 batches is less than 0.1,
exhibiting a high level of consistency in device performance
from batch to batch and good reproducibility. When stored in
an N2 glovebox for 15 days, the electron mobility of the device
remained almost constant at 5.96 cm2·V−1·s−1, confirming their
good long-term reliability. The gain of the inverter was still
maintained at 30, exhibiting remarkable stability under varying
test conditions. Based on the photoelectric performances of the
(PEA)2MA6Sn7I22 photoelectric transistor, a photoelectric
controlled MOS inverter is constructed to convert the logic
value. Unlike previous inverters prepared via complex
processes based on patterned masks, this photoelectronic
controlled MOS inverter is constructed by connecting the
(PEA)2MA6Sn7I22 photoelectric transistor with a resistor,
which consumes a low on-power consumption of 18 μW.
The (PEA)2MA6Sn7I22 phototransistors of high-performance
and low-power show great potential in the field of miniaturized
integrated circuits and logic circuits and have excellent
practical prospects.

■ ASSOCIATED CONTENT
Data Availability Statement
The data that support the findings of this study are available
from the corresponding author upon reasonable request.
*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acsami.5c10965.

Transfer characteristic curves of (PEA)2MAn−1SnnI3n+1
(n = 1, 2, 3, 4, 5, 6, 7, and 8) phototransistors; SEM and
AFM planar and cross-sectional morphologies of
(PEA)2SnI4 and (PEA)2MA6Sn7I22; band gap of
(PEA)2SnI4 and (PEA)2MA6Sn7I22; transfer character-
istic curves of (PEA)2SnI4 phototransistor and
(PEA)2MA6Sn7I22 phototransistor under light and
dark; comparison of the subthreshold swing (SS) of
different 2D halide perovskite transistors; photosensi-
tivity of (PEA)2MA6Sn7I22 phototransistor; voltage
transfer characteristic of the inverter in dark; current
transfer characteristic curve and gain under different
VDD; voltage and current transfer characteristic curves
and gains under different load resistance values R; and
obtained unimodal integral area from perovskite photo-
luminescence (PL) (PDF)

■ AUTHOR INFORMATION
Corresponding Author

Jinjin Zhao − College of Chemistry and Materials Science,
Hebei Technology Innovation Center for Energy Conversion
Materials and Devices, Chemistry Postdoctoral Research

Station at Hebei Normal University, Engineering Research
Center of Thin Film Solar Cell Materials and Devices, Hebei
Normal University, Shijiazhuang, Hebei 050024, China;

orcid.org/0000-0003-1620-3040;
Email: jinjinzhao2012@163.com, jinjinzhao2023@
hebtu.edu.cn

Authors
Li Tian − College of Chemistry and Materials Science, Hebei
Technology Innovation Center for Energy Conversion
Materials and Devices, Chemistry Postdoctoral Research
Station at Hebei Normal University, Engineering Research
Center of Thin Film Solar Cell Materials and Devices, Hebei
Normal University, Shijiazhuang, Hebei 050024, China;
School of Electrical and Electronic Engineering, Shijiazhuang
Tiedao University, Shijiazhuang, Hebei 050043, China

Wenwen Wang − College of Chemistry and Materials Science,
Hebei Technology Innovation Center for Energy Conversion
Materials and Devices, Chemistry Postdoctoral Research
Station at Hebei Normal University, Engineering Research
Center of Thin Film Solar Cell Materials and Devices, Hebei
Normal University, Shijiazhuang, Hebei 050024, China

Jia Liu − College of Chemistry and Materials Science, Hebei
Technology Innovation Center for Energy Conversion
Materials and Devices, Chemistry Postdoctoral Research
Station at Hebei Normal University, Engineering Research
Center of Thin Film Solar Cell Materials and Devices, Hebei
Normal University, Shijiazhuang, Hebei 050024, China

Jiahao Kang − Research Center for Carbon-Based Electronics,
School of Electronics, Peking University, Beijing 100081,
China

Hongliang Dong − Center for High Pressure Science and
Technology Advanced Research, Shanghai 201203, China;
Shanghai Key Laboratory of Material Frontiers Research in
Extreme Environments (MFree), Shanghai Advanced
Research in Physical Sciences (SHARPS), Shanghai 201203,
China

Zhiqiang Chen − Center for High Pressure Science and
Technology Advanced Research, Shanghai 201203, China

Complete contact information is available at:
https://pubs.acs.org/10.1021/acsami.5c10965

Author Contributions
#L.T. and W.W. contributed equally to this paper.
Notes
The authors declare no competing financial interest.

■ ACKNOWLEDGMENTS
This work was supported by the Yanzhao Young Scientist
Project from Natural Science Foundation of Hebei Province
(B2023205040), Key Cultivation Special Project for Basic
Research from Hebei Education Department (JCZX2025007),
Introducing Intelligence and Talent Cultivation Special
Fundation from Hebei Provincial Department of Science and
Technology (2024-2025), the College student’s innovation
a n d e n t r e p r e n e u r s h i p t r a i n i n g p l a n p r o g r a m
(S202510094037), and Ph.D. Scientific Research Start-up
Fund of Hebei Normal University (L2023B18, L2024B12).
Thanks to the BL17B1 beamline of National Facility for
Protein Science in Shanghai (NFPS) at Shanghai Synchrotron
Radiation Facility (SSRF) for the assistance in character-
izations.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c10965
ACS Appl. Mater. Interfaces 2025, 17, 57355−57364

57361

https://pubs.acs.org/doi/10.1021/acsami.5c10965?goto=supporting-info
https://pubs.acs.org/doi/suppl/10.1021/acsami.5c10965/suppl_file/am5c10965_si_001.pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jinjin+Zhao"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://orcid.org/0000-0003-1620-3040
https://orcid.org/0000-0003-1620-3040
mailto:jinjinzhao2012@163.com
mailto:jinjinzhao2023@hebtu.edu.cn
mailto:jinjinzhao2023@hebtu.edu.cn
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Li+Tian"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Wenwen+Wang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jia+Liu"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jiahao+Kang"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Hongliang+Dong"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Zhiqiang+Chen"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsami.5c10965?ref=pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c10965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ REFERENCES
(1) Younis, A.; Lin, C. H.; Guan, X. W.; Shahrokhi, S.; Huang, C. Y.;

Wang, Y. T.; He, T. Y.; Singh, S.; Hu, L.; Retamal, J. R. D.; et al.
Halide Perovskites: A New Era of Solution-Processed Electronics.
Adv. Mater. 2021, 33 (23), No. 2005000.

(2) Ferreira, R.; Shaikh, M.; Jakka, S. K.; Deuermeier, J.; Barquinha,
P.; Ghosh, S.; Fortunato, E.; Martins, R.; Jana, S. Bandlike Transport
in FaPbBr3 Quantum Dot Phototransistor with High Hole Mobility
and Ultrahigh Photodetectivity. Nano Lett. 2022, 22 (22), 9020−
9026.

(3) Dyksik, M.; Wang, S.; Paritmongkol, W.; Maude, D. K.; Tisdale,
W. A.; Baranowski, M.; Plochocka, P. Tuning the Excitonic Properties
of the 2D (PEA)2(MA)n−1PbnI3n+1Perovskite Family via Quantum
Confinement. J. Phys. Chem. Lett. 2021, 12 (6), 1638−1643.

(4) Guo, N.; Li, J.; Yang, S.; Zhang, J. J.; Ni, J.; Cai, H. K.
Dimensional Structure Regulation of Organic-Inorganic Hybrid
Perovskite and its Application in Thin Film Transistors. Nano-
technology 2021, 32 (39), 4153−4169.

(5) Huajun, G.; Shuailing, A.; Jie, M.; Shuxia, R.; Wenwen, W.;
Zishang, L.; Jiayu, S.; Hengbin, C.; Hang, S.; Jinjin, Z. Research
Progress of Photoelectric Resistive Switching Mechanism of Halide
Perovskite. J. Inorg. Mater. 2023, 38 (9), 1005−1016.

(6) El-Ballouli, A. A. O.; Bakr, O. M.; Mohammed, O. F. Structurally
Tunable Two-Dimensional Layered Perovskites: From Confinement
and Enhanced Charge Transport to Prolonged Hot Carrier Cooling
Dynamics. J. Phys. Chem. Lett. 2020, 11 (14), 5705−5718.

(7) Yang, W.; Dou, L.; Zhu, H. H.; Noh, Y.-Y. Ruddlesden-Popper
Tin-Based Halide Perovskite Field-Effect Transistors. Small Struct.
2024, 5 (4), No. 2300393.

(8) Nandy, S.; Fortunato, E.; Martins, R. Green economy and waste
management: An inevitable plan for materials science. Prog. Nat. Sci.:
Mater. Int. 2022, 32 (1), 1−9.

(9) Gu, S.; Lin, R. X.; Han, Q. L.; Gao, Y.; Tan, H. R.; Zhu, J. Tin
and Mixed Lead−Tin Halide Perovskite Solar Cells: Progress and
their Application in Tandem Solar Cells. Adv. Mater. 2020, 32 (27),
No. 1907392.

(10) Hao, F.; Stoumpos, C. C.; Cao, D. H.; Chang, R. P. H.;
Kanatzidis, M. G. Lead-free solid-state organic-inorganic halide
perovskite solar cells. Nat. Photonics 2014, 8 (6), 489−494.

(11) Zhu, H. H.; Liu, A.; Shim, K. I.; Hong, J. S.; Han, J. W.; Noh,
Y.-Y. High-Performance and Reliable Lead-Free Layered-Perovskite
Transistors. Adv. Mater. 2020, 32 (31), No. 2002717.

(12) Kagan, C. R.; Mitzi, D. B.; Dimitrakopoulos, C. D. Organic-
Inorganic Hybrid Materials as Semiconducting Channels in Thin-Film
Field-Effect Transistors. Science 1999, 286 (5441), 945−947.

(13) Wang, S. L.; Frisch, S.; Zhang, H.; Yildiz, O.; Mandal, M.; Ugur,
N.; Jeong, B.; Ramanan, C.; Andrienko, D.; Wang, H. I.; Bonn, M.;
Blom, P. W. M.; Kivala, M.; Pisula, W.; Marszalek, T. Grain
Engineering for Improved Charge Carrier Transport in Two-
Dimensional Lead-Free Perovskite Field-Effect Transistors. Mater.
Horiz. 2022, 9 (10), 2633−2643.

(14) Kim, J.; Shiah, Y. S.; Sim, K.; Iimura, S.; Abe, K.; Tsuji, M.;
Sasase, M.; Hosono, H. High-Performance P-Channel Tin Halide
Perovskite Thin Film Transistor Utilizing a 2D-3D Core-Shell
Structure. Adv. Sci. 2022, 9 (5), No. 2104993.

(15) Senanayak, S. P.; Dey, K.; Shivanna, R.; Li, W. W.; Ghosh, D.;
Zhang, Y. C.; Roose, B.; Zelewski, S. J.; Andaji-Garmaroudi, Z.;
Wood, W.; Tiwale, N.; MacManus-Driscoll, J. L.; Friend, R. H.;
Stranks, S. D.; Sirringhaus, H. Charge Transport in Mixed Metal
Halide Perovskite Semiconductors. Nat. Mater. 2023, 22, 216−224.

(16) Liu, Y.; Chen, P.-A.; Qiu, X.; Guo, J.; Xia, J.; Wei, H.; Xie, H.;
Hou, S.; He, M.; Wang, X.; Zeng, Z.; Jiang, L.; Liao, L.; Hu, Y.
Doping of Sn-Based Two-Dimensional Perovskite Semiconductor for
High-Performance Field-Effect Transistors and Thermoelectric
Devices. iScience 2022, 25 (4), No. 104109.

(17) Zhu, H. H.; Yang, W.; Reo, Y.; Zheng, G. H. J.; Bai, S.; Liu, A.;
Noh, Y.-Y. Tin Perovskite Transistors and Complementary Circuits
Based on A-Site Cation Engineering. Nat. Electron. 2023, 6, 650−657.

(18) Urban, J. M.; Chehade, G.; Dyksik, M.; Menahem, M.;
Surrente, A.; Trippé-Allard, G.; Maude, D. K.; Garrot, D.; Yaffe, O.;
Deleporte, E.; Plochocka, P.; Baranowski, M. Revealing Excitonic
Phonon Coupling in (PEA)2(MA)n−1PbnI3n+1 2D Layered Perov-
skites. J. Phys. Chem. Lett. 2020, 11 (15), 5830−5835.

(19) Rahil, M.; Ansari, R. M.; Prakash, C.; Islam, S. S.; Dixit, A.;
Ahmad, S. Ruddlesden-Popper 2D Perovskites of Type
(C6H9C2H4NH3)2(CH3NH3)n−1PbnI3n+1 (n = 1−4) for Optoelec-
tronic Applications. Sci. Rep. 2022, 12, No. 2176.

(20) Jana, S.; Carlos, E.; Panigrahi, S.; Martins, R.; Fortunato, E.
Toward StableSolution-Processed High-Mobility p-Type Thin Film
Transistors Based on Halide Perovskites. ACS Nano 2020, 14 (11),
14790−14797.

(21) Marques, N.; Jana, S.; Mendes, M. J.; Águas, H.; Martins, R.;
Panigrahi, S. Surface modification of halide perovskite using EDTA-
complexed SnO2as electron transport layer in high performance solar
cells. RSC Adv. 2024, 14 (18), 12397−12406.

(22) Cristoloveanu, S.; Wan, J.; Zaslavsky, A. A Review of Sharp-
Switching Devices for Ultra-Low Power Applications. IEEE J. Electron
Devices Soc. 2016, 4 (5), 215−226.

(23) Zaumseil, J.; Sirringhaus, H. Electron and Ambipolar Transport
in Organic Field-Effect Transistors. Chem. Rev. 2007, 107 (4), 1296−
1323.

(24) Zhu, H. H.; Liu, A.; Zou, T. Y.; Jung, H.; Heo, S.; Noh, Y.-Y. A
Lewis Base and Boundary Passivation Bifunctional Additive for High
Performance Lead-Free Layered-Perovskite Transistors and Photo-
transistors. Mater. Today Energy 2021, 21, No. 100722.

(25) Liu, Y.; Chen, P.-A.; Qiu, X. C.; Guo, J.; Xia, J. N.; Wei, H.; Xie,
H. H.; Hou, S. J.; He, M.; Wang, X. Doping of Sn-Based Two-
Dimensional Perovskite Semiconductor For High-Performance Field-
Effect Transistors and Thermoelectric Devices. iScience 2022, 25 (4),
No. 104109.

(26) Qiu, J.; Xia, Y. D.; Zheng, Y. T.; Hui, W.; Gu, H.; Yuan, W. B.;
Yu, H.; Chao, L. F.; Niu, T. T.; Yang, Y. G.; Gao, X. Y.; Chen, Y. H.;
Huang, W. 2D Intermediate Suppression for Efficient Ruddlesden-
Popper (RP) Phase Lead-Free Perovskite Solar Cells. ACS Energy Lett.
2019, 4 (7), 1513−1520.

(27) Zhang, T.; Nakajima, T.; Cao, H. H.; Sun, Q.; Ban, H. X.; Pan,
H.; Yu, H. X.; Zhang, Z. G.; Zhang, X. L.; Shen, Y.; Wang, M. K.
Controlling Quantum-WellWidth Distribution and Crystal Orienta-
tion in Two-Dimensional Tin Halide Perovskites via a Strong
Interlayer Electrostatic Interaction. ACS Appl. Mater. Interfaces 2021,
13 (42), 49907−49915.

(28) Gao, Y.; Wei, Z. T.; Yoo, P.; Shi, E. Z.; Zeller, M.; Zhu, C. H.;
Liao, P. L.; Dou, L. T. Highly Stable Lead-Free Perovskite Field-Effect
Transistors Incorporating Linear π-Conjugated Organic Ligands. J.
Am. Chem. Soc. 2019, 141 (39), 15577−15585.

(29) Go, J.-Y.; Zhu, H. H.; Reo, Y.; Kim, H.; Liu, A.; Noh, Y.-Y.
Sodium Incorporation for Enhanced Performance of Two-Dimen-
sional Sn-Based Perovskite Transistors. ACS Appl. Mater. Interfaces
2022, 14 (7), 9363−9367.

(30) Shang, Z. X.; Han, J. B.; Dong, H. L.; Lv, M. X.; Zhang, Q. R.;
Chen, Z. Q.; Wu, M. X.; Zhao, J. J. Constructing High-Performance
Inverted Perovskite Solar Cells Using Chiral Organic Molecules. Adv.
Sci. 2025, 12, No. 2417550.

(31) Lai, H. T.; Lu, D.; Xu, Z. Y.; Zheng, N.; Xie, Z. Q.; Liu, Y. S.
Organic-Salt-Assisted Crystal Growth and Orientation of Quasi-2D
Ruddlesden-Popper Perovskites for Solar Cells with Efficiency over
19%. Adv. Mater. 2020, 32 (33), No. 2001470.

(32) Chen, Z. H.; Huang, J. Y.; Zhang, W. F.; Zhou, Y. K.; Wei, X.
Y.; Wei, J. B.; Zheng, Y. H.; Wang, L. P.; Yu, G. Tunable Charge-
Transport Polarity in Thienothiophene-Bisoxoindolinylidene-Benzo-
difurandione Copolymers for High-Performance Field-Effect Tran-
sistors. J. Mater. Chem. C 2022, 10 (7), 2671−2680.

(33) Kim, Y.; Woo, J.; Jung, Y.-K.; Ahn, H.; Kim, I.; Reo, Y.; Lim,
H.; Lee, C.; Lee, J.; Kim, Y.; Choi, H.; Lee, M.-H.; Lee, J.; Stranks, S.
D.; Sirringhaus, H.; Noh, Y.-Y.; Kang, K.; Lee, T. Reversible Oxidative
P-Doping in 2D Tin Halide Perovskite Field-Effect Transistors. ACS
Energy Lett. 2024, 9 (4), 1725−1734.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c10965
ACS Appl. Mater. Interfaces 2025, 17, 57355−57364

57362

https://doi.org/10.1002/adma.202005000
https://doi.org/10.1021/acs.nanolett.2c03317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c03317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.nanolett.2c03317?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c03731?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1088/1361-6528/ac0d1f
https://doi.org/10.1088/1361-6528/ac0d1f
https://doi.org/10.15541/jim20230132
https://doi.org/10.15541/jim20230132
https://doi.org/10.15541/jim20230132
https://doi.org/10.1021/acs.jpclett.0c00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c00359?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/sstr.202300393
https://doi.org/10.1002/sstr.202300393
https://doi.org/10.1016/j.pnsc.2022.01.001
https://doi.org/10.1016/j.pnsc.2022.01.001
https://doi.org/10.1002/adma.201907392
https://doi.org/10.1002/adma.201907392
https://doi.org/10.1002/adma.201907392
https://doi.org/10.1038/nphoton.2014.82
https://doi.org/10.1038/nphoton.2014.82
https://doi.org/10.1002/adma.202002717
https://doi.org/10.1002/adma.202002717
https://doi.org/10.1126/science.286.5441.945
https://doi.org/10.1126/science.286.5441.945
https://doi.org/10.1126/science.286.5441.945
https://doi.org/10.1039/D2MH00632D
https://doi.org/10.1039/D2MH00632D
https://doi.org/10.1039/D2MH00632D
https://doi.org/10.1002/advs.202104993
https://doi.org/10.1002/advs.202104993
https://doi.org/10.1002/advs.202104993
https://doi.org/10.1038/s41563-022-01448-2
https://doi.org/10.1038/s41563-022-01448-2
https://doi.org/10.1016/j.isci.2022.104109
https://doi.org/10.1016/j.isci.2022.104109
https://doi.org/10.1016/j.isci.2022.104109
https://doi.org/10.1038/s41928-023-01019-6
https://doi.org/10.1038/s41928-023-01019-6
https://doi.org/10.1021/acs.jpclett.0c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acs.jpclett.0c01714?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41598-022-06108-8
https://doi.org/10.1038/s41598-022-06108-8
https://doi.org/10.1038/s41598-022-06108-8
https://doi.org/10.1021/acsnano.0c02862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsnano.0c02862?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D3RA08900B
https://doi.org/10.1039/D3RA08900B
https://doi.org/10.1039/D3RA08900B
https://doi.org/10.1109/JEDS.2016.2545978
https://doi.org/10.1109/JEDS.2016.2545978
https://doi.org/10.1021/cr0501543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/cr0501543?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1016/j.mtener.2021.100722
https://doi.org/10.1016/j.mtener.2021.100722
https://doi.org/10.1016/j.mtener.2021.100722
https://doi.org/10.1016/j.mtener.2021.100722
https://doi.org/10.1016/j.isci.2022.104109
https://doi.org/10.1016/j.isci.2022.104109
https://doi.org/10.1016/j.isci.2022.104109
https://doi.org/10.1021/acsenergylett.9b00954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.9b00954?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c14167?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/jacs.9b06276?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c19368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c19368?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/advs.202417550
https://doi.org/10.1002/advs.202417550
https://doi.org/10.1002/adma.202001470
https://doi.org/10.1002/adma.202001470
https://doi.org/10.1002/adma.202001470
https://doi.org/10.1039/D1TC02833B
https://doi.org/10.1039/D1TC02833B
https://doi.org/10.1039/D1TC02833B
https://doi.org/10.1039/D1TC02833B
https://doi.org/10.1021/acsenergylett.4c00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.4c00497?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c10965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(34) Ju, Y. Y.; Wu, X.; Huang, S.; Dai, G.; Song, T. L.; Zhong, H. Z.
The Evolution of Photoluminescence Properties of PEA2SnI4 Upon
Oxygen Exposure: Insight into Concentration Effects. Adv. Funct.
Mater. 2021, 32 (2), No. 2108296.

(35) Wang, S. X.; Bi, C. H.; Yuan, J. F.; Zhang, L. X.; Tian, J. J.
Original Core-Shell Structure of Cubic CsPbBr3@Amorphous
CsPbBrx Perovskite Quantum Dots with a High Blue Photo-
luminescence Quantum Yield of over 80%. ACS Energy Lett. 2018,
3 (1), 245−251.

(36) Bukke, R. N.; Syzgantseva, O. A.; Syzgantseva, M. A.; Aidinis,
K.; Soultati, A.; Verykios, A.; Tountas, M.; Psycharis, V.; Alshahrani,
T.; Ullah, H.; Zorba, L. P.; Vougioukalakis, G. C.; Wang, J.; Bao, X.;
Jang, J.; Nazeeruddin, M. K.; Vasilopoulou, M.; Yusoff, A. R. B. M.
Strain Relaxation and Multidentate Anchoring in N-Type Perovskite
Transistors and Logic Circuits. Nat. Electron. 2024, 7, 444−453.

(37) Ji, D. Y.; Li, T.; Liu, J.; Amirjalayer, S.; Zhong, M. Z.; Zhang,
Z.-Y.; Huang, X. H.; Wei, Z. M.; Dong, H. L.; Hu, W. P.; Fuchs, H.
Band-like Transport in Small-Molecule Thin Films toward High
Mobility and Ultrahigh Detectivity Phototransistor Arrays. Nat.
Commun. 2019, 10 (1), No. 12.

(38) Zhao, J. J.; Zhang, W. H. EDITORIAL: Unfolding the
Mysterious Scroll of Novel Photoelectric Perovskite Step by Step. J.
Inorg. Mater. 2023, 38 (9), 989.

(39) Anzi, L.; Tuktamyshev, A.; Fedorov, A.; Zurutuza, A.;
Sanguinetti, S.; Sordan, R. Controlling the Threshold Voltage of a
Semiconductor Field-Effect Transistor by Gating its Graphene Gate.
npj 2D Mater. Appl. 2022, 6 (1), No. 28.

(40) Gutiérrez Lezama, I.; Morpurgo, A. F. Threshold Voltage and
Space Charge in Organic Transistors. Phys. Rev. Lett. 2009, 103 (6),
No. 066803.

(41) Kumar Singh, V.; Mazhari, B. Measurement of Threshold
Voltage in Organic Thin Film Transistors. Appl. Phys. Lett. 2013, 102
(25), No. 253304.

(42) Zhang, Y.; Cai, Z.; Zou, R.; Wang, R.; Tan, R.; Wang, L.; Wu,
Y.; He, H.; He, Y.; Chang, G. Solution-Gated Thin Film Transistor
Biosensor-Based SnO2 Amorphous Film for Label-Free Detection of
Epithelial Cell Adhesion Molecules. ACS Sens. 2025, 10 (2), 1187−
1196.

(43) Ding, R. Q.; Zhang, X. G.; Yan, R.; Peng, M. S.; Su, S. Y.; Jeong,
S. Y.; Woo, H. Y.; Guo, X. G.; Feng, K.; Guo, Z.-H. Ultra-Low
Threshold Voltage in N-Type Organic Electrochemical Transistors
Enabled by Organic Mixed Ionic-Electronic Conductors with Dual
Electron-Withdrawing Substitutions. Adv. Funct. Mater. 2024, 35 (2),
No. 2412181.

(44) Garnier, F.; Hajlaoui, R.; Kassmi, M. E. Vertical Device
Architecture by Molding of Organic-Based Thin Film Transistor.
Appl. Phys. Lett. 1998, 73 (12), 1721−1723.

(45) Chae, S. H.; Yu, W. J.; Bae, J. J.; Duong, D. L.; Perello, D.;
Jeong, H. Y.; Ta, Q. H.; Ly, T. H.; Vu, Q. A.; Yun, M.; Duan, X. F.;
Lee, Y. H. Transferred Wrinkled Al2O3 for Highly Stretchable and
Transparent Graphene-Carbon Nanotube Transistors. Nat. Mater.
2013, 12 (5), 403−409.

(46) Sarkar, D.; Xie, X. J.; Liu, W.; Cao, W.; Kang, J. H.; Gong, Y. J.;
Kraemer, S.; Ajayan, P. M.; Banerjee, K. A Subthermionic Tunnel
Field-Effect Transistor with an Atomically Thin Channel. Nature
2015, 526 (7571), 91−95.

(47) Javey, A.; Kim, H.; Brink, M.; Wang, Q.; Ural, A.; Guo, J.;
McIntyre, P.; McEuen, P.; Lundstrom, M.; Dai, H. J. High-κ
Dielectrics for Advanced Carbon-Nanotube Transistors and Logic
Gates. Nat. Mater. 2002, 1 (4), 241−246.

(48) Choi, W. Y.; Park, B.-G.; Lee, J. D.; Liu, T. J. Tunneling Field-
Effect Transistors (TFETs) With Subthreshold Swing (SS) Less Than
60 mV/dec. IEEE Electron Device Lett. 2007, 28 (8), 743−745.

(49) Bai, S. L.; Yang, L.; Haase, K.; Wolansky, J.; Zhang, Z. B.;
Tseng, H.; Talnack, F.; Kress, J.; Andrade, J. P.; Benduhn, J.; Ma, J.;
Feng, X. L.; Hambsch, M.; Mannsfeld, S. C. B. Nanographene-Based
Heterojunctions for High-Performance Organic Phototransistor
Memory Devices. Adv. Sci. 2023, 10 (15), No. 2300057.

(50) Cai, W. F.; Wang, J. Y.; He, Y. M.; Liu, S.; Xiong, Q. H.; Liu, Z.;
Zhang, Q. Strain-Modulated Photoelectric Responses from a Flexible
α-In2Se3/3R MoS2 Heterojunction. Nano-Micro Lett. 2021, 13 (1),
No. 74.

(51) Shil, S. K.; Wang, F.; Lai, Z. X.; Meng, Y.; Wang, Y. P.; Zhao, D.
X.; Hossain, M. K.; Egbo, K. O.; Wang, Y.; Yu, K. M.; Ho, J. C.
Crystalline All-Inorganic Lead-Free Cs3Sb2I9 Perovskite Microplates
with Ultra-Fast Photoconductive Response and Robust Thermal
Stability. Nano Res. 2021, 14 (11), 4116−4124.

(52) Zhang, Y.; Huang, P.; Guo, J.; Shi, R. C.; Huang, W. C.; Shi, Z.;
Wu, L. M.; Zhang, F.; Gao, L. F.; Li, C.; Zhang, X. W.; Xu, J. L.;
Zhang, H. Graphdiyne-Based Flexible Photodetectors with High
Responsivity and Detectivity. Adv. Mater. 2020, 32 (23),
No. 2001082.

(53) Kulishov, M.; Grubsky, V.; Schwartz, J.; Daxhelet, X.; Plant, D.
V. Tunable Waveguide Transmission Gratings Based on Active Gain
Control. IEEE J. Quantum Electron. 2004, 40 (12), 1715−1724.

(54) Han, T.; Wang, Z. J.; Shen, N.; Zhou, Z. W.; Hou, X. H.; Ding,
S. F.; Jiang, C. Z.; Huang, X. Y.; Zhang, X. F.; Liu, L. L. Diffusion
Interface Layer Controlling the Acceptor Phase of Bilayer Near-
Infrared Polymer Phototransistors with Ultrahigh Photosensitivity.
Nat. Commun. 2022, 13 (1), No. 1332.

(55) Sulaman, M.; Song, Y.; Yang, S. Y.; Li, M. Y.; Saleem, M. I.;
Chandraseakar, P. V.; Jiang, Y. R.; Tang, Y.; Zou, B. S. Ultra-Sensitive
Solution-Processed Broadband Photodetectors Based on Vertical
Field-Effect Transistor. Nanotechnology 2020, 31 (10), No. 105203.

(56) Leng, K.; Abdelwahab, I.; Verzhbitskiy, I.; Telychko, M.; Chu,
L. Q.; Fu, W.; Chi, X.; Guo, N.; Chen, Z. H.; Chen, Z. X.; Zhang, C.;
Xu, Q.-H.; Lu, J.; Chhowalla, M.; Eda, G.; Loh, K. P. Molecularly thin
two-dimensional hybrid perovskites with tunable optoelectronic
properties due to reversible surface relaxation. Nat. Mater. 2018, 17
(10), 908−914.

(57) Kang, S. Q.; Wang, Z. Y.; Chen, W. J.; Zhang, Z. C.; Cao, J. L.;
Zheng, J. L.; Jiang, X. X.; Xu, J. C.; Yuan, J. X.; Zhu, J.; Chen, H. Y.;
Chen, X. N.; Li, Y. W.; Li, Y. F. Boosting Carrier Transport in Quasi-
2D/3D Perovskite Heterojunction for High-Performance Perovskite/
Organic Tandems. Adv. Mater. 2025, 37 (1), No. 2411027.

(58) Choe, M.; Lee, B. H.; Park, W.; Kang, J.-W.; Jeong, S.; Cho, K.;
Hong, W.-K.; Lee, B. H.; Lee, K.; Park, S.-J.; Lee, T. Characteristics of
Light-Induced Electron Transport From P3HT to ZnO-Nanowire
Field-Effect Transistors. Appl. Phys. Lett. 2013, 103 (22), No. 223305.

(59) Zhang, H. T.; Hui, J. S.; Chen, H. L.; Chen, J. M.; Xu, W.;
Shuai, Z. G.; Zhu, D. B.; Guo, X. F. Synergistic Photomodulation of
Capacitive Coupling and Charge Separation Toward Functional
Organic Field-Effect Transistors with High Responsivity. Adv.
Electron. Mater. 2015, 1 (9), No. 1500159.

(60) Chen, Q. L.; Zhang, Y.; Liu, S. Z.; Han, T. T.; Chen, X. H.; Xu,
Y. Q.; Meng, Z. Q.; Zhang, G. L.; Zheng, X. J.; Zhao, J. J.; Cao, G. Z.;
Liu, G. Switchable Perovskite Photovoltaic Sensors for Bioinspired
Adaptive Machine Vision. Adv. Intell. Syst. 2020, 2 (9), No. 2000122.

(61) Zhao, J. J.; Hou, D. L.; Geng, H. C.; Wang, Y. H.; Zhang, S. D.;
Shang, Z. X.; Li, R.; Liu, H.; Guo, J. X.; Jiao, Y. N.; Wang, Y.
Optimization of Interfacial Engineering of Perovskite Solar Cells. J.
Inorg. Mater. 2023, 38 (11), 1323.

(62) Tisdale, J. T.; Muckley, E.; Ahmadi, M.; Smith, T.; Seal, C.;
Lukosi, E.; Ivanov, I. N.; Hu, B. Dynamic Impact of Electrode
Materials on Interface of Single-Crystalline Methylammonium Lead
Bromide Perovskite. Adv. Mater. Interfaces 2018, 5 (18), No. 1800476.

(63) Roh, T.; Zhu, H. H.; Yang, W.; Liu, A.; Noh, Y.-Y. Ion
Migration Induced Unusual Charge Transport in Tin Halide
Perovskites. ACS Energy Lett. 2023, 8 (2), 957−962.

(64) Liu, J. H.; Shen, Z. H.; Ye, Y. L.; Yang, Z. X.; Gong, Z. P.; Ye, B.
Q.; Qiu, Y. L.; Huang, Q. C.; Xu, L.; Zhou, Y. Q.; et al. Mixed-Halide
Perovskite Film-Based Neuromorphic Phototransistorsfor Mimicking
Experience-History-Dependent Sensory Adaptation. ACS Appl. Mater.
Interfaces 2021, 13 (40), 47807−47816.

(65) Qin, S. J.; Su, H.; Jiao, Y. N.; Meng, J. L.; Song, J. Y.; Zhao, J. J.;
Lv, J. Tuning Photoelectric Conversion in Hybrid Perovskites by
Thermal Cycling. J. Mater. Chem. A 2025, 13 (12), 8843−8851.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c10965
ACS Appl. Mater. Interfaces 2025, 17, 57355−57364

57363

https://doi.org/10.1002/adfm.202108296
https://doi.org/10.1002/adfm.202108296
https://doi.org/10.1021/acsenergylett.7b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.7b01243?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1038/s41928-024-01165-5
https://doi.org/10.1038/s41928-024-01165-5
https://doi.org/10.1038/s41467-018-07943-y
https://doi.org/10.1038/s41467-018-07943-y
https://doi.org/10.15541/jim20232000
https://doi.org/10.15541/jim20232000
https://doi.org/10.1038/s41699-022-00302-y
https://doi.org/10.1038/s41699-022-00302-y
https://doi.org/10.1103/PhysRevLett.103.066803
https://doi.org/10.1103/PhysRevLett.103.066803
https://doi.org/10.1063/1.4812191
https://doi.org/10.1063/1.4812191
https://doi.org/10.1021/acssensors.4c03073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c03073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acssensors.4c03073?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1002/adfm.202412181
https://doi.org/10.1002/adfm.202412181
https://doi.org/10.1002/adfm.202412181
https://doi.org/10.1002/adfm.202412181
https://doi.org/10.1063/1.122257
https://doi.org/10.1063/1.122257
https://doi.org/10.1038/nmat3572
https://doi.org/10.1038/nmat3572
https://doi.org/10.1038/nature15387
https://doi.org/10.1038/nature15387
https://doi.org/10.1038/nmat769
https://doi.org/10.1038/nmat769
https://doi.org/10.1038/nmat769
https://doi.org/10.1109/LED.2007.901273
https://doi.org/10.1109/LED.2007.901273
https://doi.org/10.1109/LED.2007.901273
https://doi.org/10.1002/advs.202300057
https://doi.org/10.1002/advs.202300057
https://doi.org/10.1002/advs.202300057
https://doi.org/10.1007/s40820-020-00584-1
https://doi.org/10.1007/s40820-020-00584-1
https://doi.org/10.1007/s12274-021-3351-x
https://doi.org/10.1007/s12274-021-3351-x
https://doi.org/10.1007/s12274-021-3351-x
https://doi.org/10.1002/adma.202001082
https://doi.org/10.1002/adma.202001082
https://doi.org/10.1109/JQE.2004.836812
https://doi.org/10.1109/JQE.2004.836812
https://doi.org/10.1038/s41467-022-28922-4
https://doi.org/10.1038/s41467-022-28922-4
https://doi.org/10.1038/s41467-022-28922-4
https://doi.org/10.1088/1361-6528/ab5a26
https://doi.org/10.1088/1361-6528/ab5a26
https://doi.org/10.1088/1361-6528/ab5a26
https://doi.org/10.1038/s41563-018-0164-8
https://doi.org/10.1038/s41563-018-0164-8
https://doi.org/10.1038/s41563-018-0164-8
https://doi.org/10.1002/adma.202411027
https://doi.org/10.1002/adma.202411027
https://doi.org/10.1002/adma.202411027
https://doi.org/10.1063/1.4833544
https://doi.org/10.1063/1.4833544
https://doi.org/10.1063/1.4833544
https://doi.org/10.1002/aelm.201500159
https://doi.org/10.1002/aelm.201500159
https://doi.org/10.1002/aelm.201500159
https://doi.org/10.1002/aisy.202070092
https://doi.org/10.1002/aisy.202070092
https://doi.org/10.15541/jim20230169
https://doi.org/10.1002/admi.201800476
https://doi.org/10.1002/admi.201800476
https://doi.org/10.1002/admi.201800476
https://doi.org/10.1021/acsenergylett.2c02551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c02551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsenergylett.2c02551?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1021/acsami.1c11866?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/D4TA08199D
https://doi.org/10.1039/D4TA08199D
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c10965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


(66) Zhu, H. H.; Liu, A.; Shim, K. I.; Jung, H.; Zou, T. Y.; Reo, Y. J.;
Kim, H.; Han, J. W.; Chen, Y. M.; Chu, H. Y.; Lim, J. H.; Kim, H. J.;
Bai, S.; Noh, Y. Y. High-Performance Hysteresis-Free Perovskite
Transistors Through Anion Engineering. Nat. Commun. 2022, 13 (1),
No. 1741.

(67) Ghimire, M. K.; Ji, H.; Gul, H. Z.; Yi, H.; Jiang, J. B.; Lim, S. C.
Defect-Affected Photocurrent in MoTe2 FETs. ACS Appl. Mater.
Interfaces 2019, 11 (10), 10068−10073.

(68) Haneef, H. F.; Zeidell, A. M.; Jurchescu, O. D. Charge Carrier
Traps in Organic Semiconductors: A Review on the Underlying
Physics and Impact on Electronic Devices. J. Mater. Chem. C 2020, 8
(3), 759−787.

(69) Li, J.; Zhong, D.-Y.; Huang, C.-X.; Li, X.-F.; Zhang, J.-H. High-
Gain Hybrid CMOS Inverters by Coupling Cosputtered ZnSiSnO
and Solution-Processed Semiconducting SWCNT. IEEE Trans.
Electron Devices 2018, 65 (7), 2838−2843.

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.5c10965
ACS Appl. Mater. Interfaces 2025, 17, 57355−57364

57364

https://doi.org/10.1038/s41467-022-29434-x
https://doi.org/10.1038/s41467-022-29434-x
https://doi.org/10.1021/acsami.9b00050?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://doi.org/10.1039/C9TC05695E
https://doi.org/10.1039/C9TC05695E
https://doi.org/10.1039/C9TC05695E
https://doi.org/10.1109/TED.2018.2834506
https://doi.org/10.1109/TED.2018.2834506
https://doi.org/10.1109/TED.2018.2834506
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.5c10965?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://solutions.cas.org/CASInsights_Subscribe?utm_campaign=GLO_GEN_ANY_CIS_AWS&utm_medium=DSP_CAS_ORG&utm_source=Publication_CEN&utm_content=pdf_footer 

