
Reconfigurable Physical Reservoir in GaN/α-
In2Se3 HEMTs Enabled by Out-of-Plane Local
Polarization of Ferroelectric 2D Layer
Jeong Yong Yang, Minseong Park, Min Jae Yeom, Yongmin Baek, Seok Chan Yoon, Yeong Je Jeong,
Seung Yoon Oh, Kyusang Lee,* and Geonwook Yoo*

Cite This: ACS Nano 2023, 17, 7695−7704 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Significant effort for demonstrating a gallium
nitride (GaN)-based ferroelectric metal−oxide−semiconductor
(MOS)-high-electron-mobility transistor (HEMT) for reconfig-
urable operation via simple pulse operation has been hindered
by the lack of suitable materials, gate structures, and intrinsic
depolarization effects. In this study, we have demonstrated
artificial synapses using a GaN-based MOS-HEMT integrated
with an α-In2Se3 ferroelectric semiconductor. The van der
Waals heterostructure of GaN/α-In2Se3 provides a potential to
achieve high-frequency operation driven by a ferroelectrically
coupled two-dimensional electron gas (2DEG). Moreover, the
semiconducting α-In2Se3 features a steep subthreshold slope
with a high ON/OFF ratio (∼1010). The self-aligned α-In2Se3 layer with the gate electrode suppresses the in-plane polarization
while promoting the out-of-plane (OOP) polarization of α-In2Se3, resulting in a steep subthreshold slope (10 mV/dec) and
creating a large hysteresis (2 V). Furthermore, based on the short-term plasticity (STP) characteristics of the fabricated
ferroelectric HEMT, we demonstrated reservoir computing (RC) for image classification. We believe that the ferroelectric
GaN/α-In2Se3 HEMT can provide a viable pathway toward ultrafast neuromorphic computing.
KEYWORDS: GaN/α-In2Se3 heterostructure, ferroelectric semiconductor, polarization, self-aligned structure, reservoir computing

Gallium nitride (GaN) high-electron-mobility transis-
tors (HEMTs) are attractive for high-frequency
applications owing to their high electron mobility

(>2000 cm2/(V s)).1−4 Recently, ferroelectric-based GaN
metal−oxide−semiconductor (MOS) HEMTs using HZO,
PZT, and HfO2 dielectrics have been proposed to reduce the
device dimensions and achieve lower power consumption via a
negative capacitance effect.5−13 However, it has been still
challenging for ferroelectric-GaN MOS-HEMTs to achieve
ideal performance of a large hysteresis (ΔV) and low
subthreshold slope (SS) owing to the depolarization effect
caused by the interface charge trapping and polarization of the
AlGaN barrier layer.14−16 To maximize the ΔV and steep SS,
the integration of a ferroelectric material with strong
ferroelectric polarization and without dangling bonds is ideal
for ferroelectric-GaN MOS-HEMTs. Therefore, in this study,
we employed a highly crystalline two-dimensional (2D)
ferroelectric material, α-In2Se3, as a ferroelectric gate
heterostructure in GaN MOS-HEMTs because it is free from
the charge-trapping effect in dangling bonds and has a high
carrier concentration. The α-In2Se3 exhibits both ferroelectric

and semiconducting characteristics.17−19 Thus, it provides a
fast speed barrier height modulation along with a relatively
robust activity against a depolarization field.17−24

Moreover, the enhancement of the vertical polarization in
the ferroelectric layer was achieved by developing a self-aligned
structure between the gate electrode and α-In2Se3, which
suppresses the polarization in the lateral directions. The
effectiveness of the aligned structure was also verified using
physics-based technology computer aided design (TCAD)
simulations. To prove the ferroelectric polarization effect in the
GaN/α-In2Se3 MOS-HEMT structure, we demonstrated
modulation of the effective Schottky barrier height (ΔΦeff)
in the GaN/α-In2Se3 metal−semiconductor−HEMT (MES-
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Figure 1. (a) Illustration of presynaptic and postsynaptic schematic of the emulated neuron system in reservoir computing (RC) and (b) the
3D schematic image of fabricated devices. (c) Schematic illustration of the RC process. (d) The schematic of the physical RC process based
on the GaN/ferroelectric-semiconductor heterostructure. (e) A scanned piezoelectric force measurement (PFM) phase image after applying
a bias of +8 V and −8 V, sequentially. (f) The amplitude and phase graph versus external tip bias measured on an α-In2Se3/Si substrate. The
atomic structure of α-In2Se3 and pulse scheme for the (g) program and (h) erase states. (i) and (j) show a band diagram of the fabricated
device under program and erase states, respectively.
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HEMT) structure. Hence, superior SS characteristics of ∼10
mV/dec and a ΔV of ∼2 V were achieved using the GaN/α-
In2Se3 MOS HEMT compared to conventional oxide-based
ferroelectic GaN MOS-HEMTs.25

Accordingly, neuromorphic computing, which is an emerg-
ing computing architecture that uses artificial synapses for a
massive amount of information processing, is considered to be
suitable application of GaN/α-In2Se3 MOS-HEMT.26,27

Especially, among the neuromorphic architectures, reservoir
computing (RC) is well known for being suitable for
processing temporal data and data with high dimension-
ality.28−30 The RC process, which mimics the biological short-
term plasticity (STP), allows for a nonlinear encoding
framework in a time domain, reducing the data dimensionality
without the need for additional training processes.31

Furthermore, to maximize the performance of neuromorphic
computing for the in situ processing of big data in hardware, it
is desirable to achieve fast-switching operation of artificial
synapses. Therefore, the GaN/α-In2Se3 MOS-HEMT was
characterized as an artificial synapse for neuromorphic
applications. Biological STP is realized by the spontaneous
relaxation of excitatory postsynaptic current (EPSC). We
believe that this study implies that the GaN/α-In2Se3
heterostructure based MOS-HEMT has the potential to be
employed in high-speed neuromorphic computing applica-
tions.

RESULTS
GaN/α-In2Se3 Heterostructure and Ferroelectric

HEMT Operation. Figure 1a illustrates presynaptic and
postsynaptic processes in RC, in which each neuron is
randomly connected in the reservoir layer. The structure of
the GaN/α-In2Se3 MOS-HEMT, which mimics the biological
synapse between presynaptic and postsynaptic neurons, is
schematically shown in Figure 1b. To achieve short- and long-
term synaptic plasticity in the human brain, accumulated
sequential input potentials trigger the action potential to drive
postsynaptic spikes. Similar to the biological synapse, the
transconductance of the GaN/α-In2Se3 MOS-HEMT can serve
as the synaptic weight, and the presynaptic and postsynaptic
spikes can be emulated as the input pulse and output current
to and from the source and drain electrodes of the GaN/α-
In2Se3 MOS-HEMT, respectively. Figure 1c illustrates the
schematic of the RC employed in this study for image
classification by processing the input data through a randomly
assigned reservoir layer. The randomly interconnected
reservoir layer allows the nonlinear encoding of the input
dimension without additional training processes, and the
encoded output can be further utilized as a classification task.
Figure 1d shows an illustration of the physical RC process
using the GaN/α-In2Se3 MOS-HEMT by coupling the partial
ferroelectric polarization of α-In2Se3 with two-dimensional
electron gas (2DEG) in the channel. Here, the partial
ferroelectric polarization of α-In2Se3 is introduced by the
electrical pulse to the gate electrode, which can be accumulated
and shows the temporal relaxation that mimics the biological
STP.
Figure 1e shows the piezo-response force microscopy

(PFM) mapping for out-of-plane (OOP, vertical) polarizations
of α-In2Se3 by applying a sequential bidirectional DC bias of
+8 V and −8 V. The OOP and in-plane (IP, lateral)
ferroelectric polarizations of α-In2Se3 are switched simulta-
neously via an external electric field, resulting in a dipole-

locking effect.32 However, the OOP ferroelectric polarization
of α-In2Se3 dominantly affects the channel conductance of the
GaN/α-In2Se3 MOS-HEMT as a gate structure. Figure 1f
shows the amplitude and phase responses to the application of
external voltages, confirming the clear transition of the
polarization above the coercive field. The ferroelectricity of
layered α-In2Se3 originates from the shift of the Se atom by an
external electric field, as shown in Figure 1g and h. Using the
ferroelectric property of α-In2Se3, we have demonstrated a
GaN/α-In2Se3 MOS-HEMT that exhibits output current
states. The application of positive (for program, VP) and
negative (for erase, VN) pulses to the gate electrode tunes the
ferroelectric polarization of the α-In2Se3 layer coupled with the
VP channel in the GaN MOS-HEMT. The multilayer
ferroelectric polarization switching characteristic of α-In2Se3
allows the emulation of biological STP. Specifically, STP
behavior can be achieved by the local polarization of the α-
In2Se3 membrane, offering RC capability. In conjunction with
high-frequency operation, the heterogeneously integrated
GaN/α-In2Se3 MOS-HEMT serves as a single synapse. Figure
1i shows the band diagram of the GaN/α-In2Se3 MOS-HEMT
heterostructure with the application of a programming pulse,
where Φ′eff indicates the effective barrier height through the α-
In2Se3 layer. The VP leads to the alignment of the ferroelectric
polarization in the same direction as the polarization in the
AlGaN barrier (PPE). Therefore, carriers in the AlGaN/GaN
2DEG channel accumulate when the conduction band is
lowered below the Fermi level. With the application of VN, the
ferroelectric polarization is aligned in the opposite direction of
the PPE, which counters the polarization in the AlGaN barrier.
Thus, the conduction band in the heterostructure rises above
the Fermi level, and the carriers in the 2DEG channel are fully
depleted, as shown in Figure 1j. Furthermore, the accumu-
lation and depletion of carriers within the semiconducting α-
In2Se3 layer depending on applied gate bias modulate the Φ′eff,
inducing the depletion capacitance (Cdep) at the interface of α-
In2Se3/Al2O3.

Schottky Barrier Modulation in GaN/α-In2Se3 via
Ferroelectric Polarization. Unlike conventional ferroelectric
insulators, α-In2Se3 is a semiconductor material; thus, the P−E
curve cannot be measured directly.18 Instead, the ferroelec-
tricity of α-In2Se3 can be verified by observing the modulation
of the effective barrier height (ΔΦeff) in the GaN/α-In2Se3
MES-HEMT. Thus, to elucidate the repercussions of ferro-
electric polarization and the mechanism of ΔΦeff, a GaN/α-
In2Se3 MES-HEMT was fabricated and investigated, as shown
in Figure S1a. Figure S1b presents the transfer curve under a
forward sweep after the application of VN and VP pulses. The
off-current under the application of gate bias is governed by
ΔΦeff since the gate leakage increases with the decrease of Φeff.
In metal/α-In2Se3/semiconductor layer stacks, ΔΦeff can be
enhanced by the depletion effect of the semiconductor
region.18 Figure S1c shows the band diagram of the GaN/α-
In2Se3 MES-HEMT after the application of a negative pulse.
The negative pulse rearranges the ferroelectric polarization in
α-In2Se3, which counters the polarization of the AlGaN layer.
Consequently, Φeff increases after applying a negative pulse,
preventing electrons from being injected into the 2DEG from
the gate. The positive pulse aligns the ferroelectric polarization
in the same direction as the AlGaN polarization. Thus, it
lowers Φeff, and the gate leakage increases as shown in Figure
S1d. To extract ΔΦeff at the GaN/α-In2Se3 MES-HEMT
structure, we plotted a gate leakage model through linearity
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fitting into the measured gate current to confirm compatibility
for the thermionic and diffusion model, as shown in Figure S1e
and f. Based on the verification of precondition for using the
thermionic and diffusion model, the current flow through the
α-In2Se3 is described as below.33

(1)

where A′ is the area of the barrier-height region, A** is the
effective Richardson constant, q is the electron charge, ND is
the donor impurity density, and ks is the permittivity of α-
In2Se3. With A′, A**, Ks, T, and Vbi being constants, the
approximation of ΔΦeff can be obtained from the subtraction
of ln(I) before and after applying gate pulse. Consequently,
ΔΦeff was calculated using eq 2 using a different pulse
amplitude, indicating clear evidence of ferroelectric polar-
ization in α-In2Se3 as shown in Figure S1g.

(2)

where I(0) and I(P) are the gate leakages before and after the
application of a pulse to the gate metal, respectively, k indicates
the Boltzmann constant, and T is the temperature. (For more
detail, see the explanation in Figure S1.)
Geometrical Design by Self-Aligned Gate Structure.

To maximize the ferroelectric effect on the coupled 2DEG
channel, we confined the α-In2Se3 area by selectively removing
the film outside the gate metal region through a wet-etching

process. For the GaN/α-In2Se3 MOS-HEMT structure without
a confined α-In2Se3 layer, the area of α-In2Se3 adjacent to the
drain electrode was unintentionally polarized owing to the
drain bias. Thus, when a VN and VP are applied to the gate
electrode to align the polarization, the induced parasitic
polarization from the drain bias offsets the polarization derived
via the gate pulse. Therefore, this limits the ferroelectric
polarization of the GaN/α-In2Se3 MOS-HEMT in the OOP
direction. Herein, we constrained the unwanted parasitic IP
polarization by self-defining the area of α-In2Se3 matching with
the gate electrode. Figure 2a shows a schematic of the GaN/α-
In2Se3 MOS-HEMT before and after confining the α-In2Se3
layer, where the gray dashed box represents the etched area.
The red and blue arrows indicate IP and OOP polarizations in
the α-In2Se3 layer, respectively. The L′D,Ferro (4.5 μm) is the
length between the α-In2Se3 and drain metal after the self-
defined wet etching process. Optical microscopy images of the
device before and after the self-defined etching process are
shown in Figure 2b and c. The corresponding Raman peaks of
the α-In2Se3 etched area were negligible after the etching
process, indicating that α-In2Se3 was completely removed by
wet etching, as shown in Figure 2d and e.17,34

The 2DEG was depleted when the ferroelectric polarization
was contrary to the polarization of the AlGaN barrier layer
(yellow arrows in Figure 2a). We performed TCAD (Synopsys
Corp.) simulation using an experimentally calibrated model
before and after the etching process to verify the effect of
polarization concentration, as shown in Figure 2f and g. The
bandgap energies of GaN, AlGaN, Al2O3, and α-In2Se3 utilized
for TCAD simulation are 3.4, 4.0, 6.4, and 1.39 eV,
respectively; furthermore, corresponding electron affinities

Figure 2. (a) A cross-section schematic of GaN/α-In2Se3 MOS-HEMT before and after the etching process. (b and c) Optical microscopy
image of the region where Raman spectroscopy analysis was conducted on α-In2Se3 before and after the etching process (white dashed
circle); the scale bar is 10 μm. (d and e) The corresponding Raman peaks of α-In2Se3. (f and g) Technology computer aided design (TCAD)
simulation results on α-In2Se3 before and after the etching process. Color charts and arrows indicate the lateral polarization and vector of
total polarization, which shows the area marked as a red dashed box in (a). (h) Subthreshold slope (SS) vs drain current (IDS) plot of the
GaN/α-In2Se3 MOS-HEMT before and after the etching process at forward and reverse sweep. (i) Extracted minimum subthreshold slope
(SSmin) and hysteresis (ΔV) graph of GaN/α-In2Se3 MOS-HEMT for five devices before and after the etching process.
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are 4.1, 4.6, 1.35, and 3.6 eV.35−41 The arrows in Figure 2f and
g indicate the vectors of the total polarization in α-In2Se3,
whereas the color chart shows the magnitude of the lateral
polarization. The simulation confirmed that lateral polarization
was suppressed when the α-In2Se3 layer was self-aligned with
the gate metal, while the total polarization was preserved.
Moreover, a bidirectional transfer curve was measured before
and after the confining process to verify the improved SS
originating from the enhanced ferroelectric polarization
effect.42,43 Figure 2h shows the SS extracted from the
bidirectional transfer curve before and after the etching
process. After the etching process, the initial ferroelectric
polarization in the reverse OOP direction of the confined α-
In2Se3 polled by the polarization of the AlGaN barrier layer
becomes stronger. Consequently, the SS under the forward
sweep increased. In contrast, the SS under backward sweep was
significantly reduced after the etching process because the
ferroelectric polarization was aligned more strongly in the same
direction as the AlGaN barrier layer. Therefore, we were able
to achieve the average minimum value of SS (SSmin) and ΔV as
low as 15 mV/dec and 2 V for five devices, respectively, via a
self-aligned α-In2Se3-based ferroelectric GaN MOS-HEMT
structure, as shown in Figure 2i and Figure S2. Such devices
with steep SS can be effectively used for low power
consumption circuits including spiking neural network
applications.
Electrical Performance of Ferroelectric GaN/α-In2Se3

MOS-HEMT. Figure 3a shows the bidirectional transfer curves
at drain voltages (VDS) of 0.1, 0.5, and 1 V; the inset of Figure
3a shows the identical curve in linear scale. Counterclockwise
ΔV is referred to as switching of the ferroelectric polarization
of α-In2Se3 in the GaN/α-In2Se3 MOS-HEMT structure. To
confirm the output characteristics of the GaN/α-In2Se3 MOS-
HEMT, we measured the IDS vs VDS output curve for the VGS
range from 0 V to −10 V with a 1 V step, as shown in Figure
3b. Furthermore, the SSmin and ΔV under various VGS sweep

ranges (Vend indicate the end point of VGS sweep range), −10
to 0 V and −10 to 2 V, were extracted from the bidirectional
transfer curve at VDS = 1 V. Steep SS in ferroelectric-FET
(FeFET) is advantageous for neuromorphic computing
applications because it minimizes the power consumption by
preventing unwanted switching behavior until it reaches the
threshold voltage. Specifically, the low subthreshold current
suppresses the leakage current generated by a sequential input
pulse train.44 Figure 3c shows SSmin vs Vend for the forward and
reverse sweeps.
The SSmin is maintained below 20 mV/dec at a Vend range

from 0 to 2 V, and it is decreased further to 10 mV/dec when
Vend = 2 V. Subsequently, the bidirectional IDS vs VGS curve was
measured to observe the switching behavior of ferroelectricity
in α-In2Se3 by an external electric field, thus varying the start
and end point of the VGS sweep range as shown in Figure S3a
and b. Owing to the coercive field (for both negative and
positive amplitude) in α-In2Se3, as confirmed in PFM data, the
direction of ferroelectric polarization can be flipped by an
external electric field. Figure 3d exhibits the ΔV graph
extracted from the transfer curve for Vend from 0 to 2 V,
indicating a gate sweep range (from −10 to 2 V) sufficiently
induces ferroelectricity of α-In2Se3. Furthermore, the impact of
the thickness and area of α-In2Se3 is assessed, as depicted in
Figure S3c and d; both ΔV and SS are improved due to
enhanced ferroelectrically coupled 2DEG controllability.
In addition to the gate-aligned HEMT structure promoting

out-of-plane polarization, the record low SSmin in backward
sweep can be achieved by the additional Cdep within the
ferroelectric α-In2Se3 semiconductor layer. The equivalent
circuit of a typical ferroelectric MOS-HEMT is a series
combination of Cpol − Cins − CAlGaN − CGaN without Cdep,
where Cpol and Cins are the capacitances of the ferroelectric
polarization and dielectric layer, respectively.7 Then, the
extracted SS can be expressed as below:

Figure 3. (a) Normalized bidirectional IDS vs gate voltage (VGS) transfer curve of GaN/α-In2Se3 MOS-HEMT at drain voltage (VDS) = 0.1,
0.5, and 1 V, respectively. The inset shows the linear scale of the bidirectional curve of (a). (b) Normalized IDS vs VDS output curve of GaN/
α-In2Se3 MOS-HEMT at a VGS range of 0 to −10 V. (c and d) SSmin and ΔV versus different VGS sweep ranges. Parameters were extracted
from the bidirectional IDS vs VGS transfer curve of GaN/α-In2Se3 MOS-HEMT. (e) Bidirectional IDS vs VGS transfer curve of GaN/α-In2Se3
MOS-HEMT at VDS = 1 V, measured under a slow, normal, and fast sweep speed mode. (f and g) SSmin and ΔV extracted from Figure 3e at
Vend = 0, 2 V under a slow, normal, and fast sweep speed. (h) A benchmark plot of SSmin and ΔV versus ON/OFF ratio of GaN/α-In2Se3
MOS-HEMT compared with other previous works.5−7,9,11,13,46,47
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(3)

(4)

The term in eq 3 indicates that ferroelectric

polarization can further decrease the SS below 60 mV/dec.

Specifically, the term is associated with voltage

amplification (AV), and the term 1/AV can be described as
shown in eq 4. Under a specific condition (Cins > |Cpol|), 1/AV
has a value of less than 1, which is mainly attributed to the
polarization switching in α-In2Se3.35 Cins of 1.593 × 10−6 F/
cm2 and Cpol of ∼0.2 × 10−6 F/cm2 are extracted from C−V
measurement using the fabricated MOSCAP and through the
TCAD simulation, respectively. By comparing Cins and Cpol, we
confirmed that the condition of Cins > |Cpol| for proving 1/AV <
1 is satisfied, and the SS below 60 mV/dec at room
temperature can be explained using eqs 3 and 4.43 In addition
to the ferroelectric polarization effect, reduction in Cpol by
adding a series capacitance results in a further decrease in the
SS. Applying an erase pulse (i.e., a backward sweep) induces
additional Cdep within the α-In2Se3 layer, and Cpol can be
expressed as a series capacitance of Cpol and Cdep as shown in

Figure S3c and d. Thus, the term in eq 3 is

expressed as below:

(5)

By comparing each term of 1/A′V and 1/Av, we can find A′V
> AV. Hence, Cdep can further enhance the subthreshold
performance of the device attributed to the ferroelectric
semiconducting property of α-In2Se3.
Moreover, dynamic polarization matching that affecting SS

and ΔV was investigated by changing the sweep speed.45

Figure 3e shows the bidirectional transfer curves for the slow
(0.3 V/s), normal (0.9 V/s), and fast (2.9 V/s) sweep speed
modes. It coherently exhibits counterclockwise ΔV, and the
threshold voltage shifts to the negative direction as the sweep
speed decreases because the gate bias polling time is reduced.
The SSmin depending on the sweep speed for Vend = 0 and 2 V
extracted from the bidirectional curve is shown in Figure 3f.
The SSmin for each case was lower than 20 mV/dec; in
particular, the SSmin decreased to 8 mV/dec at Vend = 2 V
under a fast sweep speed mode. In addition, ΔV is dependent
on the sweep speed that supports the polarization matching
effect. The ΔV has been weakened in the fast sweep speed
mode, as shown in Figure 3g. A benchmark plot for SSmin and
ΔV versus the ON/OFF ratio compared with previously
reported GaN-based transistors is shown in Figure 3h that
confirms the record value of SSmin demonstrated by this work.
The outstanding performance for both SSmin and ΔV implies
that the ferroelectric GaN/α-In2Se3 MOS-HEMT is a
promising candidate for demonstrating a low power con-
sumption toward neuromorphic applications.5−7,9,11,13,46,47

Short-Term Plasticity of Ferroelectric GaN/α-In2Se3
MOS-HEMT. The heterointerface properties between α-
In2Se3- and AlGaN/GaN-based 2DEG enable the neuro-
morphic function of GaN/α-In2Se3 MOS-HEMT in STP. The
read gate voltage was fixed as VGS = −9 V, confirmed from the

Figure 4. (a) Excitatory postsynaptic current (EPSC) responses for different gate input widths from 1 to 500 ms. Each output current of the
EPSC is collected from the drain electrode of the GaN/α-In2Se3 MOS-HEMT while the input pulses are applied to the gate electrode.
Cumulative EPSC responses for sequential pulses with a time interval of (b) 10 ms and (c) 100 μs and (d) with incremental amplitudes. (e)
For various time intervals between two sequential pulses, ranging from 10 to 500 ms, the pair-pulse facilitation (PPF) was calculated from
1st and 2nd peaks of each EPSC. (f) Endurance cycle for the program and erase operations. Response current was measured after applying
program and erase pulses at VDS = 1 V.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00187
ACS Nano 2023, 17, 7695−7704

7700

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00187/suppl_file/nn3c00187_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig4&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


transfer curve (Figure S4). Figure 4a shows the EPSC
responses for pulse widths of 1−500 ms, mimicking the
biological STP. To compensate for the initial polarization
caused by the AlGaN barrier layer, an initial setup pulse has
been applied for 2 s. The EPSC showed a dependency on the
pulse width, and the postsynaptic signal intensity has been
increased as the wider pulse width has been applied. Figure 4b
and c show the sequential EPSC for two pulses at a time
interval of 10 ms and 100 μs, respectively. Unlike the 10 ms
interval, the shorter time interval (100 μs) allows the
accumulation of input spikes. The input spikes can be
accumulated by increasing the pulse amplitude (Figure 4d).

Figure 4e shows the corresponding pair-pulse-facilitation
(PPF) index plot. The time interval for extracting the
parameters of the PPF index increased gradually from 10 ms
to 500 ms. The maximum PPF index value was 114% at a time
interval of 10 ms, whereas the minimum value was 100% at a
time interval of 500 ms. Figure 4f shows the endurance times
for the erase and program operations. Both operations were
maintained for 5000 cycles without significant variations in the
channel conductance (GDS).

Reservoir Computing. A complex circuit-based conven-
tional recurrent neural network (RNN) has the disadvantage of
noise in analog circuits entailing an output error.48 Notably,

Figure 5. (a) Schematic illustration of vowel image classification (example of ‘A’). 3 × 5 ‘A’, ‘E’, ‘I’, ‘O’, and ‘U’ data sets are prepared, and
the pixel intensities are converted to voltages (‘0’ → −2 V and ‘1’ → +2 V). The accumulated pulses generate corresponding EPSCs at VD = 2
V and VG = −6 V. The readout EPSCs are normalized and fed into the pretrained fully connected layer (3−5−8−5 nodes) for classification.
All pulses are 50 ms pulses with a 50% duty cycle. Experimental EPSC responses of letters (b) ‘A’, (c) ‘E’, and (d) ‘I’. The EPSC peaks
correspond to the ‘1’ pixel intensity in each letter. (e) EPSC responses with respect to each pulse number. The current values corresponding
to each pulse pattern are averaged. (f) Results of RC-based classification. For each train and test procedure, up to 97% and 95% accuracies
are achieved, respectively. (g) Confusion matrix of vowel image classification. Inference results for noised (modifying one pixel) inputs, (h)
‘E’, (i) ‘I’, and (j) ‘O’.

ACS Nano www.acsnano.org Article

https://doi.org/10.1021/acsnano.3c00187
ACS Nano 2023, 17, 7695−7704

7701

https://pubs.acs.org/doi/suppl/10.1021/acsnano.3c00187/suppl_file/nn3c00187_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig5&ref=pdf
https://pubs.acs.org/doi/10.1021/acsnano.3c00187?fig=fig5&ref=pdf
www.acsnano.org?ref=pdf
https://doi.org/10.1021/acsnano.3c00187?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


RC operation is feasible via multistate dipole polarization of
the GaN/α-In2Se3 MOS-HEMT that corresponds to the
randomly distributed nodes in the reservoir layer. Furthermore,
the coupled 2DEG channel allows for processing high-
frequency input signals in the RC system. Here, based on
the described electrical and neuromorphic characteristics
above, we demonstrated the RC capability of the GaN/α-
In2Se3 MOS-HEMT. Figure 5a shows a schematic of the RC
system. We prepared 3 × 5 ‘A’, ‘E’, ‘I’, ‘O’, and ‘U’ data sets for
classification, and the pixel intensities of the data sets were
converted to voltage amplitudes. Then, three 1 × 5 voltage
pulses (corresponding to each letter) were applied to the gate
electrode of the GaN/α-In2Se3 MOS-HEMT. The STP of the
GaN/α-In2Se3 MOS-HEMT enabled the temporal encoding of
input pulses without training. The input pulses in the letter
images generated accumulated EPSC in a time domain (Figure
5b−d and Figure S5), which is then applied as an input to the
fully connected neural network (FCNN). For example, the ‘1’
pixel intensity generates the EPSC spike, whereas the ‘0’ pixel
intensity relaxes the EPSC intensity. As a result, the 3 × 5
input matrix is nonlinearly embedded into the distinguishable
3 × 1 vector (at the read pulse) as an input to the FCNN,
offering the miniaturization of the FCNN model for faster
classification. The corresponding readout currents for certain
patterns are shown in Figure 5e. The continuous ‘1’ input
signals accumulated as increased EPSC intensity, whereas ‘0’
signals relaxed the EPSC from the GaN/α-In2Se3 MOS-
HEMT due to its STP. We have collected the encoded data
and pretrained the FCNN (for more details, see the Methods
section).
Figure 5f shows the training and test accuracies of the RC-

based neural network. The accuracy converged to approx-
imately 96% after the 50th epoch via the continuous
optimization of the learning parameters, with a slight
fluctuation during the first 50 epochs. Consequently, the
training and test processes achieved accuracies of up to 97%
and 95%, respectively. Figure 5g presents the confusion matrix
for the classification. Although the classification accuracy of the
‘O’ is slightly degraded, the FCNN is robustly trained to infer
noised images. For instance, noised ‘E’, ‘I’, and ‘O’ images are
also classifiable via the FCNN, exhibiting the highest
probability for the corresponding predictions, as shown in
Figure 5h−j. The spontaneous STP behavior of the GaN/α-
In2Se3 MOS-HEMT can perform RC, encoding the input
matrix as a vector for an effective classification task.

CONCLUSIONS
In this study, we have demonstrated ferroelectric GaN/α-
In2Se3 MOS-HEMTs with superior electrical performance by
implementing a semiconducting α-In2Se3 layer to induce Cdep,
which maximizes the effect of its ferroelectricity. The lowest SS
(8 mV/dec) and large ΔV (2 V) were obtained owing to the
polarization matching effect. The ferroelectric polarization and
ΔΦeff were confirmed in the GaN/α-In2Se3 MES-HEMT
structure, which sufficiently controlled the 2DEG conductivity.
In addition, the self-aligned etching process for the α-In2Se3
layer confines polarization in the vertical direction, which can
further enhance ferroelectricity confirmed by both experiment
and simulation using physics-based TCAD. Finally, we
demonstrated the GaN/α-In2Se3 MOS-HEMT for neuro-
morphic computing applications by using its STP. RC was
conducted using the measured and extracted characteristics of
GaN/α-In2Se3 MOS-HEMT. The recognition accuracy for RC

reached 95% during the test process. Our study suggests that
the GaN/α-In2Se3 MOS-HEMT is beneficial for demonstrat-
ing fast switching neuromorphic applications owing to the
combination of semiconducting property of α-In2Se3 and the
high carrier mobility of GaN HEMT. We believe the
ferroelectric GaN/α-In2Se3 MOS-HEMTs have immense
potential for processing high-frequency input signals.

METHOD
Device Fabrication. The AlGaN/GaN heterojunction was grown

by metal−organic chemical vapor deposition on a 2 in. silicon
substrate. It consists of a 3 nm GaN cap layer, 25 nm Al0.26Ga0.74N
barriers, 1 nm AlN interlayer, 2 μm GaN channel layer, and 1 μm
GaN buffer layer. The measured room-temperature Hall mobility and
extracted sheet carrier concentrations were >1300 cm2/(V s) and
∼1013 cm−2, respectively. Device fabrication was initiated by mesa
isolation using a BCl3/Cl2-based inductively coupled plasma reactive
ion etching system. A Ti/Au/Al/Ni/Au metal stack was deposited
through e-beam evaporation, followed by rapid thermal annealing at
830 °C for 30 s in a N2 environment for ohmic contact formation.
Subsequently, 8 nm thick Al2O3 for the gate dielectric was deposited
using an atomic layer deposition (ALD) system with trimethylalumi-
num and ozone precursors at a temperature of 450 °C. The α-In2Se3
flakes exfoliated from the α-In2Se3 bulk (HQ graphene) were then
transferred as a ferroelectric layer. Subsequently, a Ni/Au (20 nm/50
nm) metal stack was deposited as a gate electrode through e-beam
evaporation. Finally, the metal−gate aligned α-In2Se3 wet etching
process was carried out for 60 s in an HCl−H2O2 = 1:5 mixture
solution.

Structural Characterizations. All electrical measurements were
performed using a semiconductor parameter analyzer with a preamp
(Keithley-4200A-SCS). The piezoelectric properties of α-In2Se3 were
characterized using PFM (NX-10/Park Systems), and the thickness of
the α-In2Se3 flake was verified using atomic force microscopy (XE-
150/Park Systems). The Raman shift was measured using a Raman
spectrometer (DXR2xi/Thermo).

Reservoir Computing Experiment. The pixel intensities of the
letter images were encoded to voltage amplitudes (0 for −2 V and 1
for 2 V). The erase, read, and program voltages were −20, 1, and 2 V,
respectively. All pulse widths were 50 ms. One hundred encoded data
were collected (20 per letter) and divided into 80 training and 20 test
images. A 3−5−8−5 FCNN was employed with ReLU activation
layers (softmax for the last output). An RMSprop optimizer was
employed with an initial time-decaying learning rate of 0.001.
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