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Abstract—A novel ferroelectric semiconductor junction (FSJ) 
based two-terminal memristor is demonstrated as a synaptic 
device for the first time. In this novel FSJ device, a metal-
ferroelectric semiconductor (FS)-metal crossbar structure is used, 
instead of a metal-ferroelectric insulator-metal structure for a 
conventional ferroelectric tunnel junction (FTJ), so that an ultra-
thin ferroelectric insulator is not required. Meanwhile, the FSJ 
also offers energy efficiency advantage over the conventional 
filament-based resistive random access memory (RRAM) device 
because the conductance of the FSJ scales with the junction area. 
Experimentally, a ferroelectric semiconductor α-In2Se3 based 
crossbar FSJ (c-FSJ) as a synaptic device is demonstrated. 
Ferroelectric resistive switching is clearly observed in both planar 
FSJ (p-FSJ) by in-plane polarization switching and c-FSJ by out-
of-plane polarization switching. Conductance potentiation and 
depression in the c-FSJ are measured and benchmarked at both 
original size and projected to 32 nm node with different synaptic 
devices. α-In2Se3 c-FSJ shows good on-line learning accuracy 
(~92 %), low latency and energy consumption due to the short 
write pulse width and large RON. 

I. INTRODUCTION 

Emerging non-volatile memory (e-NVM) is considered as one 
of the promising devices for non-von Neumann computing 
because it can store the synaptic weights using its multiple 
conductance states and at the same time performs matrix 
multiplication and addition on-chip without accessing external 
memory [1, 2]. There have been reports that employed RRAM [3-
6], phase change memory (PCM) [7-9], ferroelectric tunnel 
junction (FTJ) [10] and ferroelectric field-effect transistor (Fe-
FET) [11-13] as synaptic devices for crossbar or pseudo-crossbar 
array structures to implement in-memory computing and 
accelerate the energy-efficient deep neural network training [14]. 
However, there are limitations for all these technologies. For 
example, RRAM may suffer from limited dynamic range (and 
thus lower on/off ratio), higher power consumption due to current-
driven programming and filament-based conduction mechanism 
and low linearity. Fe-FET may provide higher on/off ratio, lower 
current for programming and higher dynamic range but a 2T cell 
is needed including a selector leading to a lower cell density. 
Therefore, looking for new synaptic devices with new materials, 
new structures and new physics is in strong demands. 

In this work, we demonstrate a novel two-terminal memristor 
with metal-ferroelectric semiconductor-metal (M-FS-M) planar 
or crossbar structures for synaptic devices, which we coined as 
FSJ. Using FSJ as a synaptic device has two important advantages 
over the conventional FTJ or filament-based RRAM. First, the 
FSJ does not require ultra-thin ferroelectric film due to the 
semiconducting nature of the ferroelectric semiconductor. As is 
well-known, ferroelectricity in atomic scale is extremely difficult 
to retain due to the depolarization field. “Thicker” ferroelectric 

insulator in FTJ doesn’t provide enough tunneling current. On the 
other hand, the conductance of FSJ can scale with the area so that 
it provides much more energy efficiency comparing with 
filament-based RRAM in scaled devices, because the resistive 
switching in FSJ is due to the ferroelectric polarization induced 
Schottky barrier height change. 

Experimentally, α-In2Se3 based c-FSJ as a synaptic device is 
demonstrated. α-In2Se3 is a recently discovered ferroelectric 
semiconductor with a bandgap of ~1.39 eV, room temperature 
ferroelectricity, the ability to maintain ferroelectricity down to a 
few atomic layers [15-20]. α-In2Se3 ferroelectric semiconductor 
field-effect transistors (FeS-FETs) have been demonstrated 
showing high performance with high on/off ratio, large memory 
window and scaled supply voltage, suggesting ferroelectric 
semiconductor as a promising novel functional material for non-
volatile memory applications [21]. Meanwhile, α-In2Se3 as a 
ferroelectric semiconductor also exhibits two-terminal 
ferroelectric resistive switching behavior [17, 19, 20]. Here, α-
In2Se3 based c-FSJ as a synaptic device is demonstrated for the 
first time. Ferroelectric resistive switching is clearly observed in 
both p-FSJ by in-plane polarization switching and c-FSJ by out-
of-plane polarization switching. Conductance potentiation and 
depression in the c-FSJ are measured and benchmarked at both 
original size and projected to 32 nm node with different synaptic 
devices, showing a good on-line learning accuracy of ~92%, low 
latency and energy consumption. 

II. EXPERIMENTAL 

α-In2Se3 bulk crystals were grown by chemical vapor 
transport (CVT). Fig. 1 shows the schematic diagram of an α-
In2Se3 FeS-FET. The α-In2Se3 FeS-FET consists a heavily p-
doped Si substrate as back-gate electrode, 30 nm HfO2 as the gate 
dielectric, α-In2Se3 as channel material and 20 nm Ti/50 nm Au as 
source/drain electrodes. The device fabrication process is similar 
to the authors’ previous work in [21].  If applying only source and 
drain two terminals, it is used as a p-FSJ, as shown in Fig. 2(a). 
Fig. 2(b) illustrates the M-FS-M crossbar structure as the c-FSJ. 
Ni is used for both bottom and top electrodes. Fig. 3 and Fig. 4 
show top-view false-color SEM images of p-FSJ and c-FSJ 
structures, respectively. High-angle annular dark field STEM 
image and the corresponding selected area electron diffraction 
(SAED) of α-In2Se3 is shown in Fig. 5, showing a distinct 
arrangement of atoms and a highly single-crystalline hexagonal 
structure. Fig. 6 shows a photo image on the atomic layer thin 
single crystalline α-In2Se3 thin films directly grown on SiO2 by 
chemical vapor deposition (CVD), suggesting a clear route for 
future large-area fabrication and integration. Material 
characterizations on α-In2Se3 crystals were carried out to 
investigate α-In2Se3 as a semiconducting and ferroelectric 
material, including photoluminescence (PL), Raman 
spectroscopy, and piezo force microscopy (PFM) [21]. All 
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electrical measurements were performed at room temperature and 
in dark condition. 

III. RESULTS AND DISCUSSION 

Fig. 7 shows a PL spectrum of the bulk α-In2Se3 crystal, 
measured from 1.2 eV to 1.6 eV, indicating a direct bandgap of 
~1.39 eV. Fig. 8 shows a Raman spectrum taken from the bulk α-
In2Se3 crystal, showing consistent peaks comparing to literature 
reports on α-In2Se3 [19]. PFM is also applied to investigate the 
piezoelectricity and ferroelectricity of α-In2Se3, as shown in the 
PFM phase ferroelectric hysteresis loop in Fig. 9(b). The physical 
origin of ferroelectricity in α-In2Se3 is because of the non-
centrosymmetric structure, as shown in Fig. 9(a) [15]. The Se 
atoms in the middle has two stable states within each layer, with 
both lateral and vertical dipole moments [17]. Therefore, α-In2Se3 
has a correlated ferroelectric polarization in both in-plane 
direction and out-of-plane direction. 

As a result, there are totally three operation mechanisms in α-
In2Se3 FeS-FET and FSJ, as shown in Fig. 10. (i) Using gate 
voltage to control the out-of-plane polarization in the FeS-FET 
structure. (ii) Using drain-to-source voltage (VDS) to control the 
in-plane polarization in the planar structure as p-FSJ. (iii) Using 
voltage across the top and bottom electrodes to control the out-of-
plane polarization in the c-FSJ structure, as shown in Fig. 10(b). 
For high density synaptic device integration, two-terminal 
structure is critical, so p-FSJ and c-FSJ are mainly discussed in 
this work, especially for the c-FSJ due to its highest density. For 
both p-FSJ and c-FSJ, the ferroelectric polarization can tune the 
height/width of Schottky barrier at the metal/semiconductor 
interface, leading to a resistive switching behavior in I-V 
characteristics, as illustrated in Fig. 11. 

Fig. 12 shows the ID-VGS characteristics of an α-In2Se3 FeS-
FET with 15.9 nm thick α-In2Se3 (TFE) and 30 nm thick HfO2 as 
gate insulator. The transfer curve exhibits a clear 
counterclockwise hysteresis loop, indicating the threshold voltage 
is tuned by ferroelectricity instead of charge trapping. Fig. 13 
shows the I-V characteristics of an α-In2Se3 p-FSJ with TFE of 57.5 
nm and a floating gate. I-V characteristics are measured for 10 
repeated cycles, where a clear and reliable resistive switching is 
observed, but with a relatively small on/off ratio. By applying a 
back-gate voltage, the on/off ratio of the resistive switching I-V 
curve can be further improved due to the carrier density 
modulation thus Schottky barrier width change by gate voltage. 
As shown in Fig. 14, on/off ratio over 103 can be achieved at 
VGS=-4 V. Fig. 15 shows the I-V characteristics of an α-In2Se3 c-
FSJ with TFE of 120 nm, measured at a ±2.5 V voltage range. The 
I-V characteristics are measured for 5 repeated cycles, showing 
reliable ferroelectric resistive switching with a coercive voltage ~ 
2 V. The estimated coercive electric field (EC) for out-of-plane 
polarization is about 0.016 V/nm, assuming a linear band bending. 
Note that the actual band bending in α-In2Se3 may be different due 
to the semiconducting nature. Fig. 16 shows the I-V 
characteristics of the same α-In2Se3 c-FSJ measured at a ±2 V 
voltage range below the coercive electric field, exhibiting a 
negligible hysteresis without ferroelectric switch of α-In2Se3.  

Fig. 17 illustrates the potentiation and depression pulse 
measurements. Identical pulses are used with positive pulses for 
potentiation and negative pulses for depression, where the 
conductance of the c-FSJ is sampled after each pulse at 0.5 V 

below the coercive voltage. Fig. 18 shows the experimental 
potentiation and depression profiles for a representative c-FSJ 
device with different pulse width from 80 ns to 150 ns. +2 V is 
used for potentiation and -2 V is used for depression. ±2 V is 
above the coercive field since the measured c-FSJ here has TFE of 
70 nm. The nonlinearity of the potentiation and depression 
process is extracted by fitting to the experiments using the model 
reported in [14], as shown in Fig. 19. Fig. 20 shows the extracted 
nonlinearity (αp for potentiation and αd for depression). An 
improved nonlinearity is achieved with smaller pulse width. The 
best nonlinearity achieved at 80 ns is αp=4.22 and αd=-4.22. The 
large nonlinearity can be improved by using non-identical pulses 
[12] and pulse condition optimization [13].  

To benchmark the performance of the α-In2Se3 c-FSJ synaptic 
device, an MLP+NeuroSimv3.0 based training simulation is 
performed [14], where an adaptive momentum estimation training 
algorithm is adopted, as shown in the training process in Fig. 21. 
Fig. 22 shows the benchmarking of α-In2Se3 c-FSJ synaptic 
device with various reported synaptic devices. α-In2Se3 c-FSJ 
shows good on-line learning accuracy at ~92%, lowest latency 
and energy consumption when projected to 32 nm node due to the 
short write pulse width (low latency) and large RON (low energy 
consumption), suggesting the α-In2Se3 c-FSJ is a promising and 
competitive synaptic device. 

IV. CONCLUSION 

In summary, we report on a novel crossbar FSJ based two-
terminal memristor as a synaptic device for the first time. 
Ferroelectric semiconductor α-In2Se3 based planar and crossbar 
FSJs are experimental demonstrated showing clear resistive 
switching behavior. Conductance potentiation and depression in 
the c-FSJ are measured and benchmarked with various synaptic 
devices, showing advantage in accuracy, latency and energy 
consumption. FSJ provides the advantages in scalability and 
energy efficiency over the conventional RRAM and FTJ. FSJ is a 
promising and competitive synaptic device candidate for in-
memory computing and deep neural network applications. 
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Fig. 3. Top-view false-color SEM image of a fabricated 
α-In2Se3 FeS-FET or p-FSJ. 

 
Fig. 1. Schematic diagram of an α-In2Se3 FeS-FET.  

Fig. 2. Top-view schematic diagrams of (a) a planar ferroelectric semiconductor junction (p-FSJ) 
and (b) a crossbar ferroelectric semiconductor junction (c-FSJ). 

 
Fig. 4. Top-view false-color SEM image of a 
fabricated α-In2Se3 c-FSJ. 

 
Fig. 9. (a) Atomic structure and the origin of in-plane and 
out-of-plane polarization in ferroelectric α-In2Se3. (b) PFM 
measurement of phase vs. voltage ferroelectric hysteresis loop. 

 
Fig. 5. STEM image and the corresponding 
SAED image of a thin α-In2Se3 film. 

 
 

Fig. 6. CVD growth of α-In2Se3 single-crystal 
ultrathin films on SiO2 surface. The films can be as 
thin as mono-layer as shown by the inset AFM 
image.   

 
Fig. 7. Photoluminescence spectrum of bulk α-
In2Se3 at room temperature, showing a bandgap of 
~1.39 eV without considering 2D exciton binding 
energy. 
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Fig. 8. Raman spectrum of bulk α-In2Se3 at room 
temperature. 
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Fig. 10. Control of polarization in ferroelectric 
semiconductor α-In2Se3 in (a) FeS-FET or p-FSJ and (b) c-
FSJ. 
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Fig. 11. Illustration of resistive 
switching due to different 
polarization direction in 
ferroelectric semiconductor α-
In2Se3. 
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Fig. 15. I-V characteristics of an α-In2Se3 c-FSJ at 
±2.5 V range. Resistive switching is controlled by 
out-of-plane ferroelectric polarization. 
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Fig. 17. Illustration of pulse sequence for 
potentiation and depression measurements. 
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Fig. 18. Potentiation and depression profile with 
different pulse width. +2 V is used for potentiation 
and -2 V is used for depression. The current is 
measured at 0.5 V. TFE is 70 nm so that ±2 V is above 
the coercive voltage. 
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Fig. 19. Normalized conductance versus normalized 
pulse number for the fitting of nonlinearity. 
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Fig. 12. ID-VGS characteristics of an α-In2Se3 FeS-
FET with 1 μm channel length, 15.9 nm channel 
thickness and 30 nm HfO2 as gate insulator. 
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Fig. 13. I-V characteristics of an α-In2Se3 p-FSJ with 
gate floating and channel length of 1 μm. Resistive 
switching is controlled by in-plane ferroelectric 
polarization. 
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Fig. 20. Nonlinearity extracted by fitting to 
experimental results for different pulse widths. 
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Fig. 14. I-V characteristics of the same α-In2Se3 p-
FSJ as in Fig. 13, with different gate voltages. 
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Fig. 21. Accuracy versus epoch number in the 
training simulation (80 ns pulse width) based on 
MLP+NeuroSimv3.0. 
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Fig. 22. Benchmarking of various synaptic devices. α-In2Se3 c-FSJ exhibits low energy consumption, low 
latency and high accuracy.  
 

Device type Ag:a-Si [3] TaOx/HfOx [6] PCMO [4]
AlOx/HfO2 

[5]
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(original size)

This work

α-In2Se3 c-FSJ 
(projected to 32nm)

This work

# of conductance states 97 128 50 40 31 31

Nonlinearity (αp/αd) 2.4/-4.88 0.04/-0.63 3.68/-6.76 1.94/-0.61 4.22/-4.22 4.22/-4.22

RON 26MΩ 100KΩ 23MΩ 16.9KΩ 100KΩ 390MΩ

ON/OFF ratio 12.5 10 6.84 4.43 21 21

Weight increase pulse 3.2V/300µs 1.6V/50ns 2V/1ms 0.9V/100µs 2V/80ns 2V/80ns

Weight decrease pulse -2.8V/300µs -1.6V/50ns -2V/1ms -1V/100µs -2V/80ns -2V/80ns

Cycle-to-cycle variation (σ) 3.5% 3.7% <1% 5% <0.5% <0.5%

Online learning accuracy ~90% ~92% ~90% ~91% ~92% ~92%

Area 6292.3μm2 8663.1μm2 6292.3μm2 21,846μm2 184,420μm2 6292.3μm2

Latency (optimized) 22,402s 6.1s 16,545s 679s 0.81s 1.04s

Energy (optimized) 10.9mJ 2.2mJ 3.5mJ 26.1mJ 3.09mJ 1.53mJ

Leakage power 105.6μW 105.6μW 105.6μW 105.6μW 105.6μW 105.6μW

 
Fig. 16. I-V characteristics of the same α-In2Se3 c-
FSJ as in Fig. 15 at ±2 V range below the coercive 
electric field. No resistive switching phenomenon is 
observed. 
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