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Section 1: Characterization of the -In2Se3 crystal 

 

Supplementary Figure S1 | Cross-sectional high-resolution scanning transmission electron 

microscopy (STEM) image of the -In2Se3 crystal. Distinct from the 3R structure, the unit 

cell of 2H -In2Se3 features a basic structure of two shifted single layers, in which the upper 

layer demonstrates 180°-axial flipping in contrast with the lower one. We observed from this 

STEM image that our -In2Se3 crystal can be unambiguously assigned to the 2H structure. 
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Section 2: Confirmation of ferroelectricity in 2H -In2Se3 nanoflakes 

 

Supplementary Figure 2 | (a) PFM amplitude at the OOP and IP orientations for the sample 

in Figure 1c. (b) The topography of the multilayer -In2Se3 from (a) after bias writing. 

Although there are two spots at the -In2Se3 surface that were damaged by the PFM tips, our 

conclusion (the ferroelectric domains can be switched by the applied bias) was not affected. 

 

Supplementary Figure 3 | Spontaneous polarization probed by PFM at a small AC bias 

(0.5 V). (a) AFM image, (b) the PFM amplitude, (c) and the PFM phase for a multilayer -

In2Se3. (d) The height and phase profile derived from the white-dashed line in (a) and (c). The 

presence of two distinct domain regions with 180  phase change confirms the ferroelectricity 

in -In2Se3.  
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Section 3: Analyzing the origin of the resistance switching in 2H -In2Se3 memristors 

In2Se3 is a common building block for phase-change memory. This type of memory 

operates through the phase transition between a high-resistance amorphous state (HAS) and a 

low-resistance crystalline state (LCS)
1-3

. A high and short pulse is used to heat the In2Se3 up 

to its melting point and then quickly quench it, consequently making the In2Se3 evolve to the 

HAS; while a low and long pulse can heat the In2Se3 below its melting point and force it to 

naturally crystallize in a crystalline phase. It is worth noting that both pulses are unipolar, for 

example, 7 V-20 ns for the HAS and 5 V-100 s for the LCS
1-3

.     

Indeed, In2Se3 is a polymorph crystal and has at least five different phases (α, β, δ, γ and 

κ phases
4
). We notice that a newly published paper claimed that an unconventional In2Se3 

phase memory was developed using the phase changes between the crystalline  and  phases
5
. 

In that work, the -In2Se3 was obtained by annealing the -In2Se3 at 300 ℃. Similarly, a 3 V 

pulse with a width of 50 ns was able to reset the In2Se3 to the high-resistance  phase; a 0.7 V 

and 70 s pulse set the In2Se3 back to the low-resistance  phase. 

Our fabricated -In2Se3 memristors are significantly different from these phase 

memories. The following points can clearly distinguish them. 

(1) Our In2Se3 is unambiguously single-crystal  phase, which has been previously 

confirmed by X-ray diffraction, transmission electron microscopy (TEM), and 

Raman spectra
4
. Such single-crystal phase is completely distinct from the initial 

crystalline states in phase-memory-based devices (see Supplementary Figure 4). On 

the other hand, two independent groups have verified that this highly crystallized 

In2Se3 nanoflake can only transform to the crystalline  phase
5,6

, not an amorphous 

phase, when heating up to 200–300 ℃. The  phase In2Se3 is a fully centrosymmetric 

structure and will not exhibit a large hysteresis effect for its electrical curves. More 

importantly, the phase transition ( ) is irreversible; once it occurs, it is not 

possible for -In2Se3 to return to the  phase by increasing or decreasing the 

temperature. 

(2) Using Raman measurements, we observed that our -In2Se3 is stable and does not 

experience a phase change (Supplementary Figure 5). After performing the electrical 

measurements for the devices shown in Figure 2 and Figure 3, the Raman spectra 

does not show any obvious change. 

(3) The programming pulses for our -In2Se3 memristors are bipolar. As shown in Figure 

3, both positive and negative pulses are necessary to set or reset the nanodevices. In 
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addition, these pulses have the same width. But the programming pulses for the 

In2Se3 phase-change memories are unipolar and commonly positive with different 

widths
1-3

. 

(4) The electrical curve for phase-change memory usually has an abrupt inflection point. 

As shown in Figure 2, our obtained IV curves for the -In2Se3 memristors are smooth 

and consecutive without any sudden turning points. 

Together with the phenomenon that the hysteretic effect evolving from a close window to 

a total open window (Supplementary Figure 6), we can conclude that the underlying 

mechanism for our as-fabricated memristors should be ascribed to the intrinsic ferroelectricity 

of 2H -In2Se3. 

As shown in Supplementary Figure 7, with increasing temperature, the hysteric window 

for the planar -In2Se3 memristor incrementally collapses. High temperature can make the 

carrier concentration in -In2Se3 rapidly increase, which in turn boosts the screening effect on 

polarized charges at the metal and semiconductor interface. Consequently the switching 

windows gradually disappear as the device testing temperature increases. After annealing at 

300 ℃ for 30 minutes, the non-centrosymmetric -In2Se3 can transform to symmetric  phase 

(right panel of Supplementary Figure 7), whose typical IV curves measured at room 

temperature are depicted by the blue curves. As expected, -In2Se3 has a high conductance, 

which is three to four orders of magnitude larger than that of the  phase. Note that the small 

switching effect for the blue curve in Supplementary Figure 7 may be contributed by the 

presence of partial ferroelectric  phase. These temperature dependent IV curves indirectly 

reveal the origin of ferroelectricity in the -In2Se3 memristor. 
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Supplementary Figure 4 | TEM images showing the initial In2Se3 crystalline states for 

various memory-related works. (a) Electron diffraction pattern for the In2Se3 used in this 

work. Reproduced from Ref. 4. (b) TEM characterization of an amorphous In2Se3 thin film. 

Reproduced from Ref. 1. (c) and (d) Electron diffraction patterns for In2Se3 nanowires. 

Reproduced from Ref. 2 and Ref. 3, respectively. (e) Side-view high-resolution TEM image 

for the In2Se3 nanoflake, which is different from the image in Supplementary Figure 1. 

Reproduced from Ref. 5.   

 

 

 

Supplementary Figure 5 | Raman spectra before and after the electrical measurements for 

the In2Se3 sample shown in Figure 2a and 3. The peak located at 94 cm
-1

 is a clear indication 

of the hexagonal structure (2H). 
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Supplementary Figure 6 | Evolution of the pinched hysteresis loops. I-V curves at 

different maximum-sweep voltages (1 V to 4 V for left panel and 1 V to 2 V for right panel). 

These increment opening windows strongly rule out the impact of parasitic capacitance as 

well as trapped charges at the metal-semiconductor interface on the switching behavior. 

 

 

Supplementary Figure 7 | Temperature dependence of the pinched hysteresis loops for a 

planar -In2Se3 memristor (left panel). Note that after annealing the device for 30 min we 

collected its electrical curves at room temperature, as the blue curve indicates. Raman spectra 

(right panel) were used to confirm that the annealed sample was in fact -In2Se3. 



     

8 

 

Section 4: Electrical characterization of the planar -In2Se3 memristors 

Unidirectional current conduction is critical for modern electronics. It often occurs in a 

p-n junction or metal-semiconductor junction. Here, by applying large bias poling, we can 

obtain a diode effect with excellent rectifying property from the ferroelectric planar memristor 

(Supplementary Figure 8b). When the -In2Se3 memristor is subsequently poled by positive 

and negative biases, it gradually changes from a forward diode to a reverse diode. It is clearly 

seen that increasing the poling bias increases the rectification ratio.  

The IV curves for the planar -In2Se3 memristor show good reproducibility and there is 

no obvious decay even after 10 cycles of voltage sweep (Supplementary Figure 8c). It should 

be noted that the resistance-switching ratio for the 455-nm -In2Se3 memristor can reach a 

value as high as 10
3
. As shown in Supplementary Figure 8d, the maximum ratio always 

appears near the zero-sweep voltage. As we discuss in the main text, the increased screening 

effect on the ferroelectric polarized charges is responsible for this phenomenon. 

Strictly controlling the channel length to be 1 m using an electron beam lithography 

(EBL) technique, we fabricated a series of memristors with different thicknesses of -In2Se3. 

As shown in Supplementary Figure 8e, the maximum resistance-switching ratio was extracted 

from the 5 V voltage sweep. This value for most of the devices is well above 100. The 

reduced switching ratio below 10 may be caused by the largely degraded ferroelectric field. 
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Supplementary Figure 8 | Electrical characterization of the IP-polarization-based -

In2Se3 memristor. (a) Sample thickness of the -In2Se3 memristor. (b) The switchable 

ferroelectric diode effect under ± 2 V, ± 4 V, and ± 6 V poling voltage. (c) Reproducibility of 

the pinched hysteresis loop at a maximum sweep voltage of 3 V. (d) Resistance switching 

related to the drain voltage and maximum-sweep voltage. (e) The largest RHRS/RLRS ratio as a 

function of the -In2Se3 thickness for the IP configuration. 
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Supplementary Figure 9 | Plot of ln|I| as a function of |V|
1/4

 for various switching processes 

and maximum-sweeping voltages. As highlighted by the grey background, the plots show a 

clear linear relationship. 

 
Supplementary Figure 10 | Performance test for a planar memristor (a) Endurance test 

obtained from 100-cycle consecutive voltage sweep at -0.4 read bias. Sweep sequences: 

040-40. (b) Retention property. 
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Supplementary Figure 11 | Linear plots of (a) transfer curves and (b) output curves derived 

from the data shown in Figure 4a and Figure 4b. 
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Section 5: Electrical characterization of the vertical -In2Se3 memristor 

 

Supplementary Figure 12 | Characterization of the OOP-polarization-based -In2Se3 

memristor (the same device as in Figure 5b). (a)-(d) The ratio of ILRS/IHRS under different 

magnitudes of the maximum-sweep voltage. We note that the ratio can exceed three orders of 

magnitude at small bias, as the red dashed line in (d) indicates. The practical device is shown 

in the inset of (a). Scale bar: 5 m. (e) and (f) I-V curves after various poling voltages. The 

data is derived from Figure 5b. 
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Supplementary Figure 13 | Plot of ln I/V
2
 as a function of V

-1
 for various switching 

processes and maximum-sweep voltages using the data shown in Figure 5b. It can be seen that 

for every process in a-d, the applied high electric field (1/|V|<1) presents a linear relationship 

with ln (I/V
2
). 
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Section 6: Nanofabrication procedures and electrical characterization of the 

multidirectionally controlled -In2Se3 memristor 

To fabricate the novel device shown in Figure 6a, we followed these procedures: 

(1) Prepare a pair of metal electrodes (Ti/Au 5 nm/40 nm) with a channel of 2 m on the 

silica wafer. 

(2) Transfer an identified -In2Se3 nanoflake to the pre-defined electrodes using a micro-

manipulator. This process will inevitably introduce some molecular residue into the 

interface of the transferred -In2Se3 nanoflake and bottom electrodes. As a result, the 

acquired resistance-switching windows shown in Supplementary Figure 14 are 

degraded due to the residue screening effect on the polarization charges. It is also 

clear that the contact resistance between the transferred -In2Se3 nanoflake and 

bottom electrodes is largely increased in contrast to the data shown in Figure 2.   

(3) Spin a layer of PMMA (A4) for the next EBL patterning steps. 

(4) Pattern the top electrodes, deposit the metal, and lift off the PMMA. We fixed the top 

electrodes (Ti/Au) at a thickness of 5 nm/40 nm. 

 

 

 

Supplementary Figure 14 | Nanofabrication processes of the multidirectionally operated -

In2Se3 memristor. 
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Supplementary Figure 15 | Pinched hysteresis loops acquired from the bottom source-drain 

terminals for the device shown in Figure 6a. The switching directions as indicated by the 

arrows are the same as the LRS-HRS -In2Se3 memristors. 
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