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applications.[1–3] On one hand, the 2D 
transition-metal dichalcogenides (TMDC) 
such as MoX2 (X = S, Se, Te) are being 
actively investigated, stimulated by 
extraordinary changes in electronic band 
structure and correspondingly in various 
physical characteristics with film thickness 
approaching a monolayer.[4,5] On the other 
hand, conventional layered chalcogenide 
materials such as those used in phase-
change memory (PCM) are receiving 
renewed interest. In particular, artifi-
cial superlattice structures of Ge–Sb–Te  
phase-change materials are under the 
spotlight, due to the markedly superior 
writing power and speed of iPCM (interfa-
cial phase-change memory) devices made 
of the GeTe–Sb2Te3 superlattices as com-
pared to conventional devices based on 
monolithic Ge–Sb–Te thin-film materials.

Whereas a conventional PCM is based 
on reversible phase changes between a high-resistance amor-
phous phase and a low-resistance crystalline phase,[6] it was 
proposed that an iPCM would function via reversible phase 
changes between two crystalline states with differing bonding 
characteristics and electrical resistivities, namely, a covalently 
bonded state of high resistivity and a resonantly bonded state 
of low resistivity.[7] During these phase changes in an iPCM, 
the change in configurational entropy tends to be much smaller 
than in the case of a conventional PCM; this difference basi-
cally explains why an iPCM shows superior writing power and 
speed compared to a conventional PCM. However, the detailed 
atomic structures of the differing phase states and the atomic 
mechanisms underlying the phase changes in an iPCM have 
not been determined unequivocally[7–12] and it stands in contro-
versy whether iPCM is indeed based on reversible crystalline 
phase changes.[11]

We hypothesized that other unconventional PCMs that 
function similarly to iPCM could potentially be developed by 
exploiting other layered phase-change materials that undergo 
phase changes involving small changes in configurational 
entropy. Of particular interest in this regard are layered mate-
rials having polymorphic or polytypical phase states with dif-
fering bonding characteristics and electrical resistivities. One 
such material is In2Se3, which has crystalline polymorphs 
and polytypes that are closely related to, but distinguish-
able from, each other in terms of the stacking sequence of 
close-packed atomic layers (rhombohedral vs hexagonal), the 

An unconventional phase-change memory (PCM) made of In2Se3, which 
utilizes reversible phase changes between a low-resistance crystalline β phase 
and a high-resistance crystalline γ phase is reported for the first time. Using 
a PCM with a layered crystalline film exfoliated from In2Se3 crystals on a 
graphene bottom electrode, it is shown that SET/RESET programmed states 
form via the formation/annihilation of periodic van der Waals’ (vdW) gaps 
(i.e., virtual vacancy layers) in the stack of atomic layers and the concurrent 
reconfiguration of In and Se atoms across the layers. From density functional 
theory calculations, β and γ phases, characterized by octahedral bonding with 
vdW gaps and tetrahedral bonding without vdW gaps, respectively, are shown 
to have energy bandgap value of 0.78 and 1.86 eV, consistent with a metal-to-
insulator transition accompanying the β-to-γ phase change. The monolithic 
In2Se3 layered film reported here provides a novel means to achieving a PCM 
based on melting-free, low-entropy phase changes in contrast with the GeTe–
Sb2Te3 superlattice film adopted in interfacial phase-change memory.

Reversible Phase Changes

Recently, layered chalcogenide materials with weak van der 
Waals’ (vdW) interlayer interaction have received a great deal 
of attention due to their unusual and promising characteris-
tics in terms of both pure scientific interest and technological 
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bonding geometry of In atoms with Se atoms (octahedral vs 
tetrahedral), the vacancy distribution geometry (vdW gap, i.e., 
virtual vacancy layer vs spatial distribution of single vacancies), 
and bandgap values. In Table S1 and Figure S1 (Supporting 
Information), these characteristics are listed for various crys-
talline phases of In2Se3.[13–26] Each crystal structure shown 
in the figure was drawn by VESTA.[27] In light of the present 
understanding of the phase changes in monolithic and super-
lattice-like Ge2Sb2Te5 materials based on structural analyses on 
atomic-scale and DFT-based calculations,[7–12,28–36] we may sup-
pose for the In2Se3 that the octahedral (tetrahedral) bonding 
geometry, vacancy distribution in the form of a planar layer 
(single vacancies), and a smaller (larger) bandgap may con-
stitute the crystalline In2Se3 phase of a low (high) resistance. 
Thus, an unconventional PCM based on In2Se3 could poten-
tially be devised by adopting β as the low-resistance SET state 
and γ (or κ or δ) as the high-resistance RESET state. This would 
form a promising basis for a PCM device, at least as far as elec-
trical properties are concerned.

For such a PCM to function properly, β and γ should be 
stable over distinct temperature ranges accessible by Joule 
heating for SET/RESET programming data, and should be 

preserved for long times at ambient tem-
perature for sensing data. In this regard, 
previous studies have yielded various results 
depending on the methods used for sample 
fabrication and characterization. In general, 
it has been reported that α, β, γ, and δ are 
stable consecutively with increasing tem-
perature, and that γ and α are both stable 
at room temperature.[13,17,18,21] Remarkably, 
the latest study employing single-crystalline 
In2Se3 thin layers exfoliated from crystalline 
powders showed that the β phase formed by 
heating the α(3R) phase at >200 °C remained 
stable when cooled to room temperature 
unlike the bulk In2Se3 crystal[37] (hereafter α 
refers to α(3R)).

To date, studies on electrical PCMs 
based on In2Se3 have focused on phase 
changes between amorphous and crystalline 
phases.[38–41] To the best of our knowledge, no 
previous study has sought to develop a PCM 
based on reversible phase changes between 
crystalline phases of In2Se3. Herein, we 
report for the first time a PCM based on such 
phase changes. Specifically, we demonstrate 
an unconventional PCM made of In2Se3 
that, by utilizing reversible phase changes 
between crystalline β and crystalline γ (pos-
sibly with κ) states, can repeatedly program 
SET and RESET states. We also show that 
these phase changes are accompanied by the 
formation/annihilation of periodic vdW gaps, 
in the stack of atomic layers and the con-
current reconfiguration of In and Se atoms 
across the layers. For our study, we used lay-
ered crystalline films exfoliated from In2Se3 
powder crystals together with a graphene 

bottom electrode in order to avoid ambiguity and complexity in 
film composition and microstructures arising from film fabri-
cation processes and to provide an atomically flat interface for a 
good thermal and electrical contact in the PCM device.

Unlike in an iPCM, where the Sb2Te3 material tends to 
serve as a passive template of phase changes in the GeTe-
Sb2Te3 superlattice, the In2Se3 material used in our proposed 
unconventional PCM functions as an active medium of phase 
change with a small change in configurational entropy. The 
In2Se3 layered material used in the present work provides an 
unusual opportunity to better understand the materials science 
of unconventional PCMs based on low-entropy phase changes, 
beyond that of an iPCM with GeTe–Sb2Te3 superlattice.

Figure 1a shows the temperature-dependent Raman spectra 
of In2Se3 flakes mechanically exfoliated from In2Se3 powders. 
As for “as-exfoliated” flakes, Raman peaks appear at 91, 104, 
180, and 195 cm−1, all of which may be related to the presence 
of the α phase In2Se3. Based on a previous study of single crys-
tals of α phase In2Se3,[42] the peak at 104 cm−1 may be assigned 
to A1 phonon mode and the peaks at 91, 180, and 195 cm−1 to E 
symmetry, A1(TO) symmetry, and A1(LO+TO) symmetry modes 
of the α phase, respectively. The peak positions obtained in 
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Figure 1. Phase-transition characteristics of In2Se3. a) Raman spectra of as-exfoliated In2Se3 
flakes and annealed flakes at 300 °C. b) Schematic diagram and optical microscopy image 
of an In2Se3 test device. c) Resistance–temperature plot of the as-fabricated device during 
heating followed by cooling. d) ID–VD characteristic of the device before, during, and after 
phase change (PC).
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the present work are slightly different from the reported posi-
tions, presumably due to differences in the sample states of the 
α phase between the two studies (i.e., flake vs single crystal). 
Nevertheless, no peak signifying the presence of other struc-
tural states was observed. The as-exfoliated In2Se3 flake was 
annealed at 300 °C, which is higher than the temperature for 
the α-to-β phase transition (>200 °C) but lower than the tem-
perature of the transition to γ-In2Se3 (>350 °C,[20] >650 °C[43]). 
Noticeably, the Raman peak at 104 cm−1 is blue-shifted by 
≈6 cm−1 during annealing to a position observed previously 
for a sample annealed at a high temperature in the region of 
stable β phase,[37] strongly suggesting that the α-to-β phase 
transition has taken place during annealing at 300 °C. In the 
Raman spectra of the In2Se3 flake before and after annealing, 
no Raman peak is observed at 150 cm−1, a primary signal of γ 
phase.[26]

The basic electrical characteristics of the layered In2Se3 
sample were examined using a test device of the type shown 
in a schematic diagram and optical microscopy image of 
Figure 1b. Note that a graphene flake was used as the bottom 
electrode and also as a template in order to provide a flat sur-
face on the atomic level for good electrical and thermal con-
tact with the exfoliated In2Se3 flake. The thicknesses of the 
exfoliated flakes of In2Se3 and graphene ranged from 15 to 
60 nm and from 1 to 5 nm, respectively. The details of the 
device fabrication process and electrical measurements are 
described in the Experimental Section. The as-fabricated device 
was examined first with respect to changes in electrical resist-
ance during heating at the constant rate of about 6 K min−1 
from room temperature (RT) to 300 °C. Resistance at each 
temperature was obtained from the slope of ID–VD curve as 
shown in Figure S2a,b (Supporting Information). As shown in  
Figure 1c, the electrical resistance decreased with increasing 
temperature by two orders of magnitude before it remained 
at ≈103 Ω at temperatures above 250 °C. This lowered resist-
ance was retained during subsequent cooling to RT. These suc-
cessive changes in electrical resistance can be ascribed to the 
α-to-β phase transition and the structural stability of β during 
continuous cooling to RT. From ln(R) versus (1/T) plots, the 
activation energy for electrical conduction was measured to be 
0.2 eV for the α phase and 0.03 eV for β phase as shown in 
Figure S2c,d (Supporting Information).

Discontinuous changes in electrical resistance were also 
observed when energy was supplied as electrical energy instead 
of thermal energy. Figure 1d shows the ID–VD curve of the as-
fabricated device measured at RT. The low-conductance and 
high-resistance state (black circles) persisted for VD values up to 
2.8 V, but abruptly changed to the high-conductance, low-resist-
ance state (red squares) when VD exceeded 2.8 V; this voltage 
may thus be termed the threshold voltage for the electrical tran-
sition. Remarkably, the latter state is maintained during the 
voltage sweep backward to no bias state (blue triangles). Com-
paring between Figure 1c and Figure 1d, one notices a striking 
similarity in the behaviors of electrical transitions despite the 
different sources of input energy, that is, thermal energy and 
electrical energy. These findings, showing that the two types of 
input energy have equivalent effects and give rise to the same 
transitions, indicate that the electrical energy supplied in the 
latter experiment was converted to thermal energy by Joule 

heating which then drives the structural transition from the 
high-resistance α phase to the low-resistance β phase.

Memory operations to write binary data on a phase-change 
material comprise a RESET-programming to produce a high-
resistance phase state (data “1”: HRS) from a low-resistance one 
(data “0”: LRS) and a SET-programming to effect the reverse 
change. Binary operations based on an amorphous HRS and a 
crystalline LRS have been demonstrated using In2Se3 thin film 
and nanowire;[38,40,41] however, this is outside the scope of the 
present study, which is concentrated on the issue of whether 
a memory device can be developed based on reversible trans-
formations between two distinguishable crystalline states of 
In2Se3 without the mediation of a melt state. Based on the 
results of Figure 1, the β phase of In2Se3 can serve as an LRS 
that is stable at ambient temperature. The remaining question 
is; if the other crystalline state serving as an HRS should be 
accessible by heating the β phase and then rapidly quenching 
it from a higher temperature where γ or δ[13,16,17] is thermody-
namically stable.

RESET and SET programming tests were conducted using 
devices similar to those in Figure 1. Each device was annealed 
at 250 °C after fabrication (pristine) and subjected to voltage 
sweeping in the manner shown in Figure 1d to ensure an LRS 
condition. For RESET and SET, voltage pulses of varying ampli-
tudes were applied with fixed durations of 50 ns for RESET and 
70 µs for SET; the minimum pulse durations for successful 
RESET and SET were 30 ns and 500 ns, respectively, as shown 
in Figure S3 and S4 (Supporting Information). Once a voltage 
pulse for programming was fired, the low-field current value 
was measured at a read voltage (Vread = 0.3 V) low enough to 
avoid any unintended changes induced by Joule heating. Plots 
of VPROG versus ID (Figure 2a,b) showed a sudden drop in ID 
at the RESET programming voltage of VPROG = 3 V and a rapid 
recovery of ID at the SET programming voltage of VPROG = 0.7 V.  
The ratio of ID values between the two programmed states 
(i.e., on-off ratio) is around 50. Using these programming volt-
ages, SET and RESET were repeatedly applied (Figure 2c). Test 
results from another device with different RESET/SET pro-
gramming pulses (Figure S5, Supporting Information) showed 
the retention of binary states for the extended sensing time of 
1200 s and endurance against 100 SET/RESET programming 
cycles.

Figure 2d–f shows the cross-section images of the RESET- 
and SET-programmed devices along with that of the pristine 
device, as observed by high-resolution transmission electron 
microscopy (HRTEM). From all three device states, traces of 
apparently layered atomic planes aligned parallel to the inter-
faces with electrodes are observed throughout the In2Se3 flake, 
suggesting that essentially crystalline states are maintained 
during SET and RESET programming (see also the insets of 
Figure 2e,f). However, as discussed below, the character and the 
degree of crystalline order differed between the two states. An 
important comment should be added regarding the RESET pro-
grammed state. We did not find any evidence of In2Se3 melting 
followed by amorphization in the regions of In2Se3 underneath 
the Cr/Au top electrodes. Nevertheless, when we examined 
the In2Se3 regions in which the Cr/Au electrodes were absent 
(Figure S6, Supporting Information), we observed the phase 
contrast of an amorphous material in the HRTEM images and 
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the characteristic halo-like diffuse intensity distribution in the 
Fourier transformed pattern. These contrasting results from 
the two different regions of the device can be attributed to the 
large difference in heat dissipation between the region close to 
the metal electrode and that close to the ambient atmosphere, 
as can be deduced from Figure 1b. The In2Se3 crystalline mate-
rial underneath the metal electrodes will dissipate Joule heat 
rapidly by conduction through the electrode, whereas the mate-
rial exposed to the ambient atmosphere loses heat by convec-
tion and hence is more prone to melting.

To examine the detailed structural features of the RESET pro-
grammed state as compared with the SET programmed state, 
scanning TEM (STEM) was carried out and atomic resolution 
Z-contrast images were obtained along with the associated 
selected area electron diffraction (SAED) patterns (Figure 3). 
Patterns of individual atomic planes are clearly visible in both 
the SET and RESET states, but are more ordered and periodic 
in the former state. In the SET state (Figure 3a), the vdW gaps 
are evenly spaced with an average repeat distance of about 
1.0 nm, which corresponds to a monolayer width consisting of 
a vdW gap and Se–In–Se–In–Se quintuple of atomic layers (see 
figure inset). In the RESET state (Figure 3b), by contrast, the 
regular periodic pattern of vdW gaps has become completely or 
partially disintegrated, as can be observed in the images of the 
boxed regions. Comparison of the enlarged Z-contrast images 

in the insets of Figure 3a,b reveals qualitative differences in the 
spatial variation of contrast between the two states. This implies 
that the observed changes in vdW gaps may be accompanied by 
a reconfiguration of In and Se atoms across the atomic layers, 
possibly involving changes in bonding nature and geometry as 
will be discussed below.

The differences between the SET and RESET states were 
further elucidated by examining the SAED patterns. The SAED 
of the SET state assumes a basically single crystal pattern that 
matches well with the simulated [1 1 0]  zone axis pattern of 
β-In2Se3 (Figure S7a, Supporting Information). From the magni-
tudes of the reciprocal lattice vectors G003



 and G110



 in Figure 3a,  
the interplanar spacings of (0 0 3) and (1 1 0) planes are 
assessed to be 8.89 and 2.00 Å, respectively, in good agree-
ment with the literature values.[13] Compared with the SAED 
of the SET state, remarkable changes are observed for the 
RESET state (Figure 3b). While diffraction spots subdividing 
the spacing between the fundamental spots of (0 0 9n)β type 
(i.e., 003, 006, etc.) in the SAED pattern of the SET state tend 
to become diffuse, additional spots emerge at the intermediate 
positions together with diffuse intensity streaks along the c-axis 
direction of the β phase. The former features can be attributed 
to the presence of reconfigured atomic planes with periodici-
ties distinct from that of the β phase and the latter conceivably 
derive from short-range fluctuations in the periodic stacking of 
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Figure 2. RESET and SET programmed states by electrical pulses. a,b) ID–VPROG characteristic of an In2Se3 test device for RESET (a) and SET-
programming (b) processes. c) ID during repeated SET and RESET programming tests. d–f)Cross-sectional high-resolution transmission electron 
microscopy (HRTEM) images of the pristine (d), SET (e), and RESET (f) states. The insets in (e) and (f) are enlarged HRTEM images.
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atomic planes. On close inspection, the extra spots tend to sit 
half-way between neighboring (0 0 3n)β type spots, as indicated 
by red fiducial lines in the resized pattern with adjusted con-
trast. Note also that faint arrays of diffuse intensity appear at 
locations one-third and two-thirds of the way (marked by red 
arrows) between the two arrays of major spots and also half-way 
(marked by yellow arrows) between them.

Supposing that the β phase may undergo a phase change 
to any of the γ, κ, or δ phase depending on the temperature 
accessible by Joule heating, we calculated SAED patterns of 
these phases using the JEMS software for comparison with the 
observed pattern; the results for the β, γ, κ, and δ phases are 
shown in Figure S7a–d (Supporting Information), respectively 
(for κ and δ, only lattice information was used for the calcula-
tion due to a lack of crystal structure data). The SAED pattern of 
δ does not coincide with any of the features of the experimental 
pattern. Indeed, the primary characteristics of the experimental 
pattern can be reproduced by superposition of Figure S7b,c 
(Supporting Information) based on the orientation relation-
ships among β, γ, and κ shown in Figure S7e (Supporting 
Information). This suggests that the RESET programmed state 
depicted in Figure 3b consists of the γ and κ phases.

With regard to the reasons underlying the 
possible coexistence of γ and κ, a report by 
Groot and Moodera[18] offers a clue. According 
to that report, when an amorphous In2Se3 
film was annealed at 340 °C in the Ar atmos-
phere, the γ phase preferentially formed in 
the film sample with an oxide capping layer 
whereas the κ phase tended to form in the 
absence of the capping layer. Moreover, Ag 
doping was shown to be an effective means 
of promoting the formation of the κ phase 
regardless of capping. To account for these 
findings, Groot and Moodera suggested 
that the absence of the capping layer might 
change the surface composition so as to favor 
the crystallization of κ phase seeds, and that 
Ag atoms would fill structural vacancies to 
stabilize the κ phase. Based on these consid-
erations, we speculate that the κ phase may 
prefer to contain fewer vacancies than the γ 
phase and that the uncapped, free surface of 
an In2Se3 film would provide activated sites 
for vacancy annihilation hence nucleation 
sites for κ phase formation during annealing 
of the film. In our devices, the regions of 
active programming are primarily capped 
by Cr/Au electrodes but also have uncapped 
surfaces nearby, which may lead to the coex-
istence of the γ and κ phases in the RESET-
programmed state.

Figure 4 shows electron energy-loss spec-
troscopy (EELS) profiles obtained from neigh-
boring regions of RESET and SET states, as 
demarcated by the red-dotted rectangular box 
in the inset of HRTEM image. Consistent 
with the STEM images of Figure 3, the 
spectra display contrasting spatial arrange-

ments of chemical components between the RESET and SET 
states. The EELS spectra for the SET region are consistent with 
a system in which, the atomic layers are composed of Se–In–
Se–In–Se quintuple layers between vdW gaps, as expected for 
the β phase. By contrast, in the RESET region, each atomic 
layer shows similar components with an average composition 
ratio of 2(In) to 3(Se), and the vdW gaps are no longer present. 
We can infer from these findings that the memory program-
ming of the present PCM device is based on reversible phase 
changes between β and γ (with κ) phases, which are accompa-
nied by either formation or disintegration of periodic vdW gaps 
in the stack of atomic layers, concurrent with reconfiguration of 
In, Se, and vacancy species across the layers.

The characteristics of the atomic structures assumed by 
the SET and the RESET states of the present PCM device are 
remarkable with respect to those reported for amorphous–crys-
talline phase changes as well as fcc-hexagonal ones in Ge2Sb2Te5 
materials. First, the β phase structure in the SET state is based 
on an octahedral bonding arrangement around each In atom 
whereas the γ phase predominating the RESET state has a tetra-
hedral arrangement. The octahedral bonding is known to have 
a resonant nature characterized by enhanced delocalization of 
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Figure 3. Phase analysis of SET and RESET states by electron microscopy measurements.  
a,b) Scanning transmission electron microscopy (STEM) images and the corresponding 
selected area electron diffraction (SAED) patterns for the SET (a) and RESET (b) states of 
In2Se3 devices. The insets in STEM are enlarged images. The SET state clearly shows quintuple 
layers consisting of Se–In–Se–In–Se and vdW gaps. In contrast, the regular periodic pattern 
of vdW gaps becomes disintegrated in the RESET state. The SAED patterns of SET and RESET 
indicate β phase and coexistence of γ and κ phases, respectively.
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valence p-electrons, thus tending to produce smaller energy 
bandgap,[28] as compared with the covalent nature of the tet-
rahedral bonding and these differences in bonding character-
istics would contribute to the changes in electrical resistance 
accompanying SET and the RESET programming between 
β and γ phases in the present devices. Tetrahedral–octahedral 
bonding rearrangement was once proposed as being respon-
sible for amorphous–crystalline phase changes in Ge2Sb2Te5

[29] 
but is no longer regarded as plausible from various studies of 
the amorphous structures of phase-change materials that have 
been found to be threefold, sixfold, and fourfold as well as 
tetrahedrally coordinated with medium range order.[30–33] The 
layered In2Se3 of this study presents a remarkably rare case  
of crystalline–crystalline transition involving octahedral–
tetrahedral bonding rearrangement in a phase-change material.

Second, we recognize that the vacancy reconfiguration 
accompanying γ-to-β phase changes is of a similar nature to the 
one observed in fcc to hexagonal phase changes in Ge2Sb2Te5 
materials. A computational analysis of the fcc to hexagonal 
phase changes in Ge2Sb2Te5 materials demonstrated that the 
structural transition is accompanied by Anderson-type delocali-
zation, driven by vacancy ordering from a disordered random 
distribution to a planar distribution in the form of a vdW gap.[35] 
Moreover, an experimental study of these materials provided 
compelling evidence of a correlation between the degree of 
vacancy ordering and the progress of the metal–insulator 

transition.[36] In light of these results, we tend to believe that 
vacancy reconfigurations attending the γ-to-β phase changes 
also contribute to the metal–insulator transitions in the present 
device based on In2Se3. To summarize the discussions above 
in reference to the RESET programming, the present PCM 
devices undergo structural changes comprising the octahedral-
to-tetragonal bonding rearrangement and the disintegration of 
vdW gaps (virtual vacancy layer). In terms of transport proper-
ties, these would lead likely to decrease in carrier density and in 
mobility that are combined to produce the state of high resist-
ance. Measurement of transport properties during β-to-γ transi-
tion in the manner of Figure 1c was unsuccessful due to the 
limited heating capability of our hot stage apparatus and intrin-
sically fragile device structures at high temperatures.

To examine whether some of the preceding interpretations 
are corroborated by the electronic band structures of the β and 
the γ phases, we carried out first-principle calculations using 
HSE06 hybrid functional. In these calculations, all In atoms 
were in octahedral sites for the β phase and in tetrahedral sites 
for the γ phase. For comparison, calculations were also per-
formed for the α phase in which In atoms are alternatingly 
placed between the tetrahedral sites and the octahedral sites 
on successive In layers. With the unit cells of the α and the 
β phases proposed by Hulliger[44] and that of the γ phase due 
to Pfitzner and Lutz[16] and Likforman et al.,[17] the electronic 
band structures and the corresponding atomic structures were 
optimized so that they accounted for the observed electrical and 
structural characteristics. The results are shown in Figure S8 
(Supporting Information). The bandgap values are estimated 
to be 1.20 eV for the α, 0.78 eV for the β, and 1.86 eV for the 
γ, all of which are quite close to the previously reported values 
listed in Table S1 (Supporting Information). In particular, 
the values for α and β are in good agreement with those 
obtained in a recent ab initio study of a 2D single layer In2Se3  
(1.25 eV for the α phase and 0.7 eV for the β phase)[25] in which 
the bandgap calculation was based on the GW approximation 
including spin–orbit coupling. Finally, in line with the discus-
sions above on the origins of metal–insulator transitions, our 
calculated bandgap values of α, β, and γ account well for the 
trends of the observed changes in electrical resistances between 
α and β (Figure 1c,d) and between β and γ (Figure 2a–c) as well.

We have successfully developed a novel PCM by adopting a 
layered crystalline In2Se3 film on a graphene bottom electrode 
and utilizing the reversible phase changes between the crystal-
line β and γ phases for repeatable SET/RESET programming. 
Our results suggest that in this device, the RESET program-
ming proceeds via a change in the bonding characteristics of In 
atoms from octahedral bonding with a resonant nature to tetra-
hedral bonding with a covalent nature in conjunction with the 
disintegration of vacancy layers concurrent with reconfiguration 
of In, Se, and vacancy species across the layers. The resulting 
change in configurational entropy is presumably far smaller 
than that associated with the melting-ridden RESET program-
ming of the conventional In2Se3-based PCM. The key character-
istics of the intracrystalline phase changes in the present PCM 
device, that is, the octahedral–tetrahedral coordination rear-
rangement combined with vacancy ordering–disordering have 
been unknown in the GeSbTe-based PCM including the iPCM, 
unfolding an interesting scientific case of study in the field 
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Figure 4. Atomic structure of SET and RESET states. Electron energy-loss 
spectroscopy (EELS) profiles from neighboring RESET and SET regions, 
indicated by the red-dotted rectangular box in the inset of the HRTEM 
image. The scale bar is 2 nm. This confirms the quintuple atomic layers 
between vdW gaps for the SET state and the disintegration of the periodic 
vdW gaps for the RESET state.
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of phase-change memory. Finally, with regard to the detailed 
atomistic mechanism of the phase changes, we speculate the 
following based on a model lately discussed for iPCM.[10] The 
β-to-γ phase change, for instance, might be envisioned to pro-
ceed with vertical jumps of In atoms on octahedral sites into 
the adjacent vdW gaps over the Se layers, followed by lateral 
diffusional or displacive motion to tetrahedral sites under the 
influence of temperature and strain fields. The vacancies left 
behind would be utilized for the subsequent reconfigurations 
leading to the RESET state depicted in Figure 4. Further work 
employing ab initio molecular dynamics simulations would 
shed light on the issue.

Experimental Section
Device Fabrication and Measurements: In2Se3 (Alfa Aesar, 99.99%) and 

graphene flakes were prepared using the mechanical exfoliation method 
on a highly p-doped Si substrate beneath thermally grown 90 and 285 nm 
SiO2. The devices were fabricated by stacking In2Se3 on graphene using a 
poly(dimethylsiloxane) (PDMS) stamp. After stacking, post-annealing at 
250 °C for 3 h under an Ar/H2 atmosphere was conducted to eliminate 
residual polymer and water molecules. Then, the metal electrodes  
(5/50 nm Cr/Au) were formed using electron beam lithography and 
evaporation. All electrical measurements were conducted using a 
semiconductor parameter analyzer (Agilent, 4155C) and a pulse generator 
(Agilent, 81110A) under ambient conditions. Temperature-dependent 
electrical properties were measured on a hot chuck with increasing 
temperature up to 573 K under vacuum. Micro-Raman spectroscopy 
(WITec) was used to verify the In2Se3 phases at different temperatures. 
The thickness and surface morphology of In2Se3 flakes were examined by 
atomic force microscopy (AFM) (Park Systems, XE-100).

DFT Calculation: DFT calculations were performed using Vienna ab 
initio simulation package (VASP)[45] with an energy cutoff of 450 eV. Unit 
cell and atomic positions were optimized from experimental data[16,17,44] 
using GGA-PBE functional[46] until the force on each atom was smaller 
than 0.02 eV Å−1. The first Brillouin zone was sampled using 5 × 5 × 5 
Γ-centered grid for α and β phase and 3 × 3 × 1 for γ phase. Electronic 
band structures were calculated using HSE06 hybrid functional[47] along 
appropriate high-symmetry k-points.[48]

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