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β ⇔ β′ phase transition with temperature hysteresis in In2Se3 films
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The temperature dependences of Raman scattering for In2Se3 films were measured during cooling to the liquid

nitrogen temperature and subsequent heating to the room temperature. The Raman spectra show a reversible

β-In2Se3 ⇔ β′-In2Se3 phase transition with hysteresis in the range of 140−180K previously discovered by a

change in the atomic structure of the surface and the sharp decrease in electrical resistance by a factor of 104

during the cooling. The ARPES measurements display changes in film’s band structure corresponding to this phase

transition.
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1. Introduction

After discovery of graphene early in the XXI century

and study of its promising properties [1] there gradually

emerged and still remains relevant [2,3] an interest in

studying the 2-dimensional (2D) materials, in particular,

layered metal chalcogenides [4,5]. Layered metal chalco-

genides are promising materials for use in microelectronics,

photonics and photovoltaics due to the fact that they have

semiconductor, metallic, dielectric properties and properties

of topological insulators [6]. The near 1 nm thickness of the

molecular layers of metal chalcogenides and the presence

of a weak Van der Waals bond between them provide

high mechanical flexibility and resistance to deformation,

creating a potential for use in flexible electronics [7,8]. Due
to diversity of physical properties it is possible to use the

layered metal chalcogenides for various applications, e. g.,

MoS2, Bi2Te3 and In2Se3 are featuring high electromagnetic

emission adsorption coefficient in UV to near infra-red

range [9]. As a result, Van der Waals heterostructures based

on metal chalcogenides have a huge potential for using their

electronic and optoelectronic properties in the design of

functional devices such as tunnel transistors, recording and

storage devices, photodetectors, solar cells, and etc. [10].
One of the most prominent representatives of the metal

chalcogenides is layered In2Se3, which is promising for

creation of solar photo-cells, photodetectors and memory

devices on its base [6,11,12].

A number of metal chalcogenides, and in particular

In2Se3, are characterized by the presence of polymorphic

modifications (phases) having the same stoichiometry, but

having different structural and electronic properties. For

instance, recently at least eight phases In2Se3 have been

experimentally found and theoretically predicted, and not

all of them are layered [11–13]. However, taking into

account the stability of phases in normal conditions and

their well-known electrical and physical properties, α-, β-

and γ-In2Se3 phases are worth mentioning in terms of their

practical use; other In2Se3 phases are unstable in normal

conditions [12,14–16].

In2Se3 is known to have several phase transitions

changing its properties, e. g., with the temperature rise

within 323−473K, corresponding to phase transition

α-In2Se3 ⇒ β-In2Se3, a resistance jump by 3 orders of

magnitude can be observed [15]. This phase transition

makes its possible to use In2Se3 as a basis for creation of

data storage devices [17]. Recently, the method of scanning

tunneling microscopy within the temperature range of

140−180K has been used that allowed registering for the

first time the phase transition β ⇔ β′-In2Se3 [14], where,

based on the ab initio analysis, one layer of β′-In2Se3 was

predicted to have a band gap by 0.45 eV wider than one

layer of β-In2Se3; at that, it was noted that the increase

in the number of layers results in the band gap narrowing

from 2.06 to 1.42 eV for β′-In2Se3 and from 1.62 to

1.15 eV for β-In2Se3. However, in the later study [18] with

the use of the angle-resolved photo-emission spectroscopy

(ARPES) the measured width of the band gap of the

bulk β′-In2Se3 was ∼ 0.97 eV, while in the study [19]
with the use of APRES method it was demonstrated,

visa versa, that the band gap becomes wider with the

increase of the number of β-In2Se3 layers. Paper [20]
outlines the measurement of temperature dependence of

β-In2Se3/Si(111) film resistance, which demonstrates the

resistance hysteresis within the range of 140−180K. When

the sample of room temperature was cooled down to

about 140K a drastic decline of resistance by a factor

of ∼ 104 was observed, and reverse transition occurred
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with further heating of the sample > 180K. Thus, this

phase transition was registered by different methods and

different author groups, but the published data have a

number of contradictions. Due to the studied properties

of β- and β′-In2Se3 phases and transition between them a

number of models of the atomic structure of phase β′-In2Se3
were published [12,14,18,19,21]. However, a reasonable

choice of the correct model requires a comprehensive

analysis of the data obtained by the largest number of

different experimental methods, as well as their modeling

by appropriate analysis methods ab initio.

This paper outlines the Raman scattering spectra experi-

mentally measured during cooling of β-In2Se3/Si(111) film

to the temperature of liquid nitrogen and its heating to the

room temperature with a 10K, increment, demonstrating

the phase transition β ⇔ β′-In2Se3. Angular resolution

photo-emission spectra with at room temperature and liquid

nitrogen temperature were measured for the first time.

2. Experimental and measuring
technique

In2Se3 film was grown on Si(111) substrate of n-type
(0.3 Ohm · cm) with a size of 7× 1× 0.38mm in the

column in situ of the reflection electronic microscope

(REM) using an evaporator, providing the possibility of

both, individual and joint thermal evaporation of selenium

and indium, forming the molecular beams of selenium

and indium [22]. The sample was heated by passing

electric current through it. Si(111) surface was cleaned

by annealing at a temperature of 1300◦C for 10minutes.

Selenium flow was calibrated by the rate of disappearance

of Si(111)-7× 7 RHEED patterns at a temperature of

450◦C during formation of the selenium-induced surface

phase
”
1× 1“ [23,24] with selenium covering of 1/2ML

(1ML= 7.8 · 1014 cm−2). Indium flow was calibrated

by the rate of formation of
√
3×

√
3 reconstruction on

Si(111)-7× 7 surface at 450◦C, formed during indium

covering of 1/3ML [25]. In experiment the In/Se flows

ratio in the range of 1/6−1/3 was used, when In2Se3
film is growing with the lowest defects concentration [26].
After calibration of In and Se flows the superstructure

Si(111)-7 × 7 was removed by absorption of 1/3ML of

indium onto Si(111) surface at 450◦C in order to form√
3×

√
3 superstructure followed by the sample heating up

to the temperature of 600◦C at which indium is sublimated

leaving an atomic-pure non-reconstructed surface Si(111)-
1× 1 [27]. However, on such Si(111) surface the broken

covalent bonds are present, preventing the formation of

layered In2Se3 with a Van der Waals bond with the

substrate which results in the necessity of passivation of

Si(111) surface prior to initiating the growth of In2Se3.

Paper [28], describes the process of passivation of the

surface by chalcogen (Te) atoms closing the covalent bonds

with formation of dimers. At the same time, selenium, like

tellurium, is a chalcogen, and in this experiment it is the

most acceptable for passivation of broken bonds: adsorption

of 1ML selenium was carried out at a temperature of

100◦C. In paper [27] it was demonstrated that, by initiating

the growth of layered SnSe2 through crystallization of the

amorphous layer it is possible to achieve low concentration

of defects in the film. Similar process was implemented in

this study, as well: after the surface had been passivated

with selenium atoms a 1 nm thick amorphous In2Se3 layer

was deposited, after which through rapid heating to the

growth temperature (450◦C) this amorphous layer was

crystallized and further epitaxial growth of In2Se3 with a

minimum thickness of 10 nm took place (because of RS

spectrometer sensitivity limit). The growth was controlled

by observing the reflected high-energy electron diffraction

(RHEED) patterns. With the appearance of point reflections

peculiar to the 3D island growth, the flow of indium ceased

and the sample was cooled down to the room temperature

in the presence of molecular flow of selenium, after which

∼ 10 nm of selenium was deposited to prevent the reaction

of In2Se3 film with the atmosphere during its further moving

to ARPES system for study of the band structure. After

that, the obtained film was studied by methods of Raman

scattering (RS) and ex situ atomic-force microscopy (AFM).

The electronic structure of the obtained film surface

was measured by ARPES method using the ultrahigh-

vacuum system of photoelectron spectroscopy SPECS

ProvenX-ARPES, fitted with a hemispherical electrons

energy analyzer ASTRAIOS-190 with electrostatic deflec-

tor and non-monochromatic helium gas-discharge lamp

UVS-300 (emission HeIα, hν = 21.22 eV). The structure

and chemical composition of the sample surface were con-

trolled by low-energy electron diffraction (LEED) and X-ray

photoelectron spectroscopy (XPS) methods, respectively.

Raman scattering spectra were measured by Horiba Xplora

plus spectrometer at excitation with a 532 nm wavelength

laser. An atomic force microscope Bruker Multimode 8

was used to study the surface morphology of the structure.

3. Experimental results

In column in situ of the reflection electronic microscope

In2Se3 film with a nominal thickness of ∼ 20 nm was grown

on Si(111) surface. After that, using the AFM method

the image of the film surface morphology was obtained

(Figure 1), where we may see the islands of layered In2Se3
with lateral sizes of 1−3µm and height of 10−15 nm,

which is consistent with the reflected high-energy electron

diffraction (RHEED) patterns as smooth elongated streaks

observed during the experiment (see insert window in Fig-

ure 1). In the scaled-up image of the layered island surface

(Figure 1, in the right) we may see the atomic flat terraces

separated by atomic steps ∼ 1 nm high which is consistent

with the known data about molecular layer In2Se3 [13]. The
islands have low concentration of dislocations with a screw

component (∼ 2µm−2).
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Figure 1. AFM-image of In2Se3 film surface. Insert window in the figure — RHEED pattern during growth). From the right: scaled-up

fragment of an image of 3D island with a profile obtained across the atomic step In2Se3 with a height of 1 nm. (A color version of the

figure is provided in the online version of the paper).
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Figure 2. Raman scattering spectra of In2Se3 film in the area of β′
⇔ β-In2Se3 phase transition during cooling and heating.

RS spectra were measured during the sample cooling

to 77K and further heating up to the room temperature

(Figure 2). When cooling down to ∼ 140K at frequency

175 cm−1 the peak corresponding to the oscillation mode

β-In2Se3 [29], disappeared and the three peaks were simul-

taneously observed at frequencies of 155, 170 and 188 cm−1

for the first time. Also, in the curves a branch at 120 cm−1

and a distinct doublet structure at 204 cm−1 are observed.
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Figure 3. Hysteresis of resistance of In2Se3 film in the area of

β ⇔ β-In2Se3 phase transition during cooling and heating.
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Figure 4. The electronic states dispersion patterns on the surface

of In2Se3, film were obtained by ARPES method in M−G−M

section at the sample temperature of 80K (a) and 300K (b). From
the left — photo-emission spectra, in the right — corresponding

”
curvature“ spectra patterns.

With the following film heating to a temperature above

∼ 180K the initial spectra started to recover: the distinct

branch and the doublet structure at 120 and 204 cm−1

disappeared along with disappearance of three peaks at

155, 170 and 188 cm−1 and the following occurrence of

the peak at 175 cm−1. Thus, the observed phase transition

is a reversible one and in terms of hysteresis temperature it

corresponds to transition β-In2Se3 ⇔ β′-In2Se3 (Figure 3),
registered in papers [14,20].

The observed phase transitions should also be manifested

as dispersion of the electronic states of the studied films.

Figure 4, a shows a valence band dispersion pattern near

point G (G) of Brillouin zone of the surface of In2Se3
sample obtained by ARPES method after annealing of

initial structure Se/In2Se3/Si(111) in vacuum at ∼ 650K

for 15min and its fast (< 3min) cooling to a temperature

of 80K which resulted in formation of β′-In2Se3 phase.

Photo-emission from the electronic states of the conduction

band within the entire Brillouin zone was not observed in

the spectra. At that, the valence band top lies beneath

Fermi level by 0.9 eV, which corresponds to the width of

indirect band gap of the bulk β′-In2Se3 [18], and indicates

n-type of the obtained film conductivity, and, thus, may

explain a drastic reduction of the film resistance by a

factor of 104 during phase transition β ⇒ β′ (Figure 3).
To highlight the features of the dispersion of valence band

states, Figure 4, a on the right shows
”
curvature“ pattern of

the photoelectronic spectrum obtained using the procedure

presented in [30].

Upon subsequent heating of the sample to 300K, the

dispersion of valence band states undergoes significant

changes (Figure 4, b). The valence band top is shifted

towards h́igher bond energies and is located by ∼ 1.5 eV

lower than Fermi level, which corresponds to a wider

band gap during transition β′-In2Se3 ⇒ β-In2Se3 [19,31].
However, it should be noted that these changes may also

be associated with a change in the surface potential and

a corresponding change in bands surface curvature due

to heating of the sample. We may see, that with the

temperature rise the bands dispersion greatly varies within

the range of 2−3 eV bond energies. In particular, during

transition β′-In2Se3 ⇒ β-In2Se3 the additional branches of

electron- and hole-type states vanish. The observed changes

may indicate the changes in symmetry of a unit cell In2Se3.

Despite the fact that currently we have several models of

atomic structure of β′-In2Se3 phase [12,14,18,19,21], no

calculations of the band structure and oscillations spectrum

for this low-temperature phase have been carried out,

therefore, we cannot distinguish the most precise model

among them.

4. Conclusion

Raman scattering spectra for In2Se3 film were first

measured when cooling down to 77K and further heating

up to the room temperature. A hysteresis corresponding

Semiconductors, 2024, Vol. 58, No. 7
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to the reversible phase transition β-In2Se3 ⇔ β′-In2Se3 was

discovered. When cooling down to a temperature of

∼ 140K we could see vanishing of the peak at 175 cm−1,

corresponding toβ-In2Se3, with simultaneous occurrence

of peaks at 155, 170 and 188 cm−1, a distinct branch

at 120 cm−1 and a clearly visible doublet of structure

at 204 cm−1. When heating > 180K the RS spectrum

is restored to the initial one. According to ARPES, in

transition β′-In2Se3 ⇒ β-In2Se3 the valence band top is

shifted from 0.9 eV towards higher bond energies and is

located ∼ 1.5 eV lower than Fermi level, which corresponds

to the increased width of β-In2Se3 band gap during phase

transition β′-In2Se3 ⇒ β-In2Se3 . At that, β′ phase has a

n-type conductivity, which may explain a drastic decrease of

the film resistance during transition β ⇒ β′. The obtained

experimental data supplement the available information

about phase transition β ⇔ β′: hysteresis of resistance of

In2Se3 film with a decline by a factor of ∼ 104 and atomic

structure of In2Se3 surface.
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