JAIST Repository

https://dspace.jaist.ac.jp/

Title FHRCEERICESH A Hei b ouh Rl ogsR L Al
Author(s) i, g

Citation

Issue Date 2022-03

Type Thesis or Dissertation

Text version

ETD

URL http://hdl.handle.net/10119/17769
Rights
Description Supervisor: =i HE T, ShmRl AR s R, L

AIST

JAPAN
ADVANCED INSTITUTE OF
SCIENCE AND TECHNOLOGY

Japan Advanced Institute of Science and Technology



K 4 B B ' W

¥ o O fEh (7T UTAYAZR)

oL ® &F 5 EMELL S

AR EH A B SMAFEIH24H

O M B MECFEBRICKDEEERE RIS EIORRR LAl

WK A X B FEAE | A T JEREREERBRET R R T Bz
INRE B R [ Bz
K H fH [F] £ 65
DI T S [F] HEH
B & OB KT Bz

WMXONEDEE

Gallium selenide (GaSe) is a layered post-transition metal monochalcogenide with a 2 eV band gap
which is also known to be a good nonlinear optical material owing to the non-centrosymmetry of its
trigonal prismatic crystal structure. A GaSe monolayer is composed of four atomic layers in a
Se-Ga-Ga-Se sequence. The investigation of the GaSe(0001) thin films our group has recently
succeeded the growth on Ge(111) substrates by molecular beam epitaxy (MBE% revealed that the
existence of two novel two dimensional (2D) structures. The Ge(111) substrate is terminated by a
buckled GaSe two-dimensional (2D) honeycomb structure with the same lattice parameter as the
Ge(111) substrate. In addition, separated by a van der Waals gap, a new GaSe polymorph in which
the monolayers have a trigonal-antiprismatic structure, was found near the Ge(111)/GaSe(0001)
interface. In this thesis, the physical properties of these two novel 2D materials were investigated
by means of ab initio calculations and experiments. The study of the GaSe half-layer is motivated
by the fact that it is a 2D material with a structure resembling that of silicene and similar 2D
materials and giving rise to interesting electronic states. Unlike transition metal dichalcogenides,
the physical properties of metal monochalcogenides have to be explored in detail. In particular, it is
important to clarify the influence of the crystal symmetry on the fundamental physical properties.

Chapter 1 is a general introduction of the thesis whereas chapters 2 and 3 give descriptions of
the computational and experimental methods, respectively.

Chapter 4 presents the investigation by means of first-principles calculations of the difference in
structural stability, electronic structure and optical properties between the conventional prismatic
phase of GaSe (called P-phase) and the recently discovered antiprismatic phase (AP-phase).
Although the equilibrium lattice parameter of AP phase is almost the same as that of the P-phase
GaSe, the AP-phase is more stabilized than P phase by tensile stress in the in-plane direction. The
stabilization mechanism is attributed to the difference in the Se-Se repulsive interaction between
the two phases. Nudged elastic band(NEB) and molecular dynamics(MD) calculations, indicate that
the AP-phase GaSe is unlikely formed by a phase transition from the P-phase, but rather by the
direct nucleation of the AP-phase during the growth. This suggests that the AP-phase of GaSe can
be grown by nonequilibrium processes which is consistent with our previous experimental study.
Although the band structures of both phases are similar, small variations in the optical properties
are found for photon energies above 2eV, which are due to different inter-band transition.

Chapter 5 addresses the study of the GaSe half layer terminating the Ge(111) substrate. First
principles calculations reveal the existence of a Dirac cone-like dispersion near the I' point The
analysis of the pseudo-atomic orbital contribution shows that the Dirac cone is caused by the
interaction between the half-layer GaSe and the surface states of Ge(111). The calculated electronic
structures of GaSe half layers on substrates such as Si(111) and InSb(111)B feature no Dirac cone
like dispersion which suggests that the Ge (111) surface plays an important role in its emergence.

Chapter 6 presents the preparation of GaSe half-layers samples by MBE and the
characterization of their electronic properties. The valence band dispersion was determined by
angle resolved photoemission spectroscopy (ARPES). The experimental spectra are consistent with
the results of first-principles calculations shown in chapter 5. The fact that the top of the valence
band is located at the Fermi level indicates that the system is p-doped. Although the Dirac point is
located above the Fermi level and thus cannot be seen, the band predicted to originate from from
the half-layer GaSe was observed. The characterization of the electronic states after exposure to
ambient air showed that the GaSe half-layer is not robust against oxidation and needs a protective



layer.

By revealing the physical properties of AP-phase GaSe and GaSe half-layer on Ge(111), this
thesis contributes to a new variety in 2D materials. The revelation of the physical properties of
AP-phase GaSe is a major step in the exploration of metal monochalcogenides and their
polymorphes and will give insightful indications for to the search of similar novel materials. In
addition, the discovery of the existence of a AP-phase GaSe possibly coexisting with the the P-phase
and possessing different optical properties, is expected to help analyzing the results of the
characterization of the optical properties of GaSe thin films. The discovery of the unique electronic
structure of GaSe half-layer is expected to guide the design of new two-dimensional materials
taking advantage of the interaction with the substrate.
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