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Abstract
For the understanding

of the light-induced

GeSe2, the vibrational

and the electronic

GeSe2 are studied
photon

energies

in detail by Raman
and by optical

In the Raman

spectra

crystallization
structures

scattering

absorption

process

in crystalline

experiment

in amorphous
and amorphous

with various

excitation

experiment.

of single crystals,

we have found resonance

effects which

connect electronic excitations (excitons) with lattice vibrations. With usual nonresonant

excitation,

there are one strong band at about

at about

216 cm'

in the Raman

At the excitation
energy

spectra

in the region between

of 2.71 eV at RT, which

corresponds

2.70 eV at RT, the 216 cm-1 band increases

of the 211 cm'
transition

band.

The relation

is confirmed

low temperatures;

between

200 K where the exciton

transition

in its intensity

transition

at the expense

effect and the exciton

of an exciton

effect is observed

190 and 220 cm'.

to the exciton

the resonance

by a temperature-tuning

the resonance

211 cm-1 and one weak band

transition

energy

at the 2.81 eV excitation

energy becomes

close to the excitation

at

around
energy.

In relation to this resonance experiment, it is concluded that 1) the 211 cm"
band is ascribed to the breathing motion extended over the corner-sharing GeSe4/2
tetrahedra which form chains in the crystal, whereas the 216 cm-1 band is ascribed
to the breathing motion quasi-localizedat the edge-sharing Ge2Se8/2bi-tetrahedra
which connect the chains mutually like bridges. 2) The initial state of the 2.70
eV exciton

transition

is the Se 4p lone-pair

states

at the edge-sharing

Ge2Se8/2 bi-

tetrahedra and the exciton is quasi-localizedat the edge-sharing bi-tetrahedra. 3)
The resonant

effect comes from a strong

interaction

between the 216 cm'

vibration

and the 2.70 eV exciton.
In the absorption
transition
by disorder

energy,

spectra
which

of the polycrystalline

is 2.70 eV in the single

in the polycrystals.

the polycrystals

films, it is found that

at the excitation

The resonant
energy

crystal,

Raman

is significantly

lowered

effect is also observed

near the exciton

vii

the exciton

transition

energy.

in
The

observation

of the resonance

provides

a powerful

method

to investigate

the disorder

in the crystal.
In the Raman

spectra

of amorphous

GeSe2 in the region between

190 and 220

cm-1, there are two bands, Al and A?, correspondingto the breathingvibration of
the GeSe4/2 tetrahedra.
GeSe2,

the degree

Among

of disorder

single-crystalline,
in samples

polycrystalline,

is considered

and amorphous

to increase

in this

series.

We explain the energysplitting betweentwo breathingmodes, Al and A?, by a
structural
the

model

amorphous

where
state.

topologically
The

Al

band

layered-crystal-like
corresponds

to the

fragments

are

contained

crystalline

211 cm-1

in

band,

and the A? band, to the 216 cm-1band.
The resonant

Raman

experiment

ering of the excitors transition
is significantly
vironmental

disordered.
temperatures

It is concluded
cess.

The

that

electronic

crystallization.

energy, which suggests

The light-induced
is investigated

excitation

crystallization,

in the light-induced
the final states

that

is not caused

electronic

also shows the low-

the light-induced

crystallization

by light irradiation
between

crystals

process

by the time-resolved

the photo-crystallization

The coupling

is also important

of the light-induced

important

and lattice

process.

en-

experiment.

by a pure thermal

excitations

of the crystallization,

at various

Raman

is essentially

crystallization

crystal

proin the

vibrations

In a pure

thermal

which are two modifications

of

the GeSe2 crystal, a-GeSe2 (three dimensional form) and /3-GeSe2(layered form),
are uniquely
process.

destined

by the annealing

On the other hand,

temperature

the final crystalline

through
state

a thermal

of the light-induced

lization, that is the type A (0-GeSe2) or the type B (a-GeSe2
on medium-range

structures

by the glass forming

in the initial amorphous

process.

viii

equilibrium
crystal-

,6-GeSe2),depends

state which has been frozen in
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Introduction

Chalcogenide

amorphous

semiconductors

are

the

compounds

containing

chalcogen

elements (S, Se, and Te) and elements of group IV and/or V (Si, Ge, P, As, etc.), for
example

GesSei_s,

GesSi-s,

AssSei_s,

etc..1 These compounds

are roughly

charac-

terized by followingtwo features: 1) over the wide range of the composition ratio
of the

chalcogen

element

to the

other

constituents,

one

can

easily

obtain

glassy

forms of the compounds which have various physical properties (energy gap value,
for example) depending on the compositionratio. At a stoichiometric composition,
a crystalline form can also be obtained. Thus the compounds are good objects to
study the physics of glass by comparing the properties of the glassy form with those
of the crystalline form. 2) In the glassy form, the compounds show various kinds of
light-induced

persistent

or transient

• Photo-darkening:2

structural

Narrowing

changes

of the optical

such as:

energy-gap

induced

by irradiation

of light.
• Photo-bleaching:3

Widening

of the optical gap by the irradiation

of light.

• Photo-crystallization (light-induced crystallization):4>5Crystallization by the
irradiation

of light.

• Photo-doping:6

Doping

of some metal

atoms

into the glass by the irradiation

of light.
These

structural

important
induced
density

changes

are not only intriguing

from the viewpoint
structural

changes

mass-memories,7

of industrial

in the solid state

application.

can be applied

The phenomena

to the optical

to the photo-resist

materials

physics

erasable

but also

of the light-

and ultra-high-

for the micro-fabrication,8'9

and so on.
The

purpose

tronic properties,
and further

of this work is to understand

the atomic

and the vibrational

of crystalline

to explore

properties

the light-induced

crystallization

1

arrangements,

process

and amorphous
in GeSe2.

the elecGeSe2

The
time

light-induced

period

crystallization

of several

tailed observation

process

ten minutes

of the process.

in this material

proceeds

which is an appropriate
In the light-induced

within

time-scale

crystallization,

the

for the dethere

are two

key processes; 1) the interaction between the incident photon and the electrons in
the material and 2) the change of the atomic arrangements in the material. For
the

understanding

important

of the

about

amorphous

the

initial

light-induced

atomic

state

crystallization

arrangements

and

crystalline

and

final

process,

the

overall

electronic

knowledge

structures

for

is
both

state.

The satisfactory knowledgeabout the structure of amorphous GeSe2 (a-GeSe2)
has not been obtained yet, while the structure of crystalline GeSe2 (c-GeSe2) has
been well determined
tural

by the diffraction

investigation

about

without

the long-range

scattering

experiment

observed

in Raman

vestigate

the short- and medium-range
spectra

in a-GeSe2

precise assignment
a resemblance
a-GeSe2
ture.

of the spectra

contains

atomic

However,

further

the knowledge
because

the vibrational

However,

more

for the understanding
In this thesis,
amorphous
ous excitation

knowledge
about

states,

GeSe2 are studied
photon

of vibrational

modes

methods

to in-

in such disordered

materials.

The

up to the present.1°-18

The

studied

to those of c-GeSe2

strongly

which are topologically
about

the a-GeSe2
modes

of the crystalline

of near band-edge

in detail by Raman

2

suggests

like the c-GeSe2

that
struc-

from the Raman

of c-GeSe2

is indispensable.

structure,

the full analysis

of

yet.
has been reported.19-22

excitations

will be necessary

changes.

and the electronic

energies and by optical

though

structure

has not been achieved

of the photo-structural
the vibrational

brings less information

one of the effective

several optical measurement

knowledge

in the struc-

however, has not been accomplished,

the vibrational

modes in c-GeSe2

detailed

becomes

of a-GeSe2

structures

analysis

The analysis

structures

bands,

of the complexity

As for the electronic

order.

have been extensively

of the Raman

To obtain

spectra,

One of the difficulties

of the glass is that the diffraction

the materials

Raman

methods.

structures

scattering

absorption

in crystalline

experiment

experiment

both

and

with variat several

temperatures.
tional

From the experimental

structure,

discussed.

and the electronic

In the Raman

spectra

results,

structure

the atomic

in crystalline

of single crystals,

arrangement,
and amorphous

we have first observed

the vibraGeSe2 are
resonance

effects which connect electronic excitations (excitons) with lattice vibrations. The
vibrational modes and the nature of the exciton are discussed. In the experiment
on polycrystalline films, it has been found out that the characteristic excitation
energy relating to the resonance effect is significantly lowered by disorder. The
observation of the resonance plays an important role in the understanding of the
relation among the Raman spectra of single-crystalline,polycrystalline, and amorphous GeSe2, in which series the degree of disorder in samples is considered to be
increasing. From the experiment on the single-crystal and polycrystal, we discuss
the structure of amorphous GeSe2. The coupling between electronicexcitations and
lattice vibrations are important also in the light-induced crystallization process. We
try to distinguish the photo-process from thermal heating process by light irradiation using time-resolved Raman scattering measurement at various environmental
temperatures. The differencebetween the light-induced crystallization and the thermal crystallization suggests that the medium-rangestructure in the amorphous state
plays an important role in the light-induced crystallization.
The contents of this thesis are as follows.In Sec. 2, background knowledgeabout
both crystalline and amorphous GeSe2obtained up to the present time are reviewed.
Section 3 contains the details of the samplepreparation, the Raman experiment, and
the optical absorption measurement. Section4 shows the results of the experiments
and the procedures of the data analysis. In this section, the vibrational structure,
the electronic structure, and the atomic arrangement of crystalline and amorphous
GeSe2, and the light-induced crystallization will be discussed. Section 5 is devoted
to a summary of this thesis.

3

2

Review

of GeSe2

2.1

Crystalline

GeSe2

2.1.1

Atomic Arrangements

For crystalline GeSe2,three polymorphicmodificationshave been reported, namely
a—,(3—,and -y—GeSe2.23
Among three polymorphs, /(3—GeSe2
which is a yellow micaceous modification is most easily obtained by usual preparation methods like the
Bridgman technique. Dittmer and Schaferhave determined the atomic arrangement
of f3—GeSe2
by the X—raydiffractionanalysis.24The crystallographicdata of f3—GeSe2
are shown in Table 1. Figures 1 (a) and (b) show the projection of the atomic arrangement of one mono-layerof fi—GeSe2
onto the (001)—planeand the view along
the [100]—direction.
The Ge and Se atoms within a layer are covalently bonded to
each other, while the neighboringlayers are bound by weak van der Waals coupling.
A basic building-blockin ,6—GeSe2
is a GeSe4i2tetrahedron in which four selenium
atoms are located at its corners and one germanium atom at its center as shown in
Fig. 1. Each Se atom is shared by two neighboring tetrahedra. In the structure,
there are corner-sharing GeSe4/2tetrahedra (A, in the figure) that compose chains
along the a axis and edge-sharing Ge2Se8/2bi-tetrahedra (B) that connect chains
mutually like bridges.
In GeS2, two polymorphic modifications have been known, namely a— and /3—
GeS2 which are the low temperature phase and the high temperature phase, respectively. The crystallographic data for these two modifications obtained by Dittmer
and Schafer are shown in Table 2.25'26The a—GeS2crystal consists of a three dimensional network of corner-sharing GeS4/2 tetrahedra, while fi—GeS2,which is isotypic
with ,6—GeSe2,has the two dimensional micaceous structure. The atomic arrangement of a—GeS2is shown in Figs. 2 and 3. As for GeSe2, it is difficult to obtain bulk
single crystals of the a phase. However, it has been reported that a crystalline phase
different from the [3 phase is grown in the a-GeSe2 film annealed at about 375 °C

4

Table 1: Crystallographic data for /3-GeSe2. V: Volumeof a unit cell; Z: Number
of GeSe2 moleculesin a unit cell; M: Molecular weight; Ds: Calculated density;
Dm: Measured density.
/3-GeSe2
Crystal structure: monoclinic
Space group: P211c
Parameters:
V = 1394.0A3

Z=16

a = 7.016(3) A

M = 230.52g/mol

b = 16.796(8)A

Ds= 4.39 g/cm3

c = 11.831(5)A

Dm = 4.37 g/cm3

= 90.65(5)°
From Ref. 24.
27 or is obtained as small crystals by subliming GeSe2 in a current of Ar gas.28
The crystalline phase in those reports is considered to have the three dimensional
structure like a-GeS2 (See Sec. 2.1.2).
There is still another polymorphic form named -y-GeSe2.29Although the crystal
structure and the lattice parameters have not been known, the differential thermal
analysis (DTA) shows that the melting point of -y-GeSe2is 850 °C which is much
higher than those of a- and /3-GeSe2(740± 5 and 743 ± 5 °C, respectively).29There
has been reports on the Raman spectra29and the reflection spectra' of -y-GeSe2.
2.1.2

Raman Spectra

There are 48 atoms in a unit cell of #-GeSe2 crystal, which make 144 phonon
branches in the Brillouin zone. The symmetries of the normal modes at the F point
lead 3649 Raman active modes, 36B2 Raman active modes, 35A„ infrared active
modes,

34B,„ infrared

active

modes

and

3 translational

5

modes.'

Table 2: Crystallographic data for a—and /3—GeS2.V: Volume of a unit cell; Z:
Number of GeS2 moleculesin a unit cell; M: Molecular weight; Dx: Calculated
density; Dm: Measured density.
a—GeS2
structure:
Crystal monoclinic
Space group: Pc
Lattice parameters:
V= 910.01A3

Z=12

a = 6.875(5) A
b = 22.55(1) A

Dx = 2.99 g/cm3

c = 6.809(5) A

Dm = 3.01 g/cm3

= 120.45(5)°

fi—GeS2
Crystal structure: monoclinic
Space group: P21/c
Lattice parameters:
V = 1237.2A3

Z = 16

a = 6.720(3) A

M = 136.732g/mol

b= 16.101(3)A

Dx = 2.935 g/cm3

= 11.436(3)A

Dm = 2.89 g/cm3

[3= 90.88(5)°
From Refs. 25 and 26.

6

Popovie and Stolz have reported the polarized Raman spectra of /9-GeSe2at 300
K and 4.2 K using 5145 A (2.41 eV) and 5017 A (2.47 eV) lines of an argon ion
laser as the excitation
spectra

light and have found 69 Raman

in which the most strong

The

band

around

212 cm-1

band is located
is assigned

lines.'

around

Figure

4 shows their

212 cm-1.

to a breathing

motion

of the GeSe4/2

tetrahedra. This assignment is justified as follows: 1) The vibrational energy of
the breathing

motion

in GeBr4 tetrahedral

gas molecule

is around

234 cm-1 which

is very close to 212 cm-1.14 2) Assuming the bond polarizability model for the
Raman

scattering

intensity,'

the breathing

the stretching

motion

band,

the stretching

bond

because

polarizabilities

out that

of Ge-Se

bonds
motion

weak mode

at 215.3 cm-1

Ge2Se8/2 bi-tetrahedra.12
are supported
There

Hereafter,

assignments

vibrational

are small discrepancies

literatures.

into two modes:

of the corner-sharing

These

by a recent

causes

about

chain

mode at 210.3 cm-1

GeSe4/2 tetrahedra

motion

and a

of the edge-sharing
bands

around

bridge
212 cm-1

by Inoue et al..32 '33

the energy of each Raman

in this thesis, the modes that

210.3 and 215.3 cm-1 will be referred

of their

et al. have pointed

a strong

on the Raman

calculation

Raman

large deviations

values. Bridenbaugh

due to the breathing

which implies

to lead the most intense

of the bonds

the 212 cm-1 band is resolved
motion

of the tetrahedra

is expected

from their equilibrium

due to the breathing

motion

Bridenbaugh

band among
et al. observed

as the 211 and the 216 cm-1 bands,

the
at

respec-

tively.
Generally,
frequency

than

17 cm-1
Raman

a vibration
that

is supposed
bands

of weak bonds

of strong

bonds

like van der Waals

like covalent

to be due to the inter-layer

have not been accomplished

bonds.

has

The lowest band

vibration.

well, because

bonds

Assignments

the crystalline

a lower
around
on other

structure

is

very complicated.
Raman

measurement

al. have measured
phous

has not been made on single crystalline

the Raman

GeSe2 films on glass

spectra
substrates

of the polycrystalline
were annealed
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a-GeSe2.

Inoue et

GeSe2 films; the amor-

at various

temperatures

to

obtain

the polycrystalline

films.27 Figure

5 shows the spectra

of the films annealed

at (c) 325 °C, (a) 375 °C, and (b) 425 °C in Ar gas for 18 hours. The spectrum (c)
is almost

the

same

as the spectra

of as-deposited

amorphous

films

and

the

spectrum

(b) corresponds to the spectra of /3-GeSe2.In the spectrum (a), there are two new
Raman peaks (E and F) at about 200 cm-1 and 90 cm-1 which are not observed in
the spectra of /3-GeSe2.In order to explain the Raman bands E and F of crystalline
GeSe2, the spectra of GeS2have been investigated. In Fig. 6, the spectra of amorphous GeS2,a-GeS2, and /3-GeS2are shown. There is strong similarity between the
Raman bands A-D in the spectra of /3-GeSe2and /3-GeS2except for their energies.
One will notice that there is a similar correspondence between the Raman bands
E-F in the spectra of Fig. 5 (a) and Fig. 6 (a) (a-GeS2). The result strongly suggests that there is a new crystalline phase in the polycrystallinefilm annealed at 375
°C and that the new phase has the similar atomic arrangement to a -GeS2. Thus
the new phase is considered to be a-GeSe2. It should be noted that the annealing
temperature for obtaining a-GeSe2 is lower than that for obtaining /3-GeSe2,which
corresponds to the fact that a(0)-GeS2 is the low (high) temperature crystalline
phase. The 200 cm' band of a-GeSe2 is considered to be due to the breathing
motion of the GeSe4/2tetrahedra.
2.1.3

Optical Properties and Electronic Structure

Single crystalline /3-GeSe2has strongly anisotropic optical properties. Almost all
optical measurement on /3--GeSe2has been done using a (001) surface of the crystal,
because it is easy to get the (001) surface by cleaving the crystal, but obtaining
other

surfaces

is much more difficult.

Boiko et al. have measured

the transmittance

of the visible light propagating normal to the (001) surface of single crystalline /3GeSe2.22 Figure

7 shows

the absorption

spectra

at 4.2 K. In the spectrum

of the

polarization parallel to the a axis (E IIa, curve 1 in the figure), they found an
exciton absorption peak at 2.854 eV which is not observed in the E IIb spectrum
(curve 2). Although the absolute values of the absorption coefficientsare not shown

8

Table 3: Energy gap values of 6-GeSe2.
T (K) Eg (eV)
Ella

E IIb

300

2.50

2.49

77

2.675

2.685

4.2

2.725

2.735

From Ref. 20.

in the figure,
absorption
Fig.

the maximum

peak energy

8. The exciton

temperature
by Popovie

of the exciton

decreases

transition

dependence

peak

with increasing

energy

is about

is a ti 104 cm-1.

The

sample

as shown

temperature

2.7 eV at room

exciton

temperature.

The

of energy gap values derived from the plot of a2 versus

and Breitschwerdt

in

by

is shown in Table 3.

The dielectric functions el and 62of 6-GeSe2 for E IIa and E IIb have been
investigated
at room

by Aspnes
temperature

et al. and by Inoue
by Inoue

et al..19,21 The

et al. are shown

dielectric

in Fig. 9. There

function

spectra

are two small

humps

at about 2.7 eV and about 2.9 eV in 62 of E IIa. The former corresponds to the
exciton absorption at 2.7 eV. The more gross shape of the low energy region of the
62spectra are characterized by two bands: one is located around 3 eV and the other
is around 5 eV.
Inoue et al. have reported the valence-bandphoto-emissionspectrum of /3-GeSe2
excited by 70 eV light as shown in Fig. 10 (a).21In the spectra, five valence bands
(ai, a2, a3, b,c) appear. For the conductionbands, they introduced two critical points
(s*,p*) from the core-exciton excitation spectra. Finally, combining the photoemission

spectra,

the

core-exciton

excitation

spectra,

and

the

reflectance

spectra

by

the synchrotron radiation (SR), they concluded that the al band consists of two
bands, al and ai. Therefore, there are six valencebands and two critical points in

9

the conduction band. Figure 11 shows a schematic energy diagram for the valence
and conduction bands.34 Ordering the energy levels in the valence band after the
manner of decreasing energy, the highest two levels al and al come from the Se 4p
lone-pair electrons, the next two levels a2 and a3 from the Ge-Se bonding electrons,
the next b from the Ge s-like bonding electrons, and the lowest c from the Se 4s
electrons. The conduction bands are due to the Ge-Se anti-bonding electrons. These
assignments are also supported by the calculation on the electronic band structure
by Louie.' Energy levels of these bands are listed in Table 4. The E2spectra around

3 eV are explained as the transitions of al
5 eV are explained as those of al

s* and al

p* and al

10

p*.

s* and the spectra around

Table 4: Energy levels (in eV) referred to the valence band maximum (VBM) of
i3-GeSe2 and a-GeSe2. p* and s*: critical points in the conduction band; CBM:
the conduction band minimum; al and

Se lone-pair electrons; a2 and a3: Ge-Se

bonding electrons; b: Ge 4s-like electrons; c: Se 4s electrons.
Levels

/3-GeSe2 a-GeSe2

P*

3.9

3.8

s*

2.8

2.5

CBM (Eg)

2.6

2.2

Fermi

1.8

1.4

VBM

0

0

ai

-0.6

-0.8

al

-1.3

-1.4

a2

-3.2

-3.5

a3

-4.9

-5.2

b

-7.9

-8.1

c

-13.0

-13.3

Ge3d (D
Ge3d (2)
Se 3d (2)
Se3d (D

-29.6
-30.2
-53.1
-54.0

-29.6
-30.2
-53.1
-54.0

level

From

Ref. 21.
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2.2

Amorphous

2.2.1

Diffractional

GeSe2
Analysis

Although the diffraction technique is the most powerful method to investigate an
atomic arrangement in a periodic lattice, it can not uniquely determine the atomic
arrangement in an amorphous material where the long-range order is completely
destroyed. However, even for amorphous materials, there are important informations
in the neutron and X—rayscattering experiments.
The neutron diffraction of a—GeSe2has been studied by Uemura et al..'

The

total radial distribution function shows that the first and the second nearest neighbor
distances are 2.365 A and 3.86 A, respectively, and that the average coordination
number of the first nearest neighbor is 2.62. A possible structure is that each
Ge atom is fourfold and each Se atom twofold coordinated which gives the average

coordination
number4 x1-1-2x 3 = 2.66.In the caseof/3—GeSe2,
the atomicdistance
between a Ge atom and a Se atom belonging to the same GeSe4/2 tetrahedron is
2.3

2.4 A and that between two Se atoms belonging to the same tetrahedron

is 3.8 es, 4.0 A. Recently the differential anomalous X—Ray scattering technique
using the SR light has given the partial structure factors which show that the firstneighbor coordination numbers are 3.8 atoms for Ge and 2.3 atoms for Se.'

An

EXAFS study by Sayers et al. also has shown that the average numbers of Ge atoms
around Ge and Se are 0.1 and 1.9, respectively, whereas the number of Se atoms
around Ge and Se are 3.8 and 0.2, respectively.' From these results, the short range

structure of a—GeSe2can be described as follows: 1) most of atoms are forming the
GeSe4/2tetrahedra similar to atoms in crystalline GeSe2;2) the GeSe4/2tetrahedra
are connected at their corners; 3) there are appreciable amount of Se—Seand Ge—Ge
bonds

due

to partially-broken

chemical

order

called

as wrong

bonds,

which

are

also

evidenced by characteristic Raman bands (See Sec. 2.2.2).
Another

interesting

problem

in the diffraction

studies

is an existence

of the first

sharp diffraction peak (FSDP) in the structure factor S(k). Figure 12 shows S(k)
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of neutron scattering in a-GeSe2.39The FSDP appears at 1.01 A-1 corresponding
to a correlation length of about 27/k = 6.22 A which suggests that there is some
medium-range order (MRO). The FSDP shows anomalous thermal behaviors as
follows: 1) the peak height increaseswith increasingtemperature; 2) It still remains
as a sharp

peak in the structure

factor

of liquid GeSe2.

Vashishta et al. have made extensive molecular dynamics (MD) studies of the
structure and dynamics of glassy and liquid GeSe2,using three body potentials.49
They followedthe motion of the atoms from the melt to the glass by quenching. The
calculated structure factors in glassy and molten GeSe2agree well with the experimental result. The most important benefit of the MD calculation is the capabilities
of directly obtaining various statistics which are hardly obtained by experiments.
Figure 13 shows the calculated partial structure factor in a-GeSe2 at 300 K. The
FSDP comes mainly from the Ge-Ge correlation and partially from the Ge-Se correlation. The calculation of S(k) with the distribution function p(x) which is constant
beyond xc = 4 A provides no FSDP. The FSDP grows with increasing x, to 8 A,
and becomes constant with x, > 8 A. Thus the intermediate-range correlations between 4 and 8 A are responsible for the FSDP. The calculated FSDP decreases with
increasing glass density at a fixed temperature, which was explained as that the
increasing in the density enhances the frustration associated with the packing of
GeSe4/2tetrahedra. The decrease in the height of the FSDP with decreasing temperature was ascribed to the fact that larger density at low temperature offsets the
increase of the FSDP resulting from coolingalone. The result of this MD calcuration
will be re-examined in Sec. 4.3.2.
2.2.2

Raman Spectra

Raman scattering measurement is one of the most powerful method to investigate
the short- and medium-rangestructures in amorphoussolids, because the vibrational
properties are closelyrelated to the manner of the atomic connections.
Figure 14 shows the Raman spectra of a-GeSe2 at 60 K excited by 6328 A (1.96

13

eV) light of a He-Nelaser.41There are three prominentbands in the (HH) spectra,
namelythe Al band at about 203cm-1,•theAl companion(A?) band at about 219
cm-1, and the AG band at about 180 cm-1. These lines were observed around 198
cm-1, 216 cm-1, and 178 cm-1 at 300 K.42The fact that there are intense bands
around 200 cm-1 all for amorphous, a-, and /3-GeSe2suggests that the structure of
a-GeSe2 roughly resemblesthose of both crystallinephases.14Then a basic structural
unit in a-GeSe2 has been consideredto be a GeSe4/2tetrahedron as well as in both
crystals. This structural model agrees with the result of the diffraction analysis
where the Ge atom is fourfold coordinated and the Se atom twofold coordinated.
The number of dangling bonds in a-GeSe2is supposed to be negligible,because ESR
investigations carried out in different chalcogenideglasses (As2Se3,As2S3)lead to
the result
make

that

almost

the number

of defects with spins is negligible.43'44

all valencies

The model

should

be satisfied.

To understand the origin of three bands, A1, A?, and AG, the composition
dependence
range

of Raman

spectra

of GezSei_z

bulk

glass,

which

of 0 < x < 0.42, have been investigated.10,14,17,45As

Al band

appears

Al band

has been

assignmentis

in all spectra
ascribed

supported

except

is available

shown in Fig. 15,45 the

for x = 0 which is pure amorphous

to the breathing

by the argument

motion

similar

in the

Se. The

of GeSe4/2 tetrahedra.

to that

on the breathing

This
motion

of GeSe4/2tetrahedra in 13-GeSe2(See Sec. 2.1.2).
The Raman
rahedral
excitation
angle

molecule
light.

treatment
nal from

light due to the symmetric

in gaseous
According

of Ge-Se-Ge

GeSe4/2

.

scattered

tetrahedra

is nearly

phase

to the short

the breathing

vibrates

parallel

range structure

90° which makes

in a-GeSe2

of the vibration

is polarized

motion

described
roughly

quasi-independently.

of the tetrahedra

of XY4 tet-

to the polarization

it possible

of the GeSe4/2 tetrahedra
motion

breathing

predicts
has small

above,

of the
the bond

to say that

each

This molecular-like
that

the Raman

de-polarization

sigratio

whichis the casefor the Al and Al bands. Thus the A? band seemsto
be also related

to the breathing

motion

of the GeSe4/2 tetrahedra.
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As shown in Fig. 15, the growth of the Al band with increasing x up to x = 1/3
is accompanied by the consumption of the band around 250 cm-1 which is due to
the Se-Se stretching motion. This observation indicates that the density of the
CeSe4/2tetrahedra increaseswith the consumption of the Se-Se bonds. For x > 1/3
where the formation of the Ge-Ge bonds is unavoidable,the AG band appears and
grows with increasing x. The AGband has been assignedto the Ge-Ge bonds. The
absence of the AGband in x < 1/3 indicates that the Ge-Ge bonds are not favorable
and that the Ge atoms are likelyto be connected to the Se atoms.

The behaviorof the A? band is somewhatmysterious;1) there are two intense
bands (A1and A?) in the spectra of amorphousGeSe2,whilethere is one intense
band (the 211cm-1 band) due to the breathingmotionof the GeSe4/2tetrahedra in
the spectra of crystallineGeSe2.2) The width of the A? band (10.4 cm-1 FWHM
at RT) is narrowerthan that of the Al band (19.1 cm-1 FWHM at RT). 3) Assuming

that

the intensity

of the Al band

increases

in proportion

to x, that

of the

A? band increasesslowlyin small x regionand then rapidly as x approachesto
1/3. In the regionof x > 1/3, the A? band graduallydecreasesup to x = 0.42.11
The non-linearbehaviorof the A? intensity with respectto x indicates that the
Al band is assignedto the vibrationof the structurescomposedof severalGeSe4/2
tetrahedral units (clusteror medium-rangestructure). Nemanichet al. have studied (As2Se3)x(GeSe2)1_x
glass and have observedthat the A? band decreaseswith
increasing

x as shown in Fig. 16.17 A basic building-block

an AsSe3/2

unit.

With

increasing

in amorphous

x, the AsSe3/2 blocks become

As2Se3 is

to break

clusters

of GeSe4/2tetrahedra whichare responsiblefor the A? band. The existenceof the
cluster

has

been

also

suggested

by the

observation

of a broad

band

in the

Raman

spectra of a-GeSe2 at the low energy region around several 10 cm-1 (Bose peak).'
The fact that

the vibration

energy is low might mean that

large mass which moves collectively

and that

the restoring

there is the cluster
force between

with a

the clusters

is weak.
The

actual

structure

of the cluster

of GeSe4/2 tetrahedra
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has not been

clearly

understood yet. The investigation of the cluster-structure is one of main subjects of
this thesis. The structural models which have been proposed to explain the origin of

the A? band up to the presentwillbe discussedtogetherwith our result in Sec.4.3.2.
2.2.3
Figure

Optical

Properties

17 shows the absorption

et al..10 The absorption
than

and

those

of /3-GeSe2.

Electronic

spectra

coefficients
For both

Structure

of the GezSei_x

of a-GeSe2

around

compositions

glasses reported

by Tronc

2 eV are considerably

x higher

and lower than

higher
the sto-

ichiometry, x = 1/3, the optical absorption edge moves to the lower energy side
than that of a-GeSe2. The increase in the density of the wrong bonds Ge-Ge and
Se-Se is supposed to be responsible for the increase of the absorption coefficients
for x

1/3 glasses.

The dielectric functions of a-GeSe2have been investigated by Aspnes et al.19and
Inoue et al..21The functions shown in Fig. 18 resemble those of /3-GeSe2, though
there are tail states within the region where l3-GeSe2is transparent and the fine
structures around absorption tail, which are observed in the crystalline spectra, are
smeared out. The photo-emissionand reflectancestudies of a-GeSe2 show that there
are six characteristic bands in the valence band and two bands in the conduction
band similarly to l3-GeSe2 (Fig. 10 at page 25). These results suggest that the
structure of a-GeSe2 very much resemblesthat of /3-GeSe2and that the conclusion
on the electronic structure described in Sec. 2.1.3 can also be applied to a-GeSe2.
In Table 4 (Page 11), the energy levels of a-GeSe2are shown.21
2.3

Photo-Induced

Structural

Change

When the glassy GeSe2is irradiated, the photo-bleaching occurs.3 Griffiths et al.
have discovered that the irradiation of the sub-band-gap light (1.92 eV) on the
GeSe2 bulk glass at 77 K causes the crystallization
has been developed

of the glass.4 The investigation

by several workers.27,42,47-49 Murase
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et al. have investigated

the

crystallization process which is induced by the irradiation of the 5145 A (2.41 eV)
light of an Ar ion laser onto the amorphous

GeSe2 film at RT. The excitation

whose

to region of 30 N 50 itm diameter

power

the sample

was 10 ti 40 mW was focused
surface.

A time-resolved

to get sets of Raman
during

spectra

the laser irradiation.42

as the probe

Raman

measurement

which are successively
The excitation

light for the Raman

technique

measured

in every one minute

Two representative

is also used
sets of spectra

are shown in Fig. 19. One is referred

to as the type A where only ,6-GeSe2

and the other

both a-GeSe2

is as the type B where

on

was utilized

light for the crystallization

measurement.

light

and /3-GeSe2

grows,

grow.

Figure 20 showsone of the time evolution of the peak height 1(t) of the crystalline
211 cm-1 band (/3-GeSe2)in the type A light-induced crystallization.27There is a
latent period t0 (incubation period) where no crystallization is observed and after
that the crystalline peak begins to grow. The growth curve I(t) is fitted by an
empirical

function:

/sell - exp( -k(t - torn + /0, for t > to,

I(t) =

-To,
where

/sat is the saturation

amorphous

band,

The latent
there

near the threshold

intensity

and k is the growth

period

is a threshold

otherwise,

t0 depends
power

the latent

The type A crystallization
that

there

is no distinction

tions

for the appearance

near

at large t, /0 is the initial
rate.

intensity

The best fit is given by n = 1.

on the excitation

laser power.

As shown in Fig. 21,

14 mW over which the crystallization

period

becomes

divergently

is more frequently
between

the excitation

observed
powers

of each type of the crystallization,
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due to the

occurs

and

long.
than the type B. It seems
or other

external

A and B.

condi-

Figure 1: Atomic arrangement of one mono-layer of 8-GeSe2. (a) Projection onto
the (001)-plane and (b) view along the [1001-direction.Smaller circles denote Ge
atoms,
sharing

and larger ones Se atoms.
chain tetrahedra,

Broken lines display

B: edge-sharing

bridge
18

GeSe4/2 tetrahedra;

bi-tetrahedra.

A: corner

Figure 2: Projection of atomic arrangement of ce—GeS2
onto the (001)—plane.Smaller
circles denote Ge atoms, and larger ones S atoms. All GeS4i2tetrahedra are connected mutually by their corners. The c axis is at an angle of 120.45°to the a axis
and is directed toward the back of the figure. Dashed-and-dotted line shows the
projection of the wire frame of the unit cell.
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Figure 3: View of atomic arrangement of a—GeS2along the [100]—direction.
Smaller
circles denote Ge atoms, and larger ones S atoms. All GeS4/2 tetrahedra are connected mutually by their corners. The a axis is perpendicular to the plane of the
figure and is directed toward the front of the figure. The c axis is at an angle of
120.45° to the a axis and is directed toward the back of the figure. Dashed-anddotted line shows the projection of the wire frame of the unit cell.
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Figure 4: Polarized Raman spectra of P-GeSe2 at room temperature. Excitation
photon energy is 2.41 eV (5145 A). The most intense band around 212 cm-1 is due
to the breathing motion of GeSe4/2tetrahedra (From Ref. 23).
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Figure

5: Raman

amorphous

GeSe2

room temperature.

spectra
films

of annealed
measured

The excitation

Figure

6:

Room

temperature

Raman

at

spectra of (a) a—,(b) fl--,and (c) amor-

pho-

phous GeS2. The line * is due to the

ton energy was 2.41 eV (5145 A). The

contamination with /3—GeS2.The lines

annealing temperatures were (a) 375
°C
, (b) 425 °C, and (c) 325 °C. The
spectrum (c) is almost the same with

A through F correspond to the lines A

those

of as-deposited

amorphous

through F in Fig. 5 (From Ref. 27).

films

and the spectrum (b) corresponds to
those of 8--GeSe2.It is considered that
the spectrum (a) is of a—GeSe2.The
line * is due to the contamination with
,8—GeSe2
(From Ref. 27).
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Figure 7: Absorption spectra of (1)

Figure 8: Absorption spectra of 0-

,8-GeSe2in E IIa polarization, -(2) /3-

GeSe2in the E IIa polarization, at (1)

GeSe2 in E IIb polarization, and (3)

300 K, (2) 240 K, (3) 77 K, and (4) 4.2

amorphous GeSe2 at 4.2 K. In the

K. The inset shows temperature

depen-

dence of the exciton

energy.

a polarization, an exciton absorption peak is observed at about 2.854 eV

The exciton

(From Ref. 22).

sharp

absorption

and moves toward

ergy side with

decreasing

(From Ref. 22).
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transition
peak

becomes

the higher
temperature

en-

Figure 9: Dielectric functions of 18—GeSe2
at room temperature: (a) E IIb polarization and (b) E IIa polarization. The overall shape of E2spectra consists of two
peaks
from

around

3 eV and 5 eV. The vertical

the characteristic

energy

bars

levels in Table

described in Ref. 21 (From Ref. 21).
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4.

are calculated
The detail

transition
of the

energies

assignment

is

Figure 10: Valence band photo-emissionspectra of (a) pm (b) a-GeSe2 and (c) aGeSe2:Ago.s.Binding energy is taken from the valence band maximum. Ef: Fermi
energy; al and di: Se lone-pair electrons; a2 and a3: Ge-Se bonding electrons; b:
Ge s-like bonding electrons; c: Se 4s electrons. The detail of the spectrum (c) is
described in Ref. 21 (From Ref. 21).
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Figure 11: Schematic energy diagram in . GeSe2. (A) Energy levels of valence electrons for separated Ge and Se atoms. (B) Three Ge 4p and one Ge 4s orbitals
hybridize to a sp3 orbital. (C) A Ge sp3 hybrid and one of Se 4p orbitals make
Ge-Se bonding and anti-bonding states. There remains two Se 4p orbitals as lonepair electrons. (D) Clustering of GeSe4/2tetrahedra resolves the degeneracy of four
Ge-Se bonding orbitals at a Ge site (From Ref. 34).
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Figure 12: Structure factor S (k) of amorphous GeSe2 at room temperature and
liquid GeSe2at 771 °C. A peak at 1.01 A-1 is called as FSDP which corresponds to
the medium range structure whose correlation length is 6.22 A. The FSDP is still
remained in the structure factor of liquid phase (From Ref. 39).
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Figure 13: Partial structure factor for a-GeSe2 at 300 K obtained by the molecular
dynamics calculation. The FSDP mainly comes from the Ge-Ge correlation and
partially from the Ge-Se correlation (From Ref. 40).
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Figure 14: Polarized reduced Raman spectra of GeSe2bulk glass at 60 K. Excitation
photon energy is 1.96 eV (6328 A). The Al mode is due to the breathing motion of
GeSe4/2tetrahedra. The AGmode is due to the stretching motion of Ge—Gewrong

bonds. The origin of the A? modehas been under controversy(FromRef.41).
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Figure

15: Reduced

Raman

spectra

of GezSei _x bulk glass over various compositions

at 50 K. Excitation photon energy is 1.96 eV (He-Ne). The Al band increases with

the consumptionofthe Se-Semodeat about 250cm-1 as x increases. The AGband
appears and growsin the regionof x > 1/3. Assumingthat the intensityof the Al
band increasesin proportionto x , that of the A? band increasesslowlyin small x
region and then rapidlyas x approachesto 1/3 (FromRef. 41).
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Figure 16: The Raman (—) and depolarization (- - -) spectra of (GeSe2).(As2Se3)1
-.
at 11 K. The excitation photon energy is 1.55 eV (7993 A, Krypton ion laser). The
relevant

local atomic

structures

and the frequency

range

of their

bond

stretching

modes are shownin the top ofthe figure.The Ai band decreaseswith decreasingx.
The increase

of AsSe3/2 molecules

is supposed

of GeSe4/2tetrahedra (From Ref. 17).
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to destroy the medium-range

structure

Figure 17: Absorption spectra of glassy GeSel_z. Both for x > 1/3 and x < 1/3,
the energy gap values are shifted to the lower energy side (From Ref. 10).
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Figure 18: Dielectric functions of amorphous GeSe2 at room temperature.

The

overall shape of E2spectra consists of two peaks around 3 eV and 5 eV. The spectra
resemble those of (—GeSe2very much. The vertical bars are calculated transition
energies from the characteristic energy levels in Table 4. The detail of the assignment

is described in Ref. 21 (From Ref. 21).
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Figure

19: Time resolved

Raman

spectra

of laser induced

crystallization

in GeSe2.

The Ar ion laser 5145A (2.41eV) light are used for both crystallization and probing.
(a) Type A: Only one crystalline phase 13—GeSe2
grows. (b) Type B: Two crystalline
phases, a—and ,8—GeSe2
grow successively.The peaks A through D correspond to
18—GeSe2
and the peaks E through F, a—GeSe2(From Ref. 42).
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Figure 20: Growth curve of fl—GeSe2in light-induced crystallization.

The peak

height of the 211 cm-1 band is plotted against the exposure time. Solid lines illus-

trate the empirical functions:

—exp(—k(t—to)n)} for n = 1,2,3. The best fit

is given by n = 1 (From Ref. 27).
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Figure

21: Excitation

power dependence

of the latent period

to in the light-induced

crystallization at RT. The excitation photon energyis 2.41 eV (5145A). A threshold
laser

power

exists

at nearly

the finite time period

14 mW under

of the experiments.

which no crystallization
Open circles:

type B (From Ref. 27).
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is observed

type A, and closed

in

circles:

3

Experimental

3.1

Sample

Procedure

Preparation

Various types of GeSe2 samples are prepared; (1) bulk single crystals; (2) amorphous films by vacuum-evaporation;(3) polycrystallinefilms by thermal annealing
of vacuum-evaporated amorphous films and (4) polycrystalline filmsby thermal annealing of gas-evaporated amorphous films. Details of the preparation are described
as follows.
3.1.1

Single Crystals

Bulk single crystalline /3—GeSe2was grown from molten GeSe2 by the Bridgman
technique for more than ten days. The compound was made by the reaction of the
5N-grade elements, Ge and Se, in a 1:2 mole-ratio above 940 °C in a vacuum-sealed
fused-silica tube. The crystalline axes a and b were determined by X-ray diffraction
measurement using a precession camera. The precession photograph is shown in
Fig. 22. Assuming 13= 90.65°, the lattice constants are calculated to be a = 7.09 A
and b = 16.9 A from the photograph. The values agree well with those in Table 1.
Hereafter, #—GeSe2will be sometimes merely referred to as crystal or c—GeSe2and
other two crystalline forms, a—and 7--GeSe2, will be described explicitly.
For fear that there might be some residual strain in the crystals grown by the
Bridgman technique, we also used the vapor phase growing technique. The mixture
of Ge and Se elements in a vacuum-sealed fused-silica tube was pre-reacted in a
rocking electric furnace above 940 °C over 12 hours. The same ampoule was set in
a horizontal electric furnace and the crystals were grown in a temperature gradient
of 654.6 °C —p653.0 °C for about 150 hours. There was no difference observed in
the Raman spectra and the absorption spectra between the Bridgman grown sample
and the vapor-phase grown sample.
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3.1.2

Amorphous

Amorphous

Films

GeSe2 films were made by vacuum-evaporation

of Ge0.34Se0.66 bulk glass

onto silica glass substrates (CORNING 7059) under the pressure of about 2 x 10-6
Torr.

For the preparation

in a 0.34:

0.66 mole

and were reacted
ampoule
glass.

ratio

were sealed

in the rocking

was quenched
The

of the evaporation

directly

predominant

furnace

source,

under

Ge and Se elements

a vacuum

in a fused

above 940 °C over 12 hours.

from the furnace

mode of sublimation

into iced water

weighted
silica tube

The heated

to obtain

bulk

of GeSe2 is given by the reaction,

2GeSe2(s)=2GeSe(g)+Se2(g).28,50
Because of the vapor pressure differencebetween
GeSe(g) and Se2(g), the composition of the evaporation source should be to some
extent

Ge-rich

composition

to obtain

the stoichiometric

films. Thickness

of the film

during the evaporation was monitored by the transmissivity of He-Ne laser (6328
A) where the transmissivity shows an oscillation by the interference due to multiple reflection
maximum

in the film. If there

during

the evaporation,

are N transmissivity

maxima

except

the film thickness

d is given by

for the first

NA
4d= 2
n

where ) is the wavelengthof the laser (6328 A) and n is the refractive index (about
2.7 at 6328 A). The thicknesseswere about 6000 A for all amorphous samples.
3.1.3

Films

Gas-evaporation

Deposited

by Evaporation

films have prepared

in Ar

Gas

by the sublimation

of Ge0.34Se0.66 bulk

glass

in Ar gas onto silica glass substrates (CORNING 7059). The evaporation system is
shown in Fig. 23. The pressure
nature

of the films varied

of Ar gas is ranged

with the position

pressure.

In this experiment,

obtained

films were observed

of the substrate

all films are grown
by a scanning

shown in Sec. 4.2.1.
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from 0.08 Torr to 2 Torr.

electron

The

as well as with the gas

in front of the gas nozzle.
microscope.

The photos

The
will be

3.1.4

Polycrystalline

Films

Polycrystalline films were prepared by two methods. 1) By thermal annealing of
the amorphous films (Sec. 3.1.2) in N 360 Torr Ar gas at various temperatures (425
ti 460 °C) for various time periods (30 min N 18 hours). The thicknesses of the
films were about 6000 A N 3 pm. 2) By thermal annealing of the gas-evaporated
films (Sec. 3.1.3) in ti 360 Torr Ar gas at about 425 °C for 18 hours. The obtained
films were observed by a scanning electron microscope. The photos will be shown
in Sec. 4.2.1.
3.2

Raman

Measurement

As excitation light sourcesof Raman measurement, a dye-laser (Rhodamine 6G),
an Ar ion laser, and a He-Cd

laser were used.

The available

wave length

was ranged

from 6060 A (2.05 eV) to 4416 A (2.81 eV) (Table 5). All Raman spectra were acquired

in a back

scattering

configuration.

The

incident

light

was

polarized

vertical

(V) to the plane of incident and scattered light and was .focused onto a rectangular region of about 5mmx0.1mm of the sample surface by a cylindrical lens (linefocusing) or onto a point with diameter of 30 ti 50 pm on the sample surface by a
spherical lens (point-focusing). Usually, the incident laser power was less than 10
mW. The line-focusingwas used when we need to avoid light-induced effect and/or
to reduce heating effect by laser irradiation. The scattered light polarized horizontal
(H), vertical (V) or unanalyzed (U) was dispersed by a triple grating monochromator (JASCO TRS-505, double filter monochromator + single main monochromator,
1800 g/mm, 1 m) and was detected by a multi-channel photo-diode array with an
image intensifier (Tracor Northern TN-6122). The width of the slit was 200 pm and
the spectral

resolution

measurement

system

was about

1 cm-1

FWHM.

The block

diagram

of Raman

is shown in Fig. 24.

For the bulk single crystals, the natural-cleavage (001) surfaces were used for
the

Raman

measurement.

For the

amorphous
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and

polycrystalline

films,

the

surfaces

Table

5: Energy

and

wave

length

of laser

lines used

in this

experiment.

Energy (eV) Wave length (A)
2.05

6046.0

2.06

6019.6

2.07

5992.5

2.08

5964.9

2.09

5935.6

2.10

5907.3

2.11

.

Dye laser (Rhodamine 6G)

5880.6

2.12

5852.7

2.13

5824.5

2.41

5145.33

2.47

5017.17

2.50

4965.07

2.54

4879.86

2.60

4764.88

2.62

4726.89

2.66

4657.95

2.71

4579.36

2.81

4415.6

Ar ion laser

He-Cd
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laser

of the films were used for the measurement.

The environmental

temperatures

of

the samples were changed from 20 K to 700 K by a gas-flow-typecryostat (Janis
10CNDT, Fig. 25) or a furnace.
The

sensitivity

a halogen
regarded

of overall

measurement

lamp

as follows.

The

as the

black-body

radiation.

frequency

of v and

that

of v

light

T is the

temperature

from
The

dv is given

N(v)dv cc
where

system

of the

the

was

calibrated

by the

lamp

be approximately

halogen

number

of radiated

can

photons

spectra

between

of

the

by
v2

exp(hvIkBT) —ldv,

lamp

which

is measured

by an optical

pyrometer.

The light is dispersed by the system and brings the output I(n) to the n-th cell of
the

detector,

which

is given

by

I(n) = C(n)N(v(n))Av(n),
where v(n) is the central frequency of the dispersed light detected by the n-th cell,
v(n) the frequency range of the n-th cell, and C(n) the sensitivity calibration
function of the n-th cell. The measurement of I(n) and T gives C(n)Av(n). Once
determined the C(n)Av(n), the relation between a measured spectrum x(n) and a
true spectrum X(v) is given by
X(v(n)) = C( x(n)
n)Av(n).
The spectrum X(v) is proportional to the photon density with respect to the unit
energy.

3.3

Optical

Absorption

As the single crystalline

Measurement

samples for the optical absorption

measurement,

a piece

of bulk single crystal was pealed off by using Scotch tape into thin pieces whose
thickness

ranged from 5 to 100 pm. The halogen-lamp

the crystalline axis a or b (E IIa or E

light polarized

parallel to

b) by a polarizer was used as the light
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source in the normal incidenceto the (001) surface of the samples. Spectra ranged
from 2.0 to 3.0 eV were measured by use of a double monochromator (SPEX 1680B,
1200 g/mm, 22 cm) and a photo-multiplier (HAMAMATSUR928). The environmental temperatures
Absorption

of the sample was changed from 20 K to 300 K by a cryostat.

spectra were derived from these transmission

spectra,

taking account

of the refractive index,21 and the sample thickness which was calculated
interference

pattern

in the transparent

The transmission

region of the transmission

from the

spectra.

spectra of amorphous films and polycrystalline

films were mea-

sured by the same method described above. However, the transmission

spectra were

analyzed by assuming constant reflectivity instead of obtaining true absorption
efficients.

This treatment

exciton transition

3.4 .

does not cause significant error on the evaluation

co-

of the

energies in this experiment.

Light-Induced

All the experiment

Crystallization

of the light-induced

crystallization

were made in the amorphous

GeSe2 films (thickness: 6000 A) on the silica glass substrates (CORNING 7059).
The 5145 A (2.41 eV) light of the Ar ion laser whose power was 5
focused

onto the spot of 30 --, 50 ,am diameter

resolved

Raman

spectra

are recorded

using the same equipment
used

as the probing

thermal
made

excitation,
at various

the cryostat

every one minute

described

light.

environmental

or a sample holder

during

surface.

to clarify the roles of light

of the light-induced

temperatures,
heated

crystallization

light was also
irradiation
process

and
was

30 K, 90 K, 300 K, and 480 K using

by Ni—Cr heater.
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The time

the laser irradiation

in Sec. 3.2 where the excitation

In order

the observation

on the sample

70 mW was

Figure 22: X-ray diffraction pattern of P—GeSe2using a precession camera . Cu ka:
A = 1.5418 A; distance between the sample and the film d = 60.0 mm; precession
angle y = 23.0'; radius of the slit R = 20 mm; width of the slit A = 2 mm;
distance between the sample and the slit r = 47.1 mm. Assuming /3 = 90.65°,
lattice constants are calculated to be a = 7.09 A and b = 16.9 A.
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Figure

23: Schematic

illustration

of gas-evaporation

44

film growth

system.

Figure

24:

Block

diagram

of Raman

45

measurement

system.

Figure

25: Schematic

illustration

of cryostat

46

for low temperature

measurement.

4

Results

and

Discussion

4.1

Single

Crystal

4.1.1

Optical Absorption Spectra

Figure 26 shows the absorption spectra of the fl-GeSe2 bulk single crystal in the
E IIa and E IIb polarizations at room temperature. For both polarizations, the
absorption coefficientsrise at about 2.4 eV. In the E IIa polarization, two humps
are observed

at about

As described
ifies that

2.70 eV and 2.91 eV.19-22

in Sec. 2.1.3, the absorption

the hump

at about

shows the absorption

measurement

2.70 eV is ascribed

spectra

of the /3-GeSe2

at low temperatures

to an exciton

single crystal

transition.

at various

clar-

Figure

27

temperatures

from 60 to 300 K in the E 11a configuration. It is confirmed that, as the temperature

decreases,

higher

the

energy

4.1.2

energy

side and

Raman

position

the

width

of the
of the

exciton
peak

absorption

becomes

peak

shifts

toward

the

sharp.

Spectra

Stokes Raman spectra of the [3-GeSe2single crystal excited by the 2.41 eV (5145
A) and 2.71 eV (4579 A) light at RT in the c(a,a) and c(b,b)Z configurations are
shown in Fig. 28. In Fig. 28 (a) (2.41 eV excitation), there is a strong Raman peak
at about

211 cm-1.

and is decomposed
weak bands
was clearly

The line shape
into three

at about

bands:

208 cm'

shown in the spectra

the 208 cm-1 and 216 cm-1

at about

band

The splitting

to the breathing

and the 216 cm-1

is slightly

motion

asymmetric

211 cm-1 and two
of these

by Popovie

modes are also very weak.

GeSe4/2

bridge

one strong

at low-temperature

is ascribed

edge-sharing

peak

and 216 cm-1.

the 211 cm-1 band
tetrahedra

of the 211 cm'

three

and Stolz'

As described

where

in Sec. 2.1.2,

of the corner-sharing

band is due to the breathing

bands

motion

chain
of the

Ge2Se8/2 bi-tetrahedra.

Under the 2.71 eV (4579A) excitation in the c(a,a)c configuration,we have found
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Table 6: Raman peak positions and widths (FWHM) of single crystalline fl-GeSe2
in the c(a,a)-Cconfiguration at RT. The spectral resolution is about 1 cm-1 FWHM.
211 cm'

band

216 cm'

band

Excitation

Position

Width

Position

Width

216-211

energy

(cm-i)

(cm-i)

(cm-i)

(cm-iN
)

splitting

(eV)

(cm 1)

2.06

210.8

4.5

216.2

3.7

5.4

2.07

210.3

4.6

215.7

3.8

5.4

2.09

212.5

4.5

217.8

4.0

5.3

2.10

212.8

4.5

218.2

3.6

5.4

2.11

210.7

4.7

216.1

4.0

5.4

2.12

210.5

4.7

215.8

4.1

5.3

2.13

211.8

4.7

217.7

3.9

5.5

2.41

211.4

5.0

217.3

4.1

5.9

2.47

211.8

5.1

217.7

4.5

5.9

2.50

210.6

5.2

216.5

5.3

5.9

2.54

211.4

5.1

217.3

4.5

5.9

2.60

211.7

5.3

217.6

5.9

5.9

2.62

212.8

5.2

218.7

5.4

5.9

2.66

212.0

5.5

217.9

4.6

5.9

2.71

210.5

5.7

216.6

5.8

6.1

2.81

213.1

5.8

219.0

5.6

5.9
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Table 7: Raman peak positions and widths (FWHM) of single crystalline O-GeSe2
in the c(b,b)c configurationat RT. The spectral resolution is about 1 cm-1 FWHM.
211 cm-1

band

216 cm-1

band

Excitation

Position

Width

Position

Width

216-211

energy

(cm-1)

(cm-1)

(cm-1)

(cm')

splitting

(eV)

(cm 1)

2.06

211.0

4.5

216.4

3.8

5.4

2.07

210.7

4.6

216.1

3.8

5.4

2.09

212.4

4.5

217.8

4.1

5.4

2.10

212.8

4.5

218.2

3.5

5.4

2.11

210.6

4.6

216.0

3.8

5.4

2.12

210.6

4.5

215.9

4.0

5.3

2.13

211.7

4.5

217.0

4.0

5.3

2.41

211.4

5.0

217.3

4.0

5.9

2.47

211.7

5.1

217.6

4.3

5.9

2.50

210.6

5.2

216.5

4.6

5.9

2.54

211.3

5.2

217.2

4.6

5.9

2.60

211.8

5.2

217.2

4.4

5.4

2.62

212.6

5.2

218.5

4.6

5.9

2.66

212.0

5.3

217.9

5.9

5.9

2.71

210.7

5.9

216.6

6.4

5.9

2.81

213.0

5.8

218.9

5.3

5.9
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that

a drastic

change

occurs

in the

spectra:51

the

216 cm-1

band

becomes

stronger

than the 211 cm-1 band as shown in Fig. 28 (b). Among the available excitation
laser

lines of the present

experiments,

this relative

intensity

change

of two bands

is most remarkable under the 2.71 eV excitation in the c(a,a)c configuration. On
increasing excitation energy to 2.81 eV (4416 A) in the c(a,a)e configuration, the
216 cm-1
as half

band

of the

becomes

weaker

211 cm-1

band.

than
The

the

211 cm-1

change

seems

band

again

to be related

but

is still

to the

as strong

2.70 eV exciton

transition which is observedonly in the E IIa polarization. There is no appreciable
change in the spectra of the c(b,b)Econfigurationby varying the excitation photon
energy. In Tables 6 and 7, the peak positions and the peak widths (FWHM) of
the 211 crn-1 and 216 cm-1 bands for various excitation
The values
cm'

are obtained

by two or three

the experimental

through
gaussians.

accuracy.

the least-squares
The peak

fitting

positions

The peak widths

photon

energies

of the peak

are shown.
around

agree with each other

do not change

so much

211

within

depending

on

the excitation energy and depending on the configurations,c(a,a) and c(b,b).
4.1.3

Resonance

The
216

Raman
cm',

Effect

scattering
and

intensities

153 cm-1

bands

and

the

Raman

cross-sections

versus

the

excitation

photon

of the
energy

211

are

cm-1,

shown

in

Figs. 29 (a) and (b). The Raman intensity is defined to be the area of each peak
which

is proportional

photon-number.
thin sample

to the scattered

photon-number

If one ignores the interference

films, the Raman

cross-section

D the sample

the Raman
thickness,

scattering

s and e denote

respectively.

In reality,

the quantity

the ignorance

D

in

dx,
of the incident

and a the absorption
for the scattered
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reflections

from the relation:

the intensity

of the interference

to the incident

the multiple

C"''e-"e'S

intensity,/,

R the reflectivity,

suffix letters

between

S is obtained

IS OCIe(1 —Rs)(1 —Re)
where Is denotes

normalized

coefficient.

and the incident

might

be inappropriate

light,
The
lights,
for

the

transparent

region

by ", 2.0 eV, but

the

error

would

not

be important

here.

In Fig. 29 (a), the Raman scattering intensity first increases and then decreases
with

increasing

section

excitation

increases

photon

monotonically

energy.

On the other

with increasing

excitation

hand,

the Raman

photon

energy

cross-

except

for

the region near 2.71 eV as shown in Fig. 29 (b). The result that the scattering
intensity

decreases

in total

in the

scattering

high excitation

volume,

which

energy

results

from

region

is explained

increase

by the

in the absorption

decrease

coefficients.

In the Raman cross-sectionof the c(a,a)Econfiguration,there is a peak or a shoulder
at 2.71 eV for the
around

216 cm'

2.71 eV for the

band.

211 cm-1

On the

band.

other

The

hand,

216 cm-1

it seems

band

that

becomes

there

is a dip

slightly

stronger

than the 211 cm-1 band at the 2.71 eV excitation in the c(a,a)o-configuration at the
expense

of the 211 cm-1 intensity.

The absence

of ,L in Fig. 29 around

2.6 eV is due to a practical

lack of the 153

cm-1 peak. The 153 cm-1 band in the c(a,a)c configuration reappears around 2.7
eV and

becomes

strong

at the

2.71 eV excitation.

On the

other

hand,

that

for the

c(b,b)c configuration remains undetectable around 2.7 eV. The nature of the 153
cm-1

band

will be discussed

As described
the

216

sition.

above,

cm'

band

The

exciton

in Ref. 32.

the

to the

"resonant"
211 cm'

transition

effect,
band,

energy

which

is the

is related

increases

relative

to the

with

enhancement

2.7 eV exciton

decreasing

of
tran-

temperature.

If

one measures the Raman spectra of the single crystalline 0-GeSe2 in the c(a,a)Z
configuration

with

the

excitation

energy

higher

than

2.71

eV at various

tempera-

tures, the "resonant" effect will be observed at the temperature lower than RT (the
temperature-tuning of the exciton energy). The temperature dependence of the exciton

transition

Each

energy

coefficient
Boiko

energy

is shown by the open circles in the upper

value is determined
curves in Fig. 27.

et al..'

Figure

by the second-energy-derivative
The result

well agrees

31 shows the Raman

spectra

with

half of Fig. 30.
of the absorption

the previous

survey

of the single crystalline

by

GeSe2

in the c(a,a)c configuration with the 4416 A (2.81 eV) excitation at 200 K and 20
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K. At 20 K, the exciton
band

is much greater

the exciton

band becomes

band

becomes

216 cm'
•

band

band.

energy is comparable
enhanced

appreciable

band.

energy is greater

than the 216 cm"

transition

cm'

transition

On the other hand,

with the excitation

at the expense

The temperature

dependence

in the spectra

energy

Let us consider

excited

is near the excitation

about

the microscopic

light energy,

the 216

The 153 cm-1

with the enhancement

of the intensity

in the lower half of Fig. 30. At the temperature
transition

at 200 K where

of the 211 cm-1 band.

at 200 K in concordance

to the 211 cm-1 band

exciton

than 2.81 eV and the 211 cm'

of the

ratio of the 216 cm-1

by the 2 .81 eV light is shown

where the ratio
photon

origin

energy

is maximized,

the

2.81 eV.

of the relative

enhancement

of

the 216 cm-1 band to the 211 cm-1 band at the 2.71 eV excitation in the c(a,a)
configuration and about the 2.70eV exciton transition in the E 11a polarization at
RT.
As described
is the symmetric

in Sec. 2.1.2, it has been pointed
breathing

We would like to further
edge-sharing

mode of the edge-sharing
propose

bi-tetrahedra.

out that the vibration

of 216 cm-1

bridge Ge2Se8/2 bi-tetrahedra.12

that the 216 cm-1 vibration

The term "quasi-localized"

is quasi-localized

means that

at the

the vibrations

at

each edge-sharing bi-tetrahedra are (quasi-) independent of each other. Our recent
calculation
schematic

on the vibrational
illustration

modes

of c-GeSe2

of the 216 cm-1 vibration

Fig. 32. In the figure, the vibrational

amplitude

supports

this assignment.'

from this calculation
of the Se atoms

The

is shown in

in the edge-sharing

tetrahedra (B,C,D) is much greater than that of the Se atoms in the corner-sharing
tetrahedra (A).
As for the electronic

structure,

the valence band

maximum

of c-GeSe2

consists

of the Se 4p lone-pair electrons (See Sec. 2.1.3). The lone-pair electrons of the Se
atoms at the edge-sharing-sites D (D') in Fig. 32 and at the corner-sharing-sites A
(A') will have higher energy than those of the Se atoms at the corner-sharing sites
B and C. The reason is explained as follows: 1) The 4p lone-pair orbitals at two
neighboring Se atoms at D-D' or A-A' are parallel; 2) These lone-pair orbitals are
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slightly overlapping each other to form bonding (71 and anti-bonding (7r) orbitals
which are quasi-localizedat the edge-sharing bi-tetrahedra. Both 7r and f

are

occupied; 3) The energy level of 7r*has the higher energy than the non-splitting
Se 4p lone-pair states. The vector which is directed along the lone-pair orbitals
at the D (D') site has a large component along the a axis and the vector along
the orbitals at the A (A') site has a large component along the b axis. Therefore
the

lone-pair

electrons

at D are

excited

by the

E

a light,

while

those

at A, by

the E IIb light. In the case of the E IIa excitation, the 2.70 eV exciton will be
created

by the optical

excitation

of electrons

from the 7r* band

of the Se atoms

at

the edge-sharing bi-tetrahedra (site D) to the s-like anti-bonding state of the Ge
atoms

which belongs to the edge-sharing

quasi-localized
case of the E

around

the edge-sharing

b excitation,

the exciton

bi-tetrahedra.

The 2.70 eV exciton

will be

bi-tetrahedra.

On the other

in the

transition

is not observed.

hand,

The fact will

be explained as follows: 1) The transition is forbidden from the symmetry of the
crystal. 2) The f orbitals of the Se atoms at the corner-sharingchain (site A) are
extended over the chain, while the 7. at the edge-sharingsite (D) are quasi-localized.
In such case, the exciton originated from 7r*at A will have lower binding energy and
will be more difficult to be created than that from D.
In above assignments of the 216 cm-1 vibration and the 2.70 eV exciton, the
resonant enhancement of the 216 cm-1 band will be understood because such excited
state of electrons will be strongly coupled with the 216 cm-1 vibration quasi-localized
on Ge2Se8/2bi-tetrahedra. For further clarification, a detailed theoretical calculation
on the electronic band structure will be necessary.
The exciton transition energy varies with pressure as well as with temperature.
The pressure dependence of the energy gap value for single crystalline 8-GeSe2 has
not been reported yet. However, the energy gap value of /3-GeSe2 is supposed to
decrease with increasing pressure, since in glassy GeSe2, glassy GeS2, a-GeS2, and
/3-GeS2, such pressure dependence has been reported.52'53 Thus, by applying high
pressure to ,8-GeSe2, it is expected that the exciton energy can be tuned to the
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excitation photon energy for Raman scattering and the relative enhancement of the
216 cm'

band to the 211 cm'

band will be observed. Murase et al. have studied

the Raman spectra of /3-GeSe2 at high pressures.'

As shown in Figs. 33 and 34,

an extra Raman band -y appears and grows at just above the 211 cm-1 band with
increasing pressure. The 7-band corresponds to the 216 cm'

band at the standard

pressure. The existence of the ,y-band is clear under the pressure higher than

30

kbar. The appearance of this extra line may be explained as follows: 1) The applied
pressure

causes

the

energy

of the 2.70 eV exciton

transition

at the

standard

pressure

to shift towards the low energy side. 2) The 216 cm" band is enhanced relatively
to the 211 cm'

band

around

the pressure

where the 2.70 exciton

transition

energy

becomes close to the excitation photon energy (6328 A (1.96 eV), in this case).
Another extra band 13appears in Fig. 33 under the pressure higher than N 40 kbar.
This band may be ascribed to some phase transition induced by high pressure."
4.2

Polycrystalline

Film

The vibrational and electronic structures of the crystal will be affected by the disorder in the crystal. In order to know these disorder-induced effects, various types
of polycrystalline films are prepared and investigated.
4.2.1

Scanning Electron Microscope Observations

The preparing conditions of the polycrystalline films are listed in Table 8. All
the as-deposited and annealed films are observed by a scanning electron microscope
(JEOL, JSM-6400). The as-deposited films by vacuum-evaporation (#1,44) have
flat featureless surfaces, while the as-deposited films by gas-evaporation (#5,49)
show various structures depending on the preparing conditions (Figs. 3542).

The

Ar gas pressure at the evaporation decreases in a series of the films #5 to #9.
In the as-deposited films #5,#7,

a cotton-candy-likestructure is observed. The

width of fibers is less than 0.1 Am. In the films #8 and #9, there are finer structure
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•

Table 8: Preparing conditions of the polycrystalline films #1,--#9. Films by a
vacuum-evaporation or a gas-evaporation in Ar gas are annealed in ,-,,360 Torr Ar
gas to obtain the polycrystalline films.
Sample

Thickness Deposition method

Annealing

No.

of film

temperature period

#1

6000 A

vacuum-evaporation

425 °C

18 hours

#2

3 pm

vacuum-evaporation

435 °C

18 hours

#3

3 pm

vacuum-evaporation

460 °C

90 min.

#4

6000 A

vacuum-evaporation

425 °C

18 hours

#5

unknown

gas-evaporation (2 Torr)

421 °C

18 hours

#6

unknown

gas-evaporation (1.2 Torr)

423 °C

18 hours

#7

unknown

gas-evaporation (0.45 Torr) 423 °C

18 hours

#8

unknown

gas-evaporation (0.1 Torr)

424 °C

18 hours

#9

unknown

gas-evaporation (0.08 Torr) 424 °C

18 hours
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Annealing

like) than in the films #5,--,#7. The structure becomes cotton-candy-like for the
Ar gas pressure higher than 0.3 Torr and cloud-like for the pressure lower than 0.3
Torr. After the annealing, the following structures appear:
• #5: the glue-like structure where the width of the channel is less than 1 rim.
• #6 and #7: the coral-like structure.
• #8 and #9: the glassy-lava-like structure with worm holes. In the film #9,
the needle-like structure is embedded in the glassy-lava-like region.
• #1,44:

The initial flat surface is divided by many cracks to form islands. In

the flat islands, the small platlet-structure is embedded.
A rough relation between the Ar gas pressure at the depostion of the film and the
morphology of the as-deposited and annealed films are shown in Fig. 43.
4.2.2

Optical Absorption

Spectra

Figure 44 shows the optical densities of the polycrystalline film #1. In the spectra,
there is a hump around 2.57 eV at 300 K. This hump is related to the exciton
transition because it becomes sharpened as the temperature decreases from 300 K
to 60 K as shown in Fig. 44. The exciton transition energy of the polycrystalline

film #1 (2.57 eV) is considerablylower than that of the single crystal (2.70 eV).
4.2.3

Raman Spectra

The Raman spectra and its excitation energy dependences are different among the
polycrystalline film samples depending on their preparing conditions. First, the RT
Raman spectra of the polycrystalline film #1 are shown in Fig. 45. The excitation
photon energies are 2.41 eV (C) and 2.54 eV (D). For the convenience,the changes
in the RT Raman spectra of the single crystalline /3-GeSe2by varying the excitation
photon energy are again shown in Figs. 45 A and B. Figure 45 C shows the spectra
of the polycrystalline film #1 by the 2.41 eV excitation in the (VV) configuration
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at RT. There is an intense line at 211 cm' which is accompanied by a shoulder at
about 216 cm'.

The shoulder at about 216 cm-1 is much stronger than that in

the spectra of the single crystal by the same 2.41 eV excitation in Fig. 45 A. As
shown in Fig. 45 D, further enhancement of the 216 cm' band is observed by 2.54
eV excitation in the polycrystalline film.
In Fig. 46, the excitation energy dependenceof the Raman scattering intensities
of the 211 cm-1 and the 216 cm-1 band for the polycrystallinefilm #1 and the single
crystalline ,8-GeSe2are shown. The 216 cm' band becomes slightly strong than
the 211 cm' band at the expense of the 211 cm-1 intensity for the polycrystalline
film at 2.54 eV excitation as is observedfor the single crystal at 2.71 eV excitation.
In Fig. 47, the intensity ratio of the 216 cm' band to the 211 cm'

band at

RT versus the excitation photon energy for the polycrystalline film #1 is shown
with that for the single crystal.' In both cases, strong peaks are observed. The
peak position in the polycrystalline film #1 is located at about 2.54 eV, whereas
that in the single crystal is located at about 2.71eV. These peak energies (resonance
energy) agree with the excitorstransition energies2.57 eV for the polycrystalline film
#1 and 2.70 eV for the single crystal. The problem is why the resonance energies
differ between the polycrystalline film #1 and the single crystal. One of differences
between poly- and single-crystalsis that the grain orientation in the polycrystalline
film is random, whilethe orientation of the singlecrystal is fixed in c(a,a).E.However,
in the other configurations,c(b,b)o-and a(c,c)a, no noticeable enhancement of the
ratio is observed for the single crystal in the excitation energy range from 2.41 to
2.81 eV. The difference between the resonance energy of the polycrystalline film #1
and that of the single crystal is not explained by the random orientation of grains in
the film, but most likely by the fact that the polycrystalline film is more disordered
and contains more defects than the single crystal.
The behavior of the resonance varies depending on the preparing conditions of
the polycrystalline films. Figures 48 and 49 show some Raman spectra of other
polycrystalline films #2,#5.

The intensity ratio of the 216 cm-1 band to the 211
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cm'

band

of those

polycrystalline

films

are shown

in Figs.

50 and

51.

The

results

can be roughly divided into two groups: 1) One is the case for the film #2. The 216
cm" band is rather weak in the spectrum of 2.41 eV (5145 A) excitation (Fig. 48
A) and slightly increases at 2.71 eV (4579 A) excitation (Fig. 48 B). There is a
peak at 2.71 eV in the intensity-ratio spectra for the sample #2. The behavior
corresponds to that of the single crystal. 2) The other group is the cases for the
films #3,45.

The 216 cm-1 band is relatively maximized at the 2.54 eV (4880 A)

excitation (Figs. 48 C-E and Figs. 49 A-D). There is a peak at 2.54 eV excitation
in the intensity-ratio spectra for films #3,,,#5. The behavior corresponds to that
of the film #1.
For the films #2,45,

the intensity-ratio peaks are much broader than that for

the sample #1. The differencesof the energy and the shape of the intensity-ratio
peak are attributed to the fact that the degreesof disorder are different between the
samples. Although the relation between the resonant behavior and the morphology
of the sample has not been clarified,it should be stressed that the resonant Raman
scattering experiments describedhere provide a powerfulmethod to investigate the
disorder in the crystal.
The concrete picture of the disorder has not been clarified. One of the possible
disorder in the polycrystals is the stacking fault of the a-b planes. The results of the
X-ray powder diffractionmeasurement show that the distance of the (002) plane is
5.98 A for the single crystal and is 5.94 A for the polycrystallinefilm #1. Moreover,
the (002) peak in the film #1 is accompanied by a satellite peak corresponding to
5.61 A correlation (Fig. 52). Another information comes from the calculation of
the Raman
crystal
cm'

shows
band

calculated
layers.
cm-1

scattering
that

In other
band

the relative

is larger
ratio

intensity.32

than that

is reduced
words,

The calculated
Raman

intensity

of the non-resonant

by considering

Raman

spectra
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of one mono-layer

of the 216 cm'
spectra

the interaction

the low intensity-ratio

in the non-resonant

intensity

band

to the 211

by the experiment.
between

of the 216 cm-1
of the single

of the

The

the neighboring
band

crystals

to the 211

is due to the

inter-layer interactions in the rightly stacked layers. The increase of the 216 cm'
band over wide excitation photon energy range in the disordered polycrystals might
be due to the disorder in the stacking of the layers.
In Table 9, the peak positions and the peak widths (FWHM) of the 211 cm-1
and 216 cm' bands for the polycrystallinefilm#1,43

at various excitation photon

energies are shown. The energyposition of the 211 cm' band is regarded as constant
within the experimental accuracy. The energy position of the 216 cm' band shifts
about 2 cm-1 toward the higher energy side than that of the single crystalline 16GeSe2. The shift of the peak might be due to the residual strain in the film or the
stacking fault of the layered-structure. The peak widths for both bands, 211 and
216 cm-1 for the polycrystallinefilms are slightly broader than those for the single
crystal shown in Table 6 and 7.
In the Raman spectra of the sample #3 (Figs. 48, C-E), there is a Raman band
at about 200 cm" which is due to a-GeSe2. As the excitation photon energy
increases, the intensity ratio of the 200 cm' band to the 211 cm-1 band rapidly
increases. The observation will be due to the fact that the energy gap of a-GeSe2
is greater than that of 13-GeSe2.
4.3

Amorphous

4.3.1

Film

Raman Spectra

Figure 53 shows the absorption spectra of the a-GeSe2 film at 300 K and 20 K.
There is no hump structure in the spectra. The energy gap value increases with
decreasing temperature.
Figure 54 shows the RT Raman spectra of the a-GeSe2film by various excitation
photon energies, from 2.41 to 2.71 eV. For all spectra, three prominent bands, the

Al band, the A? band, and the AGband are observed.Differingfrom the spectra
of c-GeSe2,
photon

there

energy.

is no outstanding
The situation

change in the spectra

is also true for the spectra
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by varying

the excitation

by much lower excitation

Table 9: Raman peak positions and widths (FWHM) of the polycrystalline /3-GeSe2
film #1,--,#3 at room temperature in the (VV) configuration. The spectral resolution
is about

1 cm-1 FWHM.

211 cm'
Sample

band

216 cm-1 band

Excitation

Position

Width

Position

Width

216-211

energy

(cm')

(cm-1)

(cm-1)

(cm-1)

splitting

(eV)
#1

#2

#3

(cm-1)

2.41
2.47

211.0
212.0

6.4
6.4

218.4
219.6

6.4
6.6

7.4
7.6

2.50

210.7

6.7

218.5

6.6

7.8

2.54

211.0

6.7

218.8

6.6

7.8

2.60

211.8

7.0

219.3

6.6

7.5

2.71

210.7

7.0

218.0

6.6

7.3

2.81

211.6

8.0

219.5

6.8

7.9

2.41

211.4

5.2

217.3

4.6

5.9

2.47

212.0

5.3

218.4

5.7

6.4

2.50

211.1

5.5

217.7

6.1

6.6

2.54

210.9

5.6

217.6

5.8

6.7

2.60

211.5

5.8

218.2

5.6

6.7

2.71

210.3

5.8

216.7

5.5

6.4

2.81

211.7

6.5

218.2

5.7

6.5

2.41
2.47

211.3
211.9

5.1
5.0

217.3
218.0

7.1
7.1

6.0
6.1

2.50

211.1

5.5

218.2

7.1

7.1

2.54

211.2

5.5

218.3

7.1

7.1

2.60

211.4

5.4

218.1

7.1

6.7

2.71

211.3

5.8

217.6

7.0

6.3

2.81

211.6

6.4

218.4

6.6

6.8
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.

energy such as 1.17 eV (1.06 pm) 11or 1.83 eV (6764 A).16
As described in Sec. 2.2.2, the basic building-block in a-GeSe2 is a GeSe4/2
tetrahedron similarly to that in the crystal. In the Raman spectra of a-GeSe2
(Fig. 45), there is the Al band at about 198 cm' which will be related to the
symmetrical

breathing

mode of the GeSe4/2 tetrahedra.

Another

Raman

band called

companionAl (A?) band is observedat about 216 cm-1 whichis characterizedby
the followingtwo points: 1) It has relativelynarrowband-widthas comparedto the
Al band; 2) Assumingthat the intensity of the Al in the GesSei.„ glass increases
in proportion to x, that of the A? band increasesslowlyin small x region and
then rapidly as x approachesto 1/3. It has been consideredthat the A? mode is
associatedwith someclusterof atoms (medium-range
structure). Then the problem
is what is the structureresponsiblefor the Al band.
4.3.2

Medium-Range

Amorphous

Structure

GeSe2 can be regarded

The polycrystalline
this viewpoint,
observations

as the most disordered

film is an intermediately

disordered

one may deduce the structure
of the polycrystalline

counterpart

system

of a-GeSe2

of c-GeSe2.

between

them.

from the Raman

From

scattering

films.

In Table 10, the peak positions and widths of the Al and A? bands for aGeSe2are compared with those of the 211 cm-1 and 216 cm' bands for the single
crystalline P-GeSe2, the polycrystalline /3-GeSe2film #1, and the light-induced
crystals (See Sec. 4.4.2). The peak shifts of the 211 cm-1 and 216 cm-1 bands
induced

by

the

disorder

are

small

among

the

polycrystals

and

the

light-induced

crystals. The peak positionof the A? band in a-GeSe2is very closeto that of the
crystalline

216 cm-1 band.

As described

in Sec. 4.2.3, for the single

crystal

and the polycrystalline

films,

the excitation energy dependence of the intensity ratio /216/1211
changes depending
on the
larger

degree
in the

of the
spectra

disorder

in the

sample.

of the polycrystalline

At the
film than
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2.41
those

eV excitation,
of the

bulk

the
single

ratio
crystal.

is

Table 10: Raman peak positions and widths (FWHM) of amorphous GeSe2,single
crystalline 13---GeSe2,
polycrystallineP-GeSe2film #1, and the light-induced crystals
at RT. The spectral resolution is about 1 cm-1 FWHM.

Al band*/

A? band* /

211 cm'

216 cm-i

band

band

Excitation

Position

Width

Position

Width

216-211

energy

(cm-1)

(cm-1)

(cm-1)

(cm-')

splitting

(eV)

(cm')
Amorphous film*

2.41

198.5

19.1

216.5

10.4

18.0

Single crystal
2.41

211.4

5.0

217.3

4.1

5.9

2.71

210.5

5.7

216.6

5.8

6.1

Polycrystalline film #1
2.41

211.0

6.4

218.4

6.4

7.4

2.54

211.0

6.7

218.8

6.6

7.8

5.6

8.2

Light-induced crystal
2.54

210.8

8.1

219.0
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Similar

enhancement

of the intensity

in the 2.41 eV excited
induced

crystals

spectra

ratio of two bands has already

of c-GeSe2

from an amorphous

of an amorphous

prepared

film, crystals

film, and crystalline

powder

by various
obtained

prepared

been observed

methods:42

by thermal

by grinding

light-

annealing

bulk

crystals

(Fig. 55). It should be noted that, when the crystal size is specially confined and/or
the

structure

becomes

the

211 cm'

band

more

disordered,

becomes

the

intensity

ratio

of the

216 cm-1

band

to

larger.

In Fig. 56, the intensityratios of the A? band to the Al band (/Ac//A ) for
the

amorphous

film at various

excitation

photon

energies

are shown

with

the

ratios

1216/1211
for the single crystal and the polycrystal. The ratio for amorphous film is
regarded

•

as a constant

within

the

experimental

accuracy.

If the

disordered

crystals

were further damaged and disordered,the peak of the intensity-ratio 1216/1211
around
the resonance-energy would become broad and
, finally, the behavior of the ratio

1216/1211
wouldcomecloseto that of the ratio /Ac//A . We imaginethat the A?
band in a-GeSe2

is related

to the 216 cm-1 band in heavily disordered

and the Al band,

to the 211 cm-1

the quasi-localized

vibration

structure

will be preserved

band.

Since the 216 cm-1

of the edge-sharing
in the amorphous

bi-tetrahedra,

micro-crystals,

band

comes

from

such bi-tetrahedral

phase.

The energyof the Al band (198cm-1) is lowerthan that ofthe 211cm-1band by
about 13 cm-1, whilethe energy-difference
betweenthe A? band and the 216 cm-1
band is about less than 3 cm'. The width of the A? band (,--,10cm' FWHM at
RT) is narrowerthan that of the Al band (,--,19cm-1). These observationswill be
explained

as follows.

edge-sharing

bi-tetrahedra.

In the amorphous
state

The vibration

is broken.

state,

of the 216 cm-1 band

The band

will not have much dispersion

the k-selection

The 216 cm'

band

is quasi-localized

rule in the Raman
with small dispersion

process

in the

in the crystal.
of the crystalline

in the crystalline

states

contributesto the narrowA? band around 216cm-1 in the amorphousstates. On
the

other

sharing

hand,
chain

the
and

vibration
makes

of the

a band

with

211 cm-1
large
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band

dispersion

will be extended
in the

crystal.

in the
In the

corneramor-

phous

state,

this extended

in the frequency
Although

range

vibration

of corner-sharing

lower than

the 216 cm-1 vibration

211 cm-1

tetrahedra

and will contribute

is quasi-localized

the completely

different

environmental

from that

in the crystalline

structure

will significantly

and 216 cm-1

the bi-tetrahedra

in a-GeSe2

crystalline

In other words, the a-GeSe2

structure

form.

should

which is topologically

Let us compare

bands.

described

baugh

et al.12 have proposed

posed

of a fragment

structure

Ge2Se8/2 bi-

around

bi-tetrahedra

affect the vibrational

the environmental

be topologically

similar

structure

structure

to that

contains

energies
around

in the layered

the medium-range

similar to the layered c-GeSe2.

the topologically

model

Thus

to the Al band.

at the edge-sharing

tetrahedra,

of the 211 cm-1

will be distributed

layered-crystalline-like

above with some previous

structural

medium-range

models

a model for the medium-range

of topologically

crystal-layer-like

structure

for a-GeSe2.
structure

structure

Briden-

which is com-

with

Se-Se bonds

at the cluster edge (outriggerraft cluster). They have assignedthe A? band to
the

breathing

vibration

of pairs

of neighboring

corner-shared

tetrahedra

with

the

additive Se-Se bonds in the outrigger raft cluster (Fig. 57 A). A weak point of
the

outrigger

raft

cluster

model

is that

the

calculation

of the

vibration

does

not

necessarilygive the higher energyfor the A? band than that for the Al band.13
Although

Nemanich

et al.17 proposed

the vibration

of Ge6Se6 ring structure

for the

A? band (Fig. 57B), a weakpoint ofthe modelis that it requiresthe high existence
probability

of the ring structure

Lucovsky

et al.15 and Nemanich

which is never observed
et al.16 have

suggested

in the crystalline
that

structure.

the Ge2Se2 4-atom

rings, which is includedin the Ge2Se8/2
bi-tetrahedra,are responsiblefor the A?
band (Fig. 57 C). However,as describedabove,the environmentalstructure around
the Ge2Se8/2bi-tetrahedra is also important to explain the vibrational energy of
the Al and Al bands. The existenceof layeredc-GeSe2likefragmentsin a-GeSe2
is also suggested

in the work on the light-induced

which will be discussed
When

the structure

crystallization

of a-GeSe227,42,56

in Sec. 4.4.3.
of amorphous

states

64

is discussed,

the structural

model

must

explain all the observations on that material, not only the vibrational investigations
but also the diffraction measurement and others.

Quite recently, Susman et al.

have reported the precise neutron diffraction data for amorphous GeSe2.58The total
correlation function is shown in Fig. 58. They have shown that the first four nearest
neighbor in the total correlation function can be ascribed to the Ge-Se correlation

in the GeSe4/2tetrahedra (2.385 A), the Ge-Ge correlation in the edge-sharing
Ge2Se8/2bi-tetrahedra (3.02 A), the Ge-Ge correlation in the neighboring cornersharing GeSe4/2tetrahedra (3.57A), and the Se-Se correlation (3.93 A), respectively.
These values agree well with the corresponding values for the crystal, 2.355 A, 3.05
A, 3.55 A, and 3.83 A. The weighted coordination number of the Ge-Ge correlation
in the edge-sharing bi-tetrahedra is 0.14for the glass whichis very close to the value
5-1x 12x 1 = 0.17 for the crystal. The fraction of Ge atoms which contribute to
the edge-sharing tetrahedra in the glass is about 40%, which is close to that in the
crystal (50%). This result agreeswith our structural model of layered-crystalline-like
fragment. However, it should be noted that, if the portion of the single crystal whose
lateral extent is greater than about 10 A exists in the glass without any distortion,
it will give too many structures in the neutron or X-ray structure factor which is
not observed in the experiments.'

Thus, if there is such large layered-cluster in the

glass, it should be heavily distorted.

The molecular dynamics (MD) calculation is also an interesting approach to the
investigation

of the medium-range

order. Vashishta et al.'

fraction of the Ge atoms which contribute

have reported

to the edge-sharing tetrahedra

that the

in the glass

is about 32%. In the single crystal, there are many rings with 8 Ge atoms which
consist of two chains of the corner-sharing
edge-sharing

bridge bi-tetrahedra.

tetrahedra

connected by two neighboring

From the layered-crystal-like

fragment model, it

is expected that the fraction of the existence of the rings with 8 Ge atoms in the
glass is close to the fraction in the single crystal. However, the calculated fraction in

the glass is considerably lower
might

be

due

to too

large

1/10) than that in the crystal. The disagreement

quenching

rate
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in the

preparation

of the

glass

from

the

melt in the MD calculation.
As described above, there are many approaches to investigate the medium-range
structure:

X-ray

and neutron

diffraction,

EXAFS, Raman scattering,

dynamics calculation, etc.. Our resonant Raman measurement
powerful method to the investigation

4.4

Light-Induced

4.4.1

technique provides a

of the medium-range order.

Crystallization

Temperatures

under

Illumination

In order to distinguish

the photo-process

induced crystallization,

it is important

irradiated

molecular

from the thermal-process

in the light-

to know the local-temperature

at the laser-

region where the light-induced crystallization

describes how one can estimate the temperature

is taking place. This section

of the crystalline GeSe2 samples by

the Raman measurement.
Figure 59 shows the temperature

dependence

of the peak position of the 211

cm-1 band in the Raman spectra of single crystalline

13-GeSe2.

The excitation

energy was 2.41 eV (5145 A). The excitation power was such low level as about
0.5 mW to avoid the heating,
temperature

of the sample

though

was varied

the point-focusing
by the electric

geometry

furnace.

was used.

The peak

the 211 cm-1 band shifts toward

the lower energy side as the temperature

There

in the temperature

is no difference

observed

dependence

The

position

of

increases.

of the 211 cm-1

peak position between the c(a,a)c and the c(b,b)c configurations. The temperature
coefficient is about -0.01 cm-1/K.
Figure 60 shows the temperature dependence of the intensity of the 211 cm-1
peak in the Raman spectra by the 2.41 eV (5145 A) excitation. The temperature
dependence
coefficient

of the
increases

absorption
with

Raman

intensity

sample

at high temperatures.

coefficient

increasing

with increasing

below

temperatures

temperature
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RT suggests
above

is mainly

that

RT. The

the

absorption

decrease

of the

due to this darkening

of the

Figure

61 shows

the

temperature

dependence

of the

peak

position

of the

211

cm-1 band for the bulk single crystal (0), the polycrystalline film #1 (A) and the
light-induced crystals (Q). The excitation photon energy was 2.41 eV (5145 A) and
the

power

was

geometry
to the

about

which
low

5 mW.

makes

energy

the

side

The

measurement

sample

with

heating

increasing

was

made

using

nonnegligible.

The

temperature.

The

the
peak

point-focusing
position

temperature

shifts

coefficients

of the peak energy are estimated to be -0.0098 ± 0.0007 cm-1/K for the lightinduced crystals, -0.0089 ± 0.0005 cm'/K for the polycrystalline film #1, and
-0 .0103± 0.0003 cm-1/K for the bulk single crystal. These values agree well with
each other

within

When

the experimental

accuracy.

laser light is irradiated

the illuminated
perature

portion

of the sample

by the absorption

temperature.
crystalline

onto the sample
becomes

of the light.

shown in Fig. 61 are ascribed

to the difference

the probe

crystalline

62 shows the excitation

under

the environmental

tem-

in Fig. 61 is the environmental

for the light-induced

film than for the bulk single crystal

Figure

the temperature

higher than

The abscissa

The lower peak positions

light among three

surface,

crystals

at given environmental

and the polytemperatures

of the degree of this heating

effect by

samples.

power

dependence

of the peak

position

of the

211 cm-1 band for the bulk single crystalline j9-GeSe2(o), the polycrystalline film
#1 (A), and the crystals obtained by the light-induced crystallization (Q). For all
crystals,
shown

the heating
by the fact

excitation

power

A large

effect of the sample
that

the peak positions

excitation

power

coefficient

in Fig. 62 is due to the large

duction

through

the surrounding

in the different

of the light-induced
light-induced

by the light absorption

shift toward

the low energy

is clearly
side as the

increases.

crystals

power=zero

surfaces

crystals

crystals

of the Raman
absorption

amorphous

crystals

shift

coefficient

state.

for the light-induced
and a small heat

Extrapolated

are very close to each other.

or other properties

connected

seem not to affect the position
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con-

peak positions
Small grain

to the imperfection

of the 211 cm-1 band

at
sizes

of the
at the

power=zero.
The

actual

temperature

light-induced

at the

crystallization

irradiated

is deduced

portion

from

the

of the

Raman

sample

spectra

surface
by

the

in the
following

procedures: 1) Measure the excitation power dependence of the peak position of the
211 cm-1 band on the light-inducedcrystals and plot that as in Fig. 62. 2) Estimate
the

peak

position

at power=zero

by extrapolating

the excitation

power

dependence

of the peak position. 3) From the energy differencebetween the peak position at
power=zero

and that

at the power where the light-induced

a difference

between

the temperature

at the illuminated

can be estimated

by using

mental

temperature

peak position.

The estimated

temperatures

crystallization
portion

the temperature

occurred,

and the environcoefficient

of the

are 230 ti 450 °C for the environmental

temperature of 480 K (210 °C), 160 rs,430 °C for RT (20 °C), 150 N 360 °C for 90
K, and 140 N 360 °C for 30 K. The minimum

light-induced

crystallization

temper-

atures are well below the minimum thermal crystallizationtemperature (rs-,375 °C)
for all environmental

4.4.2

Raman

temperatures.

Spectra

of Light-Induced

Crystals

As shown in Fig. 55 (II) and (III), the relative Raman intensity of the 216 cm-1
band

to the 211 cm-1 band in the light-induced

the polycrystalline
dependence

crystal

films at the 2.41 eV excitation.

of the 216 cm'

in the polycrystalline

211 cm-1 band becomes
2.71 eV for the single

The excitation

band in the light-induced

film, that

is, the intensity

maximized
crystal.

is comparable

crystal

with that
photon

energy

is also similar

to that

ratio of the 216 cm-1

band

at the energy lower than the maximizing

Figure

63 shows the Raman

in

spectra

to the
energy

of the light-

induced crystal by 2.54 eV (4880 A) excitation with various powers. The intensity
ratio

of the 216 cm-1 band

light power,
energy

which

through

corresponds

the heating

2.1 mW excitation

to the 211 cm-1 band

changes

to the temperature-tuning

effect by the irradiation.

in this case.
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with

decreasing

of the exciton

probe

transition

The ratio is maximized

at the

From these observations, it is concludedthat the light-induced crystal has almost
the same disorder as the polycrystalline film #1 does. The well thermal annealing
produces a crystalline sample like the film #2 in whichthe intensity ratio of the 216
cm' band to the 211 cm-1 band is maximized at the 2.71 eV excitation (Fig. 50).
On the other hand,

the light-induced

crystallization

crystal

in which the ratio maximizing

4.4.3

Phase

In this section,
induced

Diagram

power

dependence

at various

for Light-Induced

process

Crystallization

environmental

and the photo-excitation

will be discussed.

of the latent

more disordered

energy is lower than 2.71 eV.

roles of the thermal-excitation

crystallization

always produces

period

Figure

64 shows

in the light-induced

temperatures,

in the lightthe excitation

crystallization

processes

30 K, 90 K, 300 K, and 480 K. The exci-

tation photon energy is 2.41 eV (5145 A). The threshold excitation powers for the
crystallization

were approximately

6 mW at 480 K, 14 mW at 300 K, 35 mW at 90

K, and 60 mW at 30 K which are shown in Fig. 65. As the environmental
ature

decreases,

threshold

the threshold

power,

power increases.

the environmental

By extrapolating

temperature

temper-

the curve to zero

seems to approach

the minimum

thermal crystallization temperature (> 600 K) which will be just above the glass
transition
Figure

temperature.
66 shows

the

laser

illuminated

the

same

environmental

the excitation
portion

power

dependence

of the sample

temperature

surface.

are distributed

of the estimated
The

data

temperature

points

over the region

at

which

belongs

to

of the

excitation

power higher than the threshold power (Fig. 64) and of the temperature higher than
a certain
minimum

value which is the minimum
light-induced

light-induced

crystallization

temperature

in Fig. 66 is about 450 K for the excitation

crystallization

temperature.

The

which is shown by the solid line

power above 10 mW and are well below

the minimum thermal crystallization temperature (> 600 K). It should be noted
that

an

minimum

extrapolation
light-induced

of the

solid

crystallization

line

to the

excitation

temperature

69

power=zero

of about

600

provides
K which

the
agrees

with the minimum thermal crystallization temperature as well as the curve of the
environmental temperature vs. the threshold power does in Fig. 65. Figure 66 is
regarded as a kind of phase diagram of the light-induced crystallization which shows
the region of the excitation light power and the temperature under illumination
where the light-induced crystallization occurs.
The fact that the light-induced crystallization process occurs at the temperature
well below the thermal crystallization temperature shows that the light-induced
crystallization is not merely induced by thermal process. Thus the excitation of
the electrons by light irradiation and their relaxations play an important role in
the crystallization.

On the other hand, the fact that the minimum-crystallization

temperature at the irradiated portion is about 450 K for the excitation light power
larger than about 10 mW indicates that the thermal excitation or the back ground
temperature rise is also indispensable for the light-induced crystallization.
As described in Sec. 2.3, the light-induced crystallization process can be divided
to two types; in the type A, /3—GeSe2
grows dominantly and in the type B, a—GeSe2
and /3--GeSe2grow seccessively. Two crystallization types, A and B, appear independently of the excitation power and the type A is much more likely to appear
than the type B.57 The light-induced crystallization is completely different from the
pure thermal crystallization where the final state of the crystallization is uniquely
determined by the annealing temperature as shown in Fig. 5. The appearance of
a—GeSe2 seems to be favorable just above the glass transition temperature.

On

the other hand, it seems that the crystallization type by the light-induced process
is destined by a medium-range or "mesoscopic" structure of the sample. The observation suggests that the /3—phase-likemedium-range structure is the majority in
the amorphous structure.

This is consistent with the conclusion from the Raman

measurement described in Sec. 4.3.2.
The relaxation of the photo-excited electrons is one of the key processes in the
light-induced crystallization. Figures 67 and 68 show the photo-luminescence spectra
of the amorphous GeSe2 film and the single crystalline /3—GeSe2.The excitation was
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2.54 eV (4880 A). There is a PL band around 1.0 eV for both samples. These large
Stokes-shifts
in these

1 eV) suggest that the electron-phonon interaction is very strong

material.

The mechanism

of the light-induced

crystallization

By the light irradiation,

the Se lone-pair

and those at the Ge-Ge

sites are excited

be localized

preferably

process is imagined

electrons,

the electrons

to form the excitons

at the "edge" of the crystalline-like

at the Se-Se

cluster.

bond re-construction

the cluster edge. These bond re-constructions

grow laterally.

be settled

in the position

by the thermal-process.
the crystals

and may cause the bond

These

interactions

clusters

The neighboring
of crystal.
Within

around

crystalline

nuclei.

to be detected

the cluster

of the clusters

The movement

the latent

which could not be realized

may occur

planes

period, these clusters

edge which

accelerate

After the volume of a crystallite
by the Raman

scattering

breaking

rotate

of the cluster

by the Raman

the growth

The

and the
make the
to

may be activated

form the embryos

of

Local heating

of the embryos

a certain

as the crystal.

to

excitons

each other

measurement.

exceeds

sites,

which are supposed

have large electron-phonon
around

as follows.

to

value, it begins

empirical

growing

function N = Nmax(1- exp(-k(t - to))) corresponds to a rate equation of the
crystallization
dN

=Rivmar - N),

dt,

where N is the fraction
k a constant,

and to the latent

of crystallization
the sample.
capable

of the crystal

period.

at t = to. These

The crystallization

in the sample,
There

Nmax the saturated

are a Nma„ sites which

sites may be destined

will proceed

sites.
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by the initial

at the expense

of these

value of N,
are capable
structure

crystallization-

in

Figure 26: Absorption spectra of bulk single crystalline /9-GeSe2in the E 11a and
E IIb polarizations at RT. An exciton absorption peak is observed at about 2.70 eV
in the E IIa spectrum.
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Figure 27: Absorption spectra of bulk single crystalline l3—GeSe2
in the E IIa polarization

at temperatures

to the higher

from 60 K to 300 K. The exciton

energy side and becomes

sharpened

73

absorption

as the temperature

peak
decreases.

shifts

Figure 28: Polarized Raman spectra of single crystalline GeSe2at RT in the c(a,a)Z
and c(b,b)c configurations. The excitation photon energies are a) 2.41 eV (5145 A)
and b) 2.71 eV (4579 A). A drastic change is observed in the spectra of 2.71 eV
excitation in the c(a,a)c configuration where the 216 cm-1 band becomes stronger
than

the 211 cm-1

less than

band.

To avoid the sample

10 mW and the line-focusing

geometry

74

heating,
was used.

the excitation

power

was

Figure 29: Excitation energy dependence of (a) Raman intensity and (b) Raman
cross section

for single crystalline

/3--GeSe2. Three Raman

bands

at 211 cm-1,

216

cm-1, and 153 cm' are of interest. At 2.71 eV excitation in the c(a,a)c configuration,

the

21.6 cm-1

band

is stronger

than

the
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211 cm'

band.

Figure 30: Upper half: Temperature dependence of the exciton transition energy for
single crystalline 13—GeSe2.
Open circles show the exciton transition energies, and
the exciton band-widths (FWHM) are shown by vertical bars. Lower half: Raman
intensity ratio 1216/1211
in the c(a,a)c configuration vs. temperature. Excitation
energy is 2.81 eV (4416 A), which is shown by a broken line in the upper part.
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Figure 31: Low temperature Raman spectra for single crystalline /9-GeSe2by 2.81
eV (4416 A) excitation in the c(a.a)-dconfiguration. The relative intensity of the
216 cm-1 band to the 211 cra' band is much larger in the spectrum at 200 K than
that at 20 K.
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Figure 32: Schematicillustration of the 216 cm-1 vibration in )3-GeSe2.Vibrational
amplitude of Se atoms in edge-sharing tetrahedra (B,C,D) is much greater than that
of Se atom in corner-sharing tetrahedra (A) (From Ref. 32).
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Figure 33: High pressure Raman spectra of /3-GeSe2. At 33 kbar, an extra band -y
is clearly observed at just above the 211 cm-1 band (a) (From Ref. 54).
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Figure 34: Pressure dependenceof Raman peak positions of P—GeSe2.The notations
a, p, and -ycorrespond to those in Fig. 33 (From Ref. 54).
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Figure 35: Upper: Vacuum-evaporatedfilm annealed at 425 °C for 18 hours (sample
#1) seen by SEM ( x 5000). The thickness of the as-depositedfilmwas about 6000A.
Lower: Vacuum-evaporated film annealed at 435 °C for 18 hours (sample #2, x
5000). The thickness of the as-deposited film was about 3//m. For both films, the
small

platlet-structure

is embedded

in the flat

81

island

region.

Figure 36: Vacuum-evaporatedfilm annealed at 460 °C for 90 minutes (sample #3)
seen by SEM ( x 5000). The thickness of the as-deposited film was about 3 pm. In
the

flat

island

region,

the

small

platlet-structure

82

is embedded.

Figure 37: Vacuum-evaporatedfilm of 6000A thickness (sample #4) seen by SEM.
Upper: as-deposited film (x 22000). The surface is flat and featureless. Lower:
annealed at 425 °C for 18 hours (x 10000). In the flat island region, the small
platlet-structure

is embedded.
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Figure 38: Gas-evaporated film in 2 Torr Ar gas (sample #5) seen by SEM. Upper:
as-deposited film (cotton-candy-like, x 6500). Lower: annealed at 421 °C for 18
hours (glue-like, x 6500).
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Figure 39: Gas-evaporated film in 1.2 Torr Ar gas (sample #6) seen by SEM.
Upper: as-deposited film (cotton-candy like, x 6500). Lower: annealed at 423 °C
for 18 hours (coral-like, x 6500).
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Figure 40: Gas-evaporated film in 0.45 Torr Ar gas (sample #7) seen by SEM.
Upper: as-deposited film (cotton-candy like, x 6500). Lower: annealed at 423 °C
for 18 hours (coral-like, x 6500).
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Figure 41: Gas-evaporated film in 0.1 Torr Ar gas (sample #8) seen by SEM.
Upper: as-deposited film (cloud-like, x 6500). Lower: annealed at 424 °C for 18
hours (glassy-lava-like,x 6500).
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Figure 42: Gas-evaporated film in 0.08 Torr Ar gas (sample #9) seen by SEM.
Upper: as-deposited film (cloud-like, x 6500). Lower: annealed at 424 °C for
18 hours (glassy-lava-like,x 6500). In the glassy-lava like region, the needle-like
structure

is embedded.
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Figure
the

43: A rough

morphology

relation

of the

between

evaporated

the

pressure

films.

89

of Ar gas at the

evaporation

and

Figure 44: Temperature dependence of optical density for polycrystalline )3—GeSe2
film #1. The uppermost curve is the second-energy-derivative of the optical density
curve at 300 K showing that the exciton energy is around 2.57 eV.
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Figure 45: Raman spectra of GeSe2for (A) the single crystal in c(a,a)Z by 2.41 eV
excitation, (B) the single crystal in c(a,a)o.by 2.71 eV excitation, (C) the polycrystalline film #1 in (VV) by 2.41 eV excitation, (D) the polycrystalline film #1 in
(VV) by 2.54 eV excitation, and (E) the amorphous film in (VV) by 2.41 eV excitation.

Vertical

bars in A-D

indicate

the 211 cm'

band

and the 216 cm"

band.

The crystalline216 cm-1 band is located near the amorphousAF band. To avoid
the sample
geometry

heating,

the excitation

power was less than

was used.
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10 mW and the line-focusing

Figure 46: Raman scattering intensity of the 211 cm-1 band (,L) and the 216 cm-1
band (0) at RT for the single crystalline g-GeSe2 (upper half) and the polycrystalline film #1 (lower half). For both crystals, the 216 cm-1 band increases at the
expense

of the 211 cm-1 band.
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Figure 47: Excitation energy dependence of Raman intensity ratio 1216/1211
at RT
for single crystalline and polycrystalline 0—GeSe2.Lines are guides to the eyes. The
peak position for the polycrystalline film is lower than that for the single crystal.
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Figure 48: Raman spectra of GeSe2for (A) the polycrystalline film #2 in (VV) by
2.41 eV excitation, (B) #2 by 2.71 eV excitation, (C) the polycrystalline film #3
in (VV) by 2.41 eV excitation, (D) #3 by 2.54 eV excitation, and (E) #3 by 2.71
eV excitation.

Vertical

bars

indicate

the

211 cm-1

bands

and

the

216 cm-1

bands.

In (E), a peak at about 200 cm-1 appears which is due to a-GeSe2. To avoid the
sample
geometry

heating,

the excitation

power

was less than

was used.
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10 mW and the line-focusing

•

Figure 49: Raman spectra of GeSe2for (A) the polycrystalline film #4 (vacuumevaporated and annealed) in (VV) by 2.41 eV excitation, (B) #4 by 2.54 eV excitation, (C) the polycrystalline film #5 (gas-evaporated and annealed) in (VV) by
2.41 eV excitation, (D) #5 by 2.54 eV excitation, and (E) as-deposited #5 by 2.41
eV excitation.

Vertical

To avoid the sample
line-focusing

geometry

bars indicate
heating,

the 211 cm'

the excitation

was used.
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bands

and the 216 cm-1

power was less than

bands.

10 mW and the

Figure 50: 1216/1211
-211spectra for polycrystalline GeSe2film #2 and #3. Lines are
guides to the eyes. The excitation energies where the intensity ratios 1216/1211
are
maximized are different between the films #2 (2.71 eV) and #3 (2.54 eV).
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Figure 51: 121611211
spectra for polycrystalline GeSe2film #4 and #5. Lines are
guides to the eyes. The excitation energies where the intensity ratios 1216/1211
are
maximized are 2.54 eV for both films #4 and #5.
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Figure 52: X—raydiffraction data for the powder of the single crystalline GeSe2
(Upper half) and the polycrystalline film #1 (Lowerhalf). The most intense line is
the (002) peak. The (002) peak in the film #1 is accompanied by a satellite peak
(arrow).
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Figure

53: Absorption

decreases,

the absorption

spectra

for a—GeSe2 at 20 K and 300 K. As the temperature

edge moves toward

99

the high energy side.

Figure 54: Excitation photon energy dependence of Raman spectra for a—GeSe2in
the (VV) configuration. Wave length (A) of the excitation light is shown in the
figure.

To avoid the sample heating,

the line focusing

geometry

the excitation

was used.
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power was less than

10 mW and

Figure 55: Raman spectra of a- and c-GeSe2prepared by variousmethods; (I)
amorphousfilm, (II) light-inducedmicro crystal from amorphousfilm, coexisting
with amorphousphase, (III) poly-crystallinefilmby thermalannealingofamorphous
film, and (IV) groundc-GeSe2powder. The excitationenergyis 2.41eV (5145A).
The 216cm-1 band appear in (II)-(IV), and its positionis almost the same as the
AF band position.It shouldbe noticedthat the Al band at 199cm-1even appears
in (IV). The AGmode at 178 cm-1, observedin (I) and (II), comesfrom Ge-Ge
bonds due to a chemicaldisorderwhichis absent in (III) and (IV) (FromRef.42).
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Figure 56: IntensityratiosoftwoRamanbands. I: 1216/1211
for the singlecrystalline
8—GeSe2
in the c(a,a)Zconfiguration.,L: 1216/1211
for the polycrystallineGeSe2film
#1 in the (VV) configuration.II: Ratio of the A? band to the Al band for the
amorphousGeSe2filmin the (VV) configuration.Linesare guidesto the eyes.
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Figure 57: Somestructuralmodelsfor a-GeSe2.A: Theoutriggerraft model. Larger
circlesdenote Se atoms and smalleronesGe atoms (FromRef. 12). B: The Ge6Se6
ring structure. Open circles denote Ge atoms and closedones Se atoms (From
Ref. 17). C: The Ge2Se2ring structure. Open circlesdenote Se atoms and closed
ones Ge atoms. The vibrationalmodesfor the Al (196cm-1) and Ai (219cm-1)
bands are also shown(FromRef. 15).
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Figure 58: Total correlation function for amorphous GeSe2 at 10 K (Solid line).
The dashed
bars

line shows the fit of the first four nearest

show the characteristic

inter-atomic

distances

neighbor

by gaussians.

in the crystal:

Ge-Se

The
in the

tetrahedra (2.385 A), Ge-Ge in the edge-sharing bi-tetrahedra (3.02 A), Ge-Ge in
the corner-sharing tetrahedra (3.57 A), and Se-Se (3.93 A). These distances agree
well with the positions of four gaussians (From Ref. 58).
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Figure

59: Temperature

dependence

of peak

position

of 211 cra'

band

for single

crystalline /3—GeSe2.
Excitation was 0.5 mW (point-focusing),2.41 eV (5145 A).
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Figure

60: Temperature

dependence

of intensity

of 211 cm-1

band

for single crys-

talline /3-GeSe2. Excitation was 0.5 mW (point-focusing),2.41 eV (5145 A).
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Figure

61: Environmental

temperature

dependence

of the peak position

of the 211

cm-1 band for bulk single crystalline ,8—GeSe2
(D), polycrystalline film #1 (h),
and light-induced micro crystal (0). Temperature coefficientsof the peak position
agree
among

well for all crystals

within

the experimental

three lines are due to the sample

eV and the point-focusing

geometry

heating.

was used.
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accuracy.

Excitation

The

photon

parallel
energy

shifts

was 2.41

•

Figure

62: Excitation

power dependence

of the peak position

of the 211 cm'

band

for bulk single crystalline /9—GeSe2
(D), polycrystalline film #1 (h), and lightinduced micro crystal (0). The peak positions extrapolated to power zero agrees
well for all crystals.

Excitation

geometry

Arrows

was used.

photon

indicate

energy was 2.41 eV and the point-focusing

the excitation

Fig. 61.
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powers

for the measurement

in

Figure 63: Raman spectra of light-induced crystallized sample at various probing
powers; A: 46.3 mW, B: 19.7 mW, C: 8.4 mW, and D: 2.5 mW. The intensity ratio
1216/1211
increaseswith decreasing prove light power. The excitation photon energy
is 2.54 eV (4880 A). Point-focusinggeometry was used.
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Figure

64:

Excitation

power

dependence

of the latent

period

to.

The

excitation

photon energy is 2.41 eV (5145 A). The threshold power for the crystallization
increases

with decreasing

environmental

temperature

110

of the sample.

Figure

65:

Environmental

temperature

dependence

of the

threshold

power

.

The

excitation photon energy is 2.41 eV (5145 A). The threshold power increases with
decreasing

environmental

temperature.

111

Figure

66: The relation

illumination

between

the excitation

which leads the light-induced

power and the temperature

crystallization.

In the above region

under
with

respect to the solid line, the light-induced crystallizationoccurs with 2.41 eV (5145
A) light. It is considered to be the phase-diagram of the light-induced crystallization.
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Figure 67: Photo-luminescencespectra (left side) and absorption spectra (right side)
of 0—GeSe2by 2.54 eV excitation at 73 K.
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Figure 68: Photo-luminescencespectra (left side) and absorption spectra (right side)
of a—GeSe2by 2.54 eV excitation at 73 K.
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5

Summary

In this thesis, two subjects relating to the photo-crystallization of GeSe2were reported. One was to clarifythe vibrational and electronic properties of various forms
of GeSe2, from the amorphous state to the crystalline state. For this purpose, we
studied the Raman spectra of single crystalline GeSe2,polycrystalline GeSe2,amorphous GeSe2, and light-induced crystalline GeSe2with various excitation photon
energies from 2.0 to 2.8 eV. The other was to clarify the roles of the electronic excitation and of the thermal excitation in the light-induced crystallization process.
For this purpose, the light-induced crystallizationat various environmental temperatures was examined.
In the case of the single crystalline GeSe2,the Raman scattering cross section
increases, as the excitation energy increasesnear the optical gap. In most cases, the
intensity of the Raman 211 cm-1 band, whichis due to the breathing motion of the
corner-sharing chain GeSe4/2tetrahedra, is much stronger than that of the 216 cm-1
band, which is due to the breathing motion of the edge-sharingbridge bi-tetrahedra.
However, at the 2.71 eV (4579 A) excitation in the c(a,a)c configuration, the 216
cm'

band

of the

becomes

211 cm'

These

nearly

equal

to the

211 cm-1

band

in intensity

at the

expense

band.

phenomena

were connected

with

the

exciton

transition

which

is observed

in the absorption spectra of E 11a near 2.7 eV. We have proposed a model as follows.
1) The exciton is related to the electronic transition from the 4p lone pair states
quasi-localized at the Se atoms of the edge-sharing bridge Ge2Se8/2bi-tetrahedra
to the s-like anti-bonding states of the Ge atoms of the edge-sharing bridge bitetrahedra. 2) The 216 cm-1 mode is a symmetric breathing mode quasi-localized
on the edge-sharing bridge Ge2Se8/2bi-tetrahedra. The relative enhancement of the
216 cm-1 band will be due to an electron-phonon interaction between the exciton
and the 216 cm-1 phonon.
As for the polycrystalline GeSe2films, the excitation energy dependence of the
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Raman spectra is different from sample to sample depending on the preparation
conditions. In some cases, it was observed that the 216 cm-1 band becomes slightly
stronger than the 211 cm-1 band at 2.54 eV excitation at the expense of the 211
cm-1 intensity. The energy 2.54 eV is much lower than the energy 2.70 eV where
the enhancement takes place in the single crystal. This energy difference comes from
the disorder involved in the polycrystal. Although the disorder seems to be related
to the stacking fault of the crystalline layers, the concrete description of the disorder
is the subject in the future.
From the behavior of the 216 cm-1 band in disordered micro-crystals, we con-

clude that the A? band in a-GeSe2originatesfrom the edge-sharingGe2Se812
bitetrahedra

in the medium-range

order of topologically

layered-crystalline-like

frag-

ments.
It should

be stressed

vide a powerful

method

of the medium-range
The light-induced
was observed
crystallization
tation

the resonant

crystallization

is not caused

experiments

of the disorder

described

here pro-

in the crystals

or that

in the glass.

by the time resolved

excitation

Raman

to the investigation

structure

is also indispensable.

thermal

that

process
Raman

by a purely

at various

experiment.
thermal

Both the electronic

are essentially

important

environmental
We conclude

process,

though

excitation

temperatures
that

the photo-

the thermal

exci-

by light irradiation

and

to the crystallization.

The final crys-

talline state of the light-induced crystallization, that is the type A (18-GeSe2)or the
type B (a-GeSe2

13-GeSe2),depends on the medium-rangestructure in the initial

amorphous state. On the other hand, in the thermal equilibrium process, the final
state of the crystallization, that is a-GeSe2 or P-GeSe2, is uniquely destined by the
annealing temperature.
The subjects to be investigated in future are as follows:
• The mechanism of the lowering of the exciton transition energy by the disorder
in the crystal.
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• The detailed
• The relaxation

description
process

of the disorder
of the excited

tion.
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in the crystal.

electrons

in the light-induced

crystalliza-
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