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Abstract

Structures of chalcogenide glass, super cooled liquid and liquid ( SCL ), as well as phase-
transitions among them, have been intensively investigated by Raman spectra in the
microscopic and/or mesoscopic point of view. Chalcogenide glasses Ge,Se;_, which are
the typical network glasses can be easily prepared. By changing the Ge composition,
the structural dimensionality can be varied and by using different preparation methods,
the variety of medium-range structure can be realized.

In the first part, the structure and thermal structural changes in Ge,Se,_, which
include the glass-transition, re-crystallization and melting are investigated by measuring
the Raman spectra in a sequence of increasing temperature from 20 °C to 850 °C.
Different temperature dependencies of the Raman spectra are demonstrated for the
samples with different Ge compositions from z = 0 to 0.33.

In Se glass and Ge-poor Ge,Se;_, ( z < 0.07 ) glasses, it has been found that
the dominant structure is (Se), chains where the glassy state involves parallel Se-Se
chain regions and non-parallel chain regions. The decrease of viscosity above the glass-
transition temperature T, causes large configurational fluctuations in the parallel region
of (Se),, chains to broaden the corresponding vibrational Raman band at 235 cm™!. In
the Ge,Se;_, (0.10 < z < 0.20 ), the Raman intensity ratio Ig.seq/2/1s. increases with
increasing temperature above the T,, probably because the leading structural units
become GeSey/, tetrahedra whiéh easily move and coalesce with each other to form the
crystalline embryo in the SCL state. In Ge,Se;_, ( 2= 0.10, 0.15 ), where no crystalline
spectra has been observed, the crystalline GeSe;, like crystalline embryo is found to fade
away fairly below the melting point.

The typical medium-range structure in the glassy and liquid GeSe; is considered as
a topologically crystalline layer-like fragment. In the glassy state, the lone pair Se-Se
interactions between the two successively quasi-stacked fragments somewhat restrains

the Raman intensity of the AY band which relates to the edge-sharing GeSey/, tetra-
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hedra. The fact that with increasing temperature the intensity ratio of the Af band to
the A; band increases quickly from 1:3 to 1:1 in the super-cooled liquid is related to a
drastic decrease of the interaction between the layer-like fragments. The onset of the
increase is considered to be at the glass-transition temperature.

In the Ge composition region of 0.04 < z < 0.18, neither the crystalline Se nor the
GeSe; has been observed in the experimental time periods up to 10 hours owing to
the long relaxation time for their crystallization. With the Ge composition increasing
above 0.04, the population of GeSey/, tetrahedra, whose structure is rather stable than
the (Se), chains at the experimental temperature, is large enough to easily prevent the
(Se), chains from crystallization owing to chain crossing. It should be noted that the
relaxation time for the crystallization of GeSe, showing an essential change at = 0.18 (
average coordination number (r) = 2.37 ) which is very close to the rigidity percolation
threshold value z = 0.2 ( (r) = 2.4 ) basing on the Phillips—-Thorpe constraint theory.

In the second part, to obtain the information of the structural variety occurred in
the preparation, the photo-induced crystallization ( PIC ) processes are investigated
by analyzing the time-resolved Raman spectra. In the PIC processes, the structural
changes of the illuminated portion are cooperatively promoted by the photons and
phonons from the initial various structures. The fact that the threshold temperature
for the PIC process is lower in the sample with a slower cooling rate is reasonable to be
considered that its medium-range structure is more similar to the crystallihé nuclei, or
easier to transform into crystalline nuclei than those samples with faster cooling rates.

In the last part, toward the understanding of the relaxation processes of excited
electrons, the photoluﬁlinescence spectra of both the crystalline and glassy GeSe, have
been studied in the temperature range from 10 K to 250 K with the excitation photon
energies of 1.93~2.81 eV. In the glass, a new result that with increasing temperature
the spectral widths first decrease in the low temperature region and then increase in the
high region, is qualitatively interpreted basing on a configurational coordinate energy

diagram model.
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Chapter 1
Introduction

Science of glass, super-cooled liquid ( SCL ), crystal and liquid, and transitions among
them, involves a wide range of attractive subjects in the condensed matter physics. The-
oretical considerations relate glass-forming tendencies and the global profile of glassy
structures to the average coordination number (r). Phillips first proposed that glass for-
mation is easiest when the coordination number (r) = 2.4 [1]. Later Thorpe suggested
that the rigidity percolation threshold value is located at the coordination number near
(r) = 2.4 in the covalent network glass in the meanfield consideration [2]. The character
of a covalent network undergoes a qualitative change from being partially deformable
(r) < 2.4 to being rigid at (r) = 2.4. The critical behavior has been investigated in.
many situations in the glass system [3-11]. |

Angell classified the super-cooled liquid behavior during cooling between strong and
fragile [12-15], and indicated that the canonical characteristics of relaxing liquids are
correlated through the fragility. It has been found that at (r)= 2.4 in glass-forming
liquid the fragility which is introduced from a T,-scaled Arrhenius plot for the viscosity
is minimum [10]. ) '

From the vibrational dynamics of glz;sses in the low-energy frequency range from 5
to 100 cm™!, the cooperative motions of atoms over correlation lengths in the nanometer -
range ( a kind of the medium-range ) is reflected [16-22]. An apparent correspondence
among the boson peak, the excess of heat capacity and the plateau of thermal conductiv-
ity in low temperature has been shown. The Debye model fails to interpret the behavior
of vibrational density of states ( VDOS ) in this low-energy regime which means that
VDOS corresponds more closely to a fractal or disordered system than to an averaged

continuum. A strong relation between the vibrational dynamics and the fragility has



been confirmed in several experiments.

Chalcogenide glasses which contain chalcogen elements ( S, Se, and Te ) and usually
elements of group IV and/or V ( Si, Ge, P, As, etc. ) can be easily prepared. The coor-
dination numbers of chalcogen atoms are usually 2 and those of group IV and/or V are 4
and/or 3, respectively. With varying the compositions, the average coordination number
(r) can be changed from 2 to 4 basing on the glass—forming region of each chalcogenide
glass. In the chalcogenide network glass, Raman and Mossbauer experiments confirmed
that the topologically ordered cluster-network model, which allows a partial break of
the chemical order, is more suitable than the chemically ordered continuous-random-
network model. In the structure factor of x-ray and neutron diffractions, the first sharp
diffraction peak is observed which may be related to a corresponding medium-range
structure. In chalcogenide glasses, the photoluminescence spectra usually show a large
Stokes-shift which suggests the existence of strong electron-phonon interactions. These
covalent glasses exhibit a number of photo-induced structural changes (23-36] due to
their peculiar structures. Understanding the mechanism of these photo-induced effects
will also advance applications in a lot of fields. For example, the photo-induced doping
phenomenon [23-25] relates to finding suitable resist-materials which are used in making
fine structure with micron or sub-micron size, and the photo-induced amorphization [26]
and crystallization [27] phenomena relate to the application of optical recorder media.

The characteristic chalcogenide semiconductor, Ge,Se;_;, can be easily prepared in
glassy form over a wide range of the composition z ( 0 ~ 0.42 ) by quenching melts [38].
In this glass system, the coordination number (r) can be arranged from 2 to 2.84 which
covers the rigidity percolation threshold (r) = 2.4 at z = 0.2. Though the structures
and the structural changes in Ge,Se,_, have been studied by numerous techniques,
the details have not been clarified yet. By studying the Raman spectra which involves
the information not only of the short-range structure but also of the medium-range
structure, the structural changes between the glassy and SCL forms, or the SCL and
crystalline forms will be clarified as a function of temperature. Furthermore according
to the Raman spectra and spectral changes in the phase transitions, the structural
models can be practically constructed.

For clarifying the structure and structural changes in Ge,Se;_, we proceeded to this
work with following three ways. » ,

In the first part of this work ( chapter 4, 5 ), we report the structures and structural

changes in Ge,Se;_, ( 0 <z <0.33) in a sequence of increasing temperatures from



20 °C to 850 °C by Raman scattering. The Raman spectra shows drastic changes when
the structures change at some characteristic temperatures such as the glass-transition
temperature T, the re-crystallization temperature T, and the melting point T,,. Our
results will be very advantageous not only for a general understanding of the structural
relation and transformations among glassy, crystalline, and liquid phases on micro- and
mesoscopic view points but also for the investigation of the photo-induced crystallization
( PIC ) process.

In the second part ( chapter 6 ), we report the PIC process in glassy GeSe; thin
films ( ~1pm ) which are prepared in different cooling rates by quenching in ice water or
in air. Basing on the crystallizability from glasses in different preparations, structural
differences in micro— and/or mesoscopic scales in the glasses have been clarified. Our
results suggest that the PIC measurement is very useful to interpret the glass structure.

In the last part ( chapter 7, 8 ), the relaxation processes of the excited states
in glassy and crystalline GeSe, are studied by photoluminescence measurements in a
temperature range of 10~250 K with varying excitation energy from 1.93 eV to 2.81 eV.
Both in glassy and crystalline GeSe;, the relaxation processes of the excited electrons
are interpreted by using configuration coordinate energy diagrams.

Before we go to discuss the results of the three parts, it is necessary to take a view
( chapter 2 ) of historical backgrounds about the structures in glassy and crystalline
GezSe;—z, the PIC process in amorphous GeSe; films and a general understanding of
relaxation processes of excited states in glassy and crystalline GeSe;. And in chapter

3, the experimental procedures are described.



Chapter 2
Historical Backgrounds

In this chapter we review various aspects of the glassy state, in particular, its medium-
range structure and the transition between the glass and super-cooled liquid states. The
necessary knowledge to proceed to this work, such as the understanding of vibrational
and electronic properties for Ge,Se;-, and the photo-induced crystallization process in

amorphous GeSe; film is also introduced.

2.1 General Aspects of Glasses

Glasses have the properties of liquids in terms of their lack of the long-range ordered
structure and the propertiesbf solids in terms of atomic movements. Though glasses
are widely used in various fields, a clear picture of glasses has not been given.

An important beginning towards understanding glasses at a basic level was made
in 1979 when Phillips laid a foundation of a constraint theory. He asserted that for
covalently bonded networks, a mechanical critical point occurs when the number of

constraints per atom n. equals the degree of freedom ny of the network, i.e.,
. ne. = Ngyg. (21)

The idea was cast in the language of a percolation theory by Thorpe who recognized
that the Phillips optimum glass forming condition ( equation 2.1 ) represents a rigid-
ity percolation threshold in a meanfield sense. For a 3-dimensional system, the glass
forming condition or the percolation threshold value can be expressed by the aver-
age coordination number (r) = 2.4. The character of a covalent network undergoes a

qualitative from being partially deformable at (r) < 2.4 to being stiff at (r) = 2.4.



Direct evidence for a qualitative change of vibrational density of states ( VDOS ) at
(r) = 2.4 in GeyAs,Se;_,_, glasses has emerged from the inelastic neutron scattering

measurements [3]. The average coordination number (r) is obtained by
<T>:rGeX$+rAsXy+rSeX(1_$—y)’ (22)

where the rg.(= 4), ras(= 3), rs.(= 2) are the coordination numbers of Ge, AS and
Se atoms, respectively. Figure 2.1, taken from Ref. [3], shows the VDOS as a function
of (r). The prominent band peaked at about 5 meV in g-Se ( (r) = 2.0 ) is related
to the floppy vibrational modes which has (r) dependencies in the (r) < 2.4 system.
These floppy modes vanish when (r) = 2.4 where the rigidity percolation occurs. Lamb-
Mossbauer f-factors, Mossbauer site intensity ratios [4,5], molar volumes [6] and Raman
A; mode frequencies in glassy Ge,Se;_, [7] and infrared F, mode spectra in Ge-Se—-Sn
system [8,9], all provide persuasive evidence for the rigidity percolation threshold to
occur near (r) = 2.4 at z = 0.2. |

Angell classified the super-cooled liquid behavior of glass-formers during cooling
between strong and fragile, depending on the departure from the Arrhenius behavior of
the average of the relaxation time, 7, [13-15]. The fragility, m, was defined by the slope
of the curve log T = f(T,/T) at T=T,, where T, is the glass transition temperature.
It was indicated that the canonical characteristics of relaxing liquids are correlated
through the fragility. The relaxation time 7 usually can be expressed by the viscosity
n. Figure 2.2, taken from Ref. [14], shows the logn ~ T, /T plot of various glass formers.
The Tys are the calorimetric glass transition temperatures. A schematic representation
of the potential energy versus the configuration space variable for glass formers has
been introduced to explain the strong and fragile behaviors as shown in Fig. 2.3 taken
from Ref. [15]. Thermodynamically fragile system exhibits substantial changes of the
local structure corresponding to a much high density of minima on the hypersurface as
indicated in Fig. 2.3 ( parts (b) and (d) ).

In Ref. [20] a strong indication has been shown that the excess heat capacity and
thermal conductivity plateau at low temperature ( ~ 1 K ), the excess Raman scatter-
ing or boson peak have the same origin which is related to the phonon localization. All
the related localization sizes, of cohesive domains in a non-continuous network, are in
common. It has been found that the glass network is more continuous ( or the localiza-
tion size is smaller ) for fragile than for strong glass-formers. Basing on the behaviors

of thermal conductivity plateau at low temperature, which is due to the tunneling sys-

(21



tems ( TS ), it was indicated that in glasses obtained from fragile liquids, the high TS
concentration is a consequence of rapid quenching, for avoiding the crystallization [20].

The excess heat capacity AC, measured at T, implies a magnitude for the structural
degradation corresponding to the fragility. In Ge-Se-As glasses, the minimum of the
heat capacity AC, at the average coordination number (r) = 2.4 is correlated with
a.minimum fragility [10]. Figure 2.4, taken from [10], shows the plots of activation
energies for viscosity, enthalpy and AC, in Ge-Se-As glasses versus (r). In each case at
(r) = 2.4, all the characters reach their minima. In this system on a semiquantitative
level, the strong-to-fragile ( variably non-Arrhenius ) transport behavior shows strong

relations to rigidity percolation described by the varying of (r).

2.2 Vibrational and Electronic Properties of
Ge,Se;_,

2.2.1 Vibrational Spectra in Crystalline and Glassy GeSe,
The Atomic Arrangements in Crystalline GeSe,

In the crystalline GeSe, there are two polymorphic maodifications which are high-
temperature form HT-GeSe; and low-temperature form LT-GeSe;. In both of these
two modifications, the basic structural unit is a GeSey/, tetrahedron. The HT-GeSe,
is a layer-formed crystal ( two dimensional, 2D ) [48-50]. Figure 2.5 shows the atomic
arrangement in a mono-layer of HT-GeSe,, where the tetrahedra are connected by shar-
ing the corner or by sharing the edge [51]. The LT-GeSe, is considered to have a similar
structure to the LT-GeS; structure from the resemblance between their Raman spectra
[33], as shown in Fig. 2.6, but a full X-ray analysis of the structure has not been done
yet. Figure 2.7 illustrates the schematic network connection in LT-GeS; [52]. In LT-
GeS,, the unit cell contains four corner-sharing tetrahedral chains: two, ( -1-7-1-7- )
and ( -3-9-3-9- ), are along [001], and the other two, ( -2-4-2-4- ) and ( -8-10-8-10-
), are along the [101]. The chains are connected by corner-sharing tetrahedra, 5, 6, 11,
and 12, in a three-dimensional structure ( 3D ). The essential difference between the
two modifications is that the high-temperature form includes edge-sharing connections,
while the low-temperature form is composed of corner-sharing tetrahedra only. The

HT-GeSe; can be prepared more easily than the LT-GeSe; and in the PIC processes



Table 2.1: Band gap values of c-GeSe;.( From Ref. [54] )

T(K) E, (eV)
E|a E|b
300 2.50 2.49
77 2.675 2.685
4.2 2.725 2.735

the photo-induced crystals are almost in high-temperature form Refs. [32,33]. In this
paper, we use the word “crystal” or c—GeSe, to represent the layer-formed crystalline

GeSe, for simplicity, except described otherwise.

Optical Prbperties in Crystalline and Glassy GeSe,

In c-GeSe;, a strongly anisotropic optical properties has been reported [53] where the
transmittance of the visible light propagating normal to the (001) surface of single
crystal has been measured. In the absorption spectra which are measured with the
light polarized parallel to the a axis ( E || a, curve 1 in Fig. 2.8 ) at 4.2K, they found
an exciton absorption peak at 2.854 eV. But in the E || b spectrum ( curve 2 ) such
exciton absorption peak is not observed. The exciton absorption peak energy decreases
with increasing temperature as shown in Fig. 2.9. At room temperature, the exciton
transition energy is about 2.7 eV. Table 2.1 shows the ﬁemperature dependence of the
band gap values which are obtained from the absorption spectra with a? ~hv plot [54].
The absorption spectra of the Ge,Se;_, (0<z<0.33) glasses, crystalline Se and
c-GeSe; reported in Ref. [55] are shown in Fig. 2.10. In Refs. [57] and [58] the dielectric
functions of g-GeSe, have been measured and found that the electronic structure of

g-GeSe, is very similar to that of layer-formed crystalline GeSe,.

Medium-Range Structure in Glassy and Liquid GeSe,

In g-GeSe; a medium-range structure ( MRS ) has been strongly impressed with the
neutron and X-ray scattering experiments [59-62]. In the diffraction studies, from the
first sharp diffraction peak ( FSDP ) in the structure factor S(k), the MRS can be
proposed. Figure 2.11 shows S(k) of neutron scattering in amorphous GeSe; [62]. The
FSDP appears at 1.01 ;\_1 relating to a correlation length of about 6.22 A. This FSDP
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which relates to the MRS is also preserved in liquid. However, the atomic arrangement
of the g-GeSe; has not been declared.

From the investigation of the Raman spectra where the vibrational properties are
contained, the manner of the atomic connections can be obtained to improve the un-
derstanding of the MRS. Figure 2.12 shows the Raman spectra for the parallel ( H,H
) and perpendicular ( H,V ) polarization in the backscattering configuration in the g-
GeSe, at 50 K [36]. The vibration band with the peak energy at 203 cm™" is related
to the symmetric breathing motions of chalcogen atoms at GeSey/; tetrahedra. This

I is due to

vibrational band is named A, band. The low-energy side band at 180 cm™
the vibrational mode at Ge—Ge bond, called as a wrong bond for the broken chemical
order, in the ethane like cluster. As the chemical order is broken in the stoichiometic
glass, GeSe,, the chalcogen—chalcogen vibrational modes also appear. The peaks at
247 cm™! and 145 cm™! have been identified as the Se-Se stretching mode ( CS ) and
bending mode ( CB ), respectively. The higher energy side band at 220 cm™ of the
A, peak is called the companion A; line ( A ). These results suggest that the basic
structural units in g-GeSe;, are the GeSey/, tetrahedra. Beside the GeSey), tetrahedra,
there are appreciable amount of Se-Se and Ge-Ge wrong bonds.

To study how the GeSey,, tetrahedra connect in the MRS and what structures relate
to the A; and AS modes, it is useful to get information from the investigation of the
Raman spectra in c-GeSe,. Figure 2.13(b)~(e) are the Raman spectra of c-GeSe,
which were measured at two polarization configurations, ¢(a,a)¢ and ¢(b, b)c, by using
two excitation energies [63-67]. Only one intense peak, labeled A, was observed at
21T em™! using 514.5 nm excitation. It should be mentioned that the 211 cm™! peak
has an asymmetric tail on the high-energy side [68]. As there is a weak side peak at
217 em™! in the highly-resolved spectra in the low temperature measurement {69], the
asymmetric tail has been considered to be related to the weak peak at 217 cm~H A”
) at low temperature. A resonant Raman effect, where A and A* intensities change
depending on the excitation energy, especially in the ¢(a, a)¢ polarization configuration
has been reported in Ref. [51]. For example, the A* peak increases remarkable with
457.9 nm ( 2.71 eV ) excitation in the c(a,a)e configuration, as shown in Fig. 2.13(b).
Figure 2.14 shows the excitation energy dependence of the intensity ratio A*:A. In the
c(a,a)¢ configuration, the ratio shows a strong peak at about 2.7 eV, where a bulk
exciton transition was observed in the E || a absorption spectrum. On the other hand,

there is no notable structure in the ratio of the ¢(b, b)¢ configuration [65] or in the E || b



absorption spectrum ( Fig. 2.8 ).

To determine the structural assignment of the fundamental bands A and the A4~
in crystal, as well as the A; and A{ bands in amorphous, in Refs. [39,40] the Raman
spectra of c-GeSe; have been investigated from a simple model calculation using a
combination of a valence-force-field ( VFF ) and a bond polarizability ( BP ). The
interatomic potential U was described by the Keating potential [70],

U= —k, (i) Zk or 7)o (2.3)

: r, #J 7‘17']

where r; is the bond-length of a bond i, ér; is the displacement, and z indicates the
species ( Ge or Se ) of central atom which has neighboring bonds ¢ and j. To cal-
culate the Raman intensities, they assigned to each Ge-Se bond an ellipsoidal bond
polarizability whose magnitude a was assumed to depend on the bond length,

ap = ak+5ak(ﬁ) (2.4)
where k indicates longitudinal (1) or transverse ( t ) to the bond direction. The
ellipsoidal polarizability which comes from lone-pair electrons of chalcogen atorﬁé ( Se
) was also considered. Ref. [39] presents the whole assignments of the ellipsoidal bond
polarizability.

At first, the VFF-BP calculation was carried out in one layer of the c-GeSe,. Fig-
ure 2.13(f) shows the calculated ( using VFF-BP ) Raman intensities with the vertical
bars. The mode 45 corresponds to the 4 band and the mode 48 to the A* band [39].
The atomic motions in mode 48 are illustrated in Fig. 2.15. The layer is composed
of four basic GeSey/; tve‘.crahedra: Cy, Cy, Ey, and FE,;. The motions of all the other
tetrahedra have been obtained by the A, symmetrical transformation of these four. In
the mode 48, the edge-sharing tetrahedra E, and E, vibrate in a symmetric breathing
motion, while the corner- sharing tetrahedra C; and C,, which belong to a chain struc-
turé, move almost rotationally. On the other hand in mode 45, whose atomic motions
are shown in Fig. 2.16, the tetrahedra C; and C, vibrate in a symmetric breathing mo-
tion, while the tetrahedra E; and E, vibrate not in the breathing motion. Since both
these two modes, 45 and 48, are due to in-phase breathing motions of the tetrahedra,
it is reasonable that they have comparable intensities as shown in Fig. 2.13(f). Though
the positions of the calculated modes are well agreed with the experimental results, the

calculated intensity of the mode 48 is much stronger than the experimental intensity of
the A* vibrational mode in Fig. 2.13(c)~(e).
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To explain the peculiar weakness of A* peak in the usual non-resonant Raman spec-
tra, an extended VFF-BP model { E-VFF-BP ) is proposed {40]. A natural extension
of VFF-BP is obtained by taking the interlayer interactions between the two successive
layers in the layer-formed crystalline GeSe;. In Fig. 2.17, the interlayer interactions are
supposed as due to the Se-Se weak ‘bonds’ with the van der Waals forces, labeled A,
B, and B’ in broken lines. Though there is no covalent bond between these Se atoms,
the assignment of these weak bonds are considered as follows:

1) the distance between these Se atoms is about 4 ‘& which is almost equivalent to the
second nearest Se-Se distance of GeSey/, tetrahedra;

2) the lone-pair orbits of the two Se atoms are almost parallel.

Under the above two conditions, the overlap integral of lone-pair orbitals will become
large. A bond polarizability, which is similar to the ordinal bonds, is assigned to these
three weak bonds, while the force constant of these weak bonds is ignored for simplic-
ity. As a result the calculated A* intensity is notably reduced as shown in Fig. 2.18(b).
Thus the calculated spectra agree well with the experimental spectra Fig. 2.18(c).

The intensity ratio of A*:A4 in various kinds of disordered GeSe; crystals is much
larger than that in the single crystal under the non-resonant condition ( Fig. 2.14 ). It
is probable that with increasing disorder the interlayer interaction, which restrains the
vibrational intensity of A* mode, becomes weak so that the intensity ratio of A™:A is
enlarged.

Figure 2.19 shows the calculated phonon dispersion curves and the vibrational den-
sity of the states ( VDOS ) for c~GeSe;. The dispersion of the uppermost branch, which
corresponds to the mode 48, is small. The vibrations in the mode 48 are quasi-localized
at the edge-sharing tetrahedra E; and E; in Fig. 2.15. In the VDOS, this branch leads
to a rather narrow peak at 215 cm™!. On the other hand, the mode 45 is an extended
mode in the chain structure ( C; and C; ) because of the large dispersion corresponding
to the mode 45. Thus the mode 45 gives a broad peak at about 205 cm™" merging with
- the other branches.

In the crystal, the momentum selection rule for the Raman process should be con-
sidered so that only the near-I'-point modes can contribute to the Raman spectra.
In the amorphous spectrum, however, the momentum selection rule is broken. Al
though the VDOS is calculated in c-GeSe,, the total VDOS has a doublet peak which
resembles the Raman spectrum of the glass ( the A; and AY peaks ). Here we as-

sume that the calculated VDOS can be embodied in the spectrum of the glass ap-
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proximately. One can find that in the g~GeSe, the Raman spectral line shape around
200~220 cm™! ( Fig. 2.13(a) ) is very similar to the VDOS calculated in c-GeSe,. The.-
A; and AY vibrational modes are assigned to the structures of corner-sharing and edge-
sharing tetrahedra, respectively. Thus the MRS in amorphous GeSe; is concluded as
a topologically layered crystalline-like fragments which involve the corner-sharing and

edge-sharing tetrahedra.

2.2.2 Structure and Vibrational Properties of Se
Structure of Crystalline Se

In the crystalline Se there are two polymorphic modifications which are monoclinic
and trigonal forms. The monoclinic Se ( mc-Se ) is a molecular crystal based on Seg
ring. The trigonal Se ( tc-Se ) is in two enantiomorphous modifications, in right- and
left-handed helical chains. The helical chain is periodic with a three-atom unit cell and
has trigonal symmetry about the chain axis as shown in Fig. 2.20 [71]. Each atom has
two near neighbors at distance r; and r, with an angle 8 between the bond vectors,
while the interchain distance is r3, as listed in Table 2.2. In the helical chains the
sense of the dihedral angles ¢ between adjacent bonding plane is preserved along the
chain. In contrast, the sense or phase of the dihedral angles alternates in the Ses ring of
mc-Se. In both the helical chain and eight-member ring structure, the dihedral angle
1 is almost the same, approximately 102 degrees. This is fixed by a chemical bonding
constraint: minimization of the Coulomb repulsion between the lone-pair electrons on
nearest neighbor sites. The tc-Se lattice is highly anisotropic, because of the covalent
intrachain bonding and weak van der Waals forces with small covalent contributions
between the chains. With increasing disorder from tc—Se, the intrachain distances ry

and r; remain practically the same while the interchain distance r3 increases ( Table 2.2

).

Medium-Range Structure in Amorphous Se

The generally accepted structural model for amorphous Se ( a-Se ) also maintains the
same dihedral angles for the chemical bonding constraint, and includes two ‘molecular’
species. One kind of species is the chain structure where the phase relation between
pairs of adjacent dihedral angles is random. The other is the ring-like structure where

the relative phase alternates. The low temperature Raman spectrum of a-Se is shown
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Table 2.2: Intrachain distances r,, r, and interchain distance r3 for three Se modifi-
cations. The vitreous state was prepared by quenching the melts in ice water, while
the red amorphous Se was obtained by reducing the cooled ( ~5 °C ) H;SeO3 with
[N2Hg)SO4 ( From Ref. [71] ).

Se-modification | r, [&] ) [A] T3 [/&]
Trigonal 231  3.69 3.46
Vitreous 232  3.69 3.69

Red amorphous | 2.32 3.69  3.86

Table 2.3: Raman-active fundamental vibrational modes in a-Se proposed in
Refs. [73,74].
Position ( cm™! ) assignment
in Ref. [73] in Ref. [74]
112 Ses, A, | Seg-fragment A,
235 polymeric chain, A,; | not mentioned
255 Ses, A; | Seg-fragment A,

in Fig. 2.21 [72]. The most intense feature of the spectrum is the broad band centered at
250 cm™! upon which is superposed by a low energy shoulder at 235 cm™!. In Ref. [73]
the vibrational modes have been identified by studying the infra-red and Raman spectra
of tc-, mc- and a-Se. An assignment of the fundamental vibrational modes in a-Se
Raman spectra is proposed as the description shown in the central column of Table 2.3.
In this model the Seg ring structure is proposed to rather exist in g-Se, but in the later
experiment it is not agreed.

Keezer et al. analyzed the dissolution of a-Se in CS;, and they indicated that the
Seg ring-fraction in a-Se may indeed be quite small. Then Lucovsky and Galeener
refined their medium-range structural model which is shown in Figs. 2.22 and 2.23
[74,75]. Their structural model bases on the chains which include the local segments
with both the cis— and trans—coupling configuration. The important difference between
the local atomic structure in the rings and helical chains is the phase relationship

between adjacent pairs of dihedral angles. These phase relations are described in terms
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of cis— and trans- coupling where the two local configuration show the difference only
in the placement of atoms 5 and 5 ( Fig. 2.22 ). In the cis—coupling geometry, the
dihedral angles alternate in phase, and the structure closes on itself to form Seg ring
molecules. On the other hand, the trans-coupling arrangement maintains the sense of
the dihedral angles to lead the helical configuration of potentially infinite extent. The
trans—coupling configuration has only one A; mode with a frequency of ~255 cm™!, a
bond-stretching vibration with the atomic motion in the bonding plane. In contrast,
the cis—coupling configuration has two A; modes, the bond-stretching mode at ~255
cm™! and the bond-bending vibration with a frequency of ~112 cm™! where the atomic
motion 1s perpendicular to the bonding plane. In their chain model, the local molecular
order are in a chain segment with trans-coupling configuration, and in Ses-fragment
with the cis—coupling configuration, as shown in Fig. 2.23. Suzuki [76] and Misawa [77]
studied the structure of liquid and amorphous Se by pulsed neutron diffraction using
an electron LIANC. They concluded that the structure was best described by a model
where the long chains included cis~ and trans- coupled regions.

Figure 2.24, which was reported in Ref. [78], shows the changes of the Raman
spectra during laser induced transformation from the amorphous to the crystalline
state. A gradual intensity redistribution for the peaks at 255 cm™! and 235 cm™! (
labeled 237 cm™ in Ref. [78] ) without a frequency shift is observed as the irradiation
power increases. With the radiation power increasing, the peak at 255 cm™! degenerates
into the plateau, while the peak at 235 cm™! simultaneously narrows and becomes the
dominant spectral feature. At the last stage of the transformation, the Raman spectrum
becomes practically indistinguishable from the spectrum of tc-Se. The results support
that the vibrational mode at 235 cm™! is related to a chain structure which is more
similar to the tc—Se structure than the chain structure corresponding to the vibrational

mode at 255 cm™!.

2.2.3 Properties of Glassy Ge,Se;_,

Glassy Ge,Se;_., which exhibits no sharp X-ray diffraction lines, can easily be prepared
by quenching from melts in the range of 0 < z < 0.42 [38]. Phillips has proposed that the
molecular structure of melt-quenched Ge,Se;_,. is much more ordered than a continuous
random network. In Ge,Se;_, glasses, their physical properties, such as the glass-
transition temperature T,, the melting point T,,, and the optical band gap, depend

“on the composition ratio. The optical property has been shown in Fig. 2.10 where
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the variation of the composition z induces significant changes of the optical absorption
edge. With the Ge content increasing from 0 to 0.33, the optical absorption edge shifts
to higher energy side. A phase diagram of Ge-Se system has been summarized in
Ref. [55] according to many works’ results [80-83], as shown in Fig. 2.25. For the Ge
concentration in the range of 0~0.08, the T,, maintains at about 220 °C. When the
Ge concentration increases from « = 0.08, the T,, increases in a monotonic way up to
z = 0.33. It has been reported by Kods and Kdsa Somogyi [79] that T, increases with
the Ge composition z changing from 0 to 0.33 as shown in Fig. 2.26 where the average
coordination number (r) is used instead of the Ge composition z. All these variations
of the physical properties are related to the structural change.

In Ref. [55] the Raman spectra have been measured, as shown in Fig. 2.27, and
verified that at the composition = < 0.33 the coordination numbers of Ge and Se atoms
are equal to 4 and 2, respectively. Three fundamental peaks appear in the Raman
spectra of the glasses at 195 cm™!, 215 cm™! and 250 cm™!. The vibrational band
A; with the peak at 195 cm™!, which is attributed to the breathing motion of corner-
sharing GeSe,/; tetrahedra, appears at the whole composition except in pure Se. The
A{ band with the peak at 215 cm™', which is assigned to the edge-sharing GeSey,
tetrahedra, increases slowly in the region of z < 0.20, and rapidly as = approaches to
0.33.

These r dependence of the three vibrational bands at z < 0.33 suggests that the glass
structure is locally similar either to Se-chain structure, or to the GeSey, tetrahedral
structure. The amount of local GeSe,/, tetrahedral structure obviously increases with
increasing Ge content. In the region of z > 0.33, the A band decreases gradually up
to 2 = 0.42, where the vibrational intensity of Ge-Ge bond increases [55,56].

As a typical chalcogenide glassy system, mentioned in the chapter 1, Ge,Se;_, shows
many rigidity percolation related aspects at (r)=2.4 under which the structure is easily
reformed. In addition, important results have been obtained that the normal and inverse
photo-emission spectra change abruptly at (r)=2.4 in glassy Ge;Se;_, [11] as shown
in Fig. 2.28. The distinct change of the normal and inverse photo-emission spectra
is reasonably assumed to reflect the threshold between the nucleation and subsequent

growth of the GeSey/; tetrahedra obtained clusters just after the percolation.
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2.3 Photo-induced Crystallization

The PIC, which is one of the typical and drastic photo-induced structural changes in
g-GeSe,, was first reported in Refs. [27,28]. And then, some other works have studied
it [29-36]. In Refs. [32-36] time-resolved Raman scattering studies have been made to
intensively investigate the photo-induced crystallization process of the amorphous ( a—
) GeSe, films which are prepared by vacuum-evaporation deposition of bulk g-GeSe,
onto glass substrates ( silica glass or Corning 7059 glass ). Figure 2.29 shows the time-
resolved Raman spectra of a~GeSe,. After an appropriate period, which is named latent
period, the initial amorphous spectra gradually change into the crystalline spectra in
two types with the irradiation time passed. In type A case only the 2D form grows,
while in type B both the 2D and 3D forms grow. Type A was more frequently observed
than the type B. In the type A case, the intense peak grows with the peak energy at
about 210 cin™! which corresponds to the A peak of c-GeSe, ( 2D ). The growth curve,
as shown in Fig. 2.30, is empirically fitted by '

1 — exp[—k(t — to)], | (2.5)

where t, is the latent period.

When laser light irradiates onto the sample, the temperature under the illuminated
portion rises above the environmental temperature by the absorption of the light. These
heating effect may confuse the investigation of the photo-process with the thermal
process in the PIC. To distinguish these two processes in the PIC, the temperature
of the irradiated portion is estimated from the position shift of the 211 cm™! band of
the photo-induced crystals [33]. Lowering the irradiation power of the excitation light,
the Raman peaks shift to higher energy side simultaneously. The 211 cm™! band of
c-GeSe, at room temperature has a temperature coefficient of about —0.01 cm™! /K.
ExtrApolating the peak position to power = gero where the temperature is considered
to be equal to the environmental temperature, the temperature at the PIC process,

Tpic, is estimated from

Ep — Ey
—0.0lcm™!/K

where Ep is the peak position of the 211 cm™ band at the irradiation power of P, F,

Tpic =

+ TTOOTTL7 (2.6)

" 1s the peak position at the irradiation power extrapolating to 0, and the T}, is the

room temperature.

With the T,

vic being increased by rising the irradiation power. the latent period
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becomes short which means the PIC occurs easily. On the other hand, the latent
period becomes long near a certain threshold temperature 7,;. below which no PIC
process has been observed. The threshold temperature Tp;. ( ~200 °C ) of the PIC is
much lower than the threshold temperature ( ~325 °C ) for the thermal crystallization
in the dark within several hours. To distinguish the photo-induced process from the
thermal process, in Ref. [35] the electronic and thermal processes have been studied
during the PIC of a-GeSe; with continuous or periodic light. A picture of the phonons
and photons cooperatively promoting the PIC process, as shown in Fig. 2.31, has been
proposed as follows: the electronic excitation successively converts the initial amorphous
state into intermediate amorphous states; from the intermediate state, the thermally
assisted development of the crystalline nuclei occurs by overcoming an energy barrier,
A. On the other hand, the thermal crystallization‘ process in the dark from the initial
amorphous state to the crystalline nuclei requires an energy barrier, B which is higher

than A, to be overcome.

2.4 Photoluminescence in Glassy and Crystalline
GeSe2

Photoluminescence ( PL ) investigation brings much information on relaxation processes
of photo-excited electrons and/or holes in materials. In chalcogenide semiconductor,
PL spectrum generally shows a broad Gaussian shaped luminescence band with its
peak energy much lower than the peak energy of its excitation spectrum [41-45]. The
difference between the two peak energies is called Stokes shift. For example, the peak
energy of PL spectrum is about half of the band gap while that of the eXcitation
spectrum is approximately equal to the band gap. The broad luminescence band in the
Gaussian shape and the large Stokes shift are attributed to a strong electron-phonon
interaction at the recombination center, according to the Mott-Davis-Street ( MDS )
model [41,84-87]. As for g-GeSe,, PL band is shifted by about 0.1 eV towards lower
energy and its FWHM is about 0.07 €V wider than that of c-GeSe,, as shown in
Fig. 2.32. The similarity of the PL spectra of g-GeSe, and c-GeSe; incites ones to
relate the relaxation processes in two forms with a same kind of ways.

Most chalcogenide glasses exhibit fatiguing effects in which the intensity of the

luminescence decreases with prolonged excitation. The extent of fatiguing and the
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initial luminescence intensity of the g-Ge,Se;_, ( 0.20 < z < 0.42 ) is reported in
Ref. [84] as shown in Fig. 2.33. The fatiguing is measured with a fixed excitation energy
there. For z > 0.33 with Ge content increasing, the PL spectra intensity decreases and
fatiguing is observed as the intensity being reduced to 30% of its initial value. On
the other hand, for z < 0.33 the intensity of PL spectra fatigues very strongly to <
10% of its initial value. GeSe; 1s found to be the only composition without discernible
fatiguing. The fatiguing can be recovered by thermal annealing in the dark.

Thermal quenching of PL, where the intensity decreases with increasing tempera-
ture, yields information about the kinetics of the concurrent radiative and non-radiative
recombination processes. The temperature dependence of the PL intensity in g-GeSe,
and c-GeSe; is different. These thermal behaviors have alternatively been explained
by the different models [43-45].

As a common explanation in the various models, photoluminescence line shape

S(hw) is given by

— E* 2
(hw E2+NV)L 27)

S(hw) = const. x exp|[—
o

where 2W is the Stokes shift. The S(hw) is a Gaussian curve centered at £* —2W with

line width parameter o given by
o = (2Wh,)?, (2.8)

where ), is a relevant vibrational frequency. With increasing temperature T, the occu-

pancy of higher vibronic levels causes the line width ¢(T') to increase as ( Huang and
Rhys [88] )

hlo 1
QkT) )

In an amorphous material the energy level of a particular type of luminescent center

o(T) = o(0)(coth( (2.9)

may vary due to the disorder and this contributes to broadening of the luminescence
band. If the disorder energy is described by a Gaussian of width op. the luminescence

band is also in Gaussian line with a width o, of

oo =00+ 0D, (2.10)

a

where o, is the contribution due to the phonon coupling for an appropriative vibronic

level.
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Figure 2.1: VDOS for Ge-Se—As glasses system. Starting from the bottom ( (r) =
3.00 ), successive curves have been shifted up to 0.015 units on the vertical scale. The
top curve ( (r) = 2.0 ) is for pure Se glass. The other glasses in order are (r) = 2.08,
GeySegs; (1) = 2.16, GesSegoAse; () = 2.24, GeraSess; (r) = 2.40, GersSegrsAsgs; ()
= 2.60, GegaSegsAsyy; (r) = 2.80, Ges Ses;Asig; (1) = 3.00, GesgsSesgsAsz;. The peak
~at ~5 meV is identified as the floppy mode peak. ( From Ref. [3] ).
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Figure 2.2: Arrhenius plot for the viscosity of a variety of super-cooled liquids. The
inverse temperature scale has been normalized with respect to the calorimetric glass-

transition temperature T,. ( From Ref. [14] ).

19



thermodynamically

strong
a)
)7
to
=}
o)
St
e )
/]
meta-stable
crystal
ideal
crystal glass
= Z¥ —
=
Q
=
o
£
~
Q
y7,
=
‘E0
)
&
meta-stable
crystal
ideal
crystal glass
Z*—

fragile

b)

crystal

ideal
glass

meta-stable
crystal

Z*—

d)

crystal

ideal [ meta-stable

glass

crystal

Z%—e

Figure 2.3: Schematic representation of the potential energy u versus the configuration

space variable Z* for strong and fragile' glass-formers. This plot emphasizes the impor-
tance of variations in the density of minima as well as in the highness of barriers Au
separating them. Thermodynamically strong behavior ( parts (a) and (c) ) is charac-
terized by a relatively small number of minima on the hypersurface. Kinetically strong

behaviors is observed for glass-formers that exhibit large barriers Ax ( parts (a) and

(b) ) while small barrier heights are associated with the kinetically fragile case ( From

Ref. [15] ).
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Figure 2.4: (r) dependence of key relaxational and thermodynamic properties of
Se;_z(GeyAs;_y ), liquids at y = 0 and 0.5: (a) Dependence of activation energies
for viscosity and enthalpy relaxation. (b) Excess heat capacity AC, measured at T,
~-showing minima in each case at the rigidity percolation threshold (r) = 2.4. (c) Excess
expansion coefficient Ao showing absence of anomaly at (r) = 2.4. Inset: Kauzmann

plots for excess entropy in the case of (r) = 2.0 ( pure Se ) and (r) = 2.4 ( AsySez ) (
From Ref. [10] ).
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Figure 2.5: Atomic arrangement of one layer of HT-GeSe;. Smaller circles are Ge
atoms, and the larger ones are Se atoms. ’In the projection onto the (001)-plane (aj,
the GeSe,/; tetrahedra ( in broken lines ) are connected by sharing the corner, labeled
A, or by sharing the edge, labeled B. (b) is a view along the [100]-direction ( From
Ref. [51] ).
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Figure 2.6: (A): Raman spectra of (a) LT-GeSe,, (b) HT-GeSe,, and (c) amorphous
film are measured at room temperature by excitation energy of 2.41 eV. (B): Room
temperature Raman spectra of (a) LT-GeS,, (b) HT-GeS,, and (c) glass. The line
*is due to the contamination with HT-GeSe; or HT-GeS,. The lines A~F in both
(A) crystalline GeSe; and (B) crystalline GeS, are corresponding to each other ( From
Ref. [33] )."
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Figure 2.7: Schematic illustration of network connection in the LT"—GeSQ. Open circles
are Ge atoms and closed ones are S atoms. Numbers from 1 to 12 indicate the different
GeSy/, tetrahedral sites in a unit cell. They are connected only by sharing corners
to form a 3D-structure. The chains ( =7-1-7-1- ) and ( -3-9-3-9- ) are along with
-{001] direction, and the chains ( -2-4-2-4- ) and ( -8-10-8-10- ) are along with [101]
direction in a different plane from the first two chains ( From Ref. [52] ).
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Figure 2.8: Absorption spectra of c-GeSe, in (1) E || a and (2) £ || b polarization, and
(3) .amorphous GeSe; at 4.2 K. In the E || a polarization, an exciton absorption peak
is observed at about 2.854 eV ( From Ref. [53] ).
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Figure 2.9: Absorption spectra of c-GeSe, in the E || a polarization, at (1) 300 K, (2)
240 K, (3) 77 K, and (4) 4.2 K. The inset shows temperature dependence of the exciton
transition energy. The exciton absorption peak becomes sharp and shifts to higher

energy side with decreasing temperature ( From Ref. [53] ).
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Figure 2.10: Optical-absorption edges of Ge,Se,_, glasses. The absorption coefficient
of g-GeSe, around 2 eV is about 102 cm™! which is higher than that of c-GeSe; ( From

Ref. [55] ).
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Figure 2.11: Structure factor S(k) of amorphous GeSe, at room temperature and liquid

o—1 o
GeSe, at 771 °C. The FSDP at 1.01 A relates to a correlation length of about 6.22 A
which corresponds to the characteristic scale of the MRS. The FSDP is preserved even

in the liquid ( From Ref. [62] ).
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Figure 2.12: Raman spectra of g-GeSe; at 50 K with 6328 /OX light excitation ( From
Ref. [36] ).
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Figure 2.13: Comparison of the Raman spectra for GeSe, in the (a) amorphous and
(b)~(e) crystalline forms. The vertical bars (f) show the calculated intensity for the
crystalline Raman spectrum. The excitation wavelengths, spectral resolutions ( arrows

), and polarization conditions are also shown ( From Ref. [66] ).
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Figure 2.14: Intensity ratio A*:A for the single crystals and the small crystals ( #1-#4
)- The lines are guides to the eye. The spectra are strongly influenced by the degree of

disorder in the crystals ( From Ref. [67] ).
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Figure 2.15: A c~GeSe, layer with the atomic motions in the mode 48 indicated by
arrows. The tetrahedra C; and C; move almost rotationally, while the tetrahedra E;

and F, vibrate in a symmetric breathing motion ( From Ref. [66] ).
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Figure 2.16: A c-GeSe, layer with the atomic motions in the mode 45 indicated by
arrows. The tetrahedra C; and C, vibrate in a symmetric breathing motion, while the

E) and E, vibrate net.in breathing motion.
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Figure 2.17: Projection of layered structure of c-GeSe; to [100] plane. Open circles
indicate Ge atoms; black dots, Se atoms; and heavy lines, covalent bonds. Arrows
indicate the atomic motions of the A* mode calculated by E-VFF-BP by taking Se-Se
weak bonds, A, B, and B’ ( dashed lines ), into account ( From Ref. [40] ).
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Figure 2.18: Raman intensity calculated for c—GeSe; by (a) VFF-BP and ny (b) E-
VFF-BP are compared with (c) the experimental spectra of c~GeSe; ( From Ref. [40]

).
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Figure 2.19: The phonon dispersion curve and the density of states for the VFF model.
Eight branches, mode 41 ~ mode 48, are shown. The density of states is calculated
on the assumption of Gaussian peaks with a width of about 5 cm™ FWHM. In this

model, the interlayer interaction are not included ( From Ref. [66] ).
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Figure 2.20: Local coordination of atoms for trigonal Se. 8, indicates the angle between
bond vectors of two nearest neighbor atoms, and v, the dihedral angle between adjacent
bonding planes ( From Ref. [71] ).
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Figure 2.21: The transmission Raman spectra of bulk g-Se for HH and HV polariza-

tion. There is a lower energy shoulder at 235 cm™! beside the main vibration band at

255 cm™! ( From Ref. [72] ).
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Figure 2.22: Cis- and trans-coupling configurations for molecular bonding in Se. The
essential difference in the two configurations is in the placement of atoms 5 and 5°. In the
cis-coupling the dihedral angles alternate in sign, while in the trans-coupling the sign is
maintained. Also shown are the atomic displacements of the A; symmetry vibrational
modes. For the cis-coupling there are two modes: the first with a displacement in the
bonding plane, and the second mode with a displacement perpendicular to this plane.

In contrast, the trans-coupling gives only one mode ( From Ref. [74] ).
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Figure 2.23: Local molecular order in a-Se chain where there are segments characterized
" by repetition of the same dihedral angle, the chain-like part in the sense of tc-Se, and
segments characterized by alternating dihedral angles, the ring-like part in the sense

of the Seg molecule ( From Ref. [74] ).
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Figure 2.24: Transformation of Raman spectra of amorphous Se with increasing laser
beam power. a) T = 300 K; Power P = (1) 4, (2) 6, (3) 7.5, (4) 10 mW, after cycle (4)
sample is allowed to rest in the dark and then the spectrum (5) is recorded with P =
3 mW. 7

b) T =100 K; P = (1) 5, (2) 20, (3) 25 mW ( From Ref. [78] ).
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Figure 2.25: Phase diagram of Ge-Se system. a: 218 °C (2); b: 580 °C (3), 578 °C
(4), 578 °C (5); < 630 °C (3), 603 °C (5); d: 627 °C (5); e: 660 °C (4), 651 °C (5); :
666 °C (4), 661 °C (5); g: 740 °C (3, 4, 5); h: 900 °C (4), 890 °C (5);

X: at.% Ge = 8 (2); Y: at. % Ge = 38 (3), 40~42 (4), 43 (5); Z: at.% Ge = 88~89 (4),
86 (5); .

(2): Dembovsky et al. Ref. [80]; (3) vinogradova et al. Ref. [80}; (4) Ross et al. Ref. [82];
(5): Quenez et al. Ref. [83] ( From Ref. [55] ).
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Figure 2.26: T, as a function of average coordination number m for Ge,Se;_, glasses.

T, values of As;Se; and GeS; are also shown ( From Ref. [79] ).
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Figure 2.27: Raman spectra of Ge,Se;—, ( 0< z < 0.40 ). The band Ay, corresponding
to the vibration of GeSey/; tetrahedra, appears in all z except z = 0, while the band
A appears in the range of 0.10 < z < 0.33 approximately ( From Ref. [55] ).
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Figure 2.28: A series of the valence-band UPS and conduction-band IPES spectra of g-
Ge,Se;_, with z from 0 to 0.33. Intensities of the UPS and IPES spectra are tentatively
normalized at —2.7 eV, and 3.1 eV ( = 0, 0.10, 0.15 and 0.18 ) and 2.4 €V ( z = 0.20,
0.25 and 0.33 ), respectively. Vertical bars indicate the positions of structures. Energies

are referred to the Fermi level ( From Ref. [11] ).
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Figure 2.29: Time-resolved Raman spectra of PIC of the a-GeSe; representing two
types of crystallization, (a) type (A), and (b) type (B). Exposure times are shown in
the figure. Lines A, B, C, and D are due to the 2D form; lines £ and F are due to the
3D form ( From Ref. [33] ). o
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Figure 2.30: Growth curve of the 2D crystal in phbto—induéed crystallization type A by
22 mW incident laser power. The intensity at the A peak position are plotted. Solid
lines illustrate the empirical fitting curves: Io[l — exp(—k(t — t0)")]. The best fit is
obtained for n = 1 ( From Ref. [33] ).
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Figure 2.31: The diagram of the electronic and thermal processes during the latent

period of the PIC process. ( From O. Matsuda used in the 6th International Conference

on the Structure of Non-Crystalline Materials, Praha, Czeqh, 1994 ).
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Figure 2.32: Photoluminescence, excitation and absorption spectra of glassy and single-
crystalline GeSe; ( From Ref. [42] ).
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Figure 2.33: Luminescence intensity before and after fatiguing in Ge.Se;_, glasses. The
intensity before fatiguing is measured using a short pulse ( ~100 ms ) of excitation.

Fatiguing then proceeded for 15 min. to be saturated substantially ( From Ref. [84] ).
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Chapter 3

Experimental Procedures

3.1 Sample Preparation

For studying the Raman spectra of Ge,Se;., in the temperature range of 20 ~ 850 °C
which involves liquid state, thin film Ge,Se;_, samples were prepared in an evacuated
fused-silica cells. The photo—inducéd crystallization ( PIC ) was studied in thin films of
GeSe;. In photoiunﬁnescence ( PL ) measurement, bulk glassy ( g- ) and crystalline (

c— ) GeSe, were used.

3.1.1 Bulk Glassy Ge,Se;_,

Bulk g~Ge,Se;_, samples were prepared by quenching melts. To obtain the bulk glasses
of various compositions ( Table 3.1 ), the mixture of Ge and Se elements with 5N-grade
in z : (1 — z) mole-ratio was sealed in evacuated fused-silica ampoules. These ampoules
were put in a rocking electric furnace at 960 °C over 24 hours to make the two elements
melt, and then they were thrown into the ice water quickly. The bulk g-GeSe, samples

were cut in appropriate size ( thickness ~1 mm ) for PL measurement.

3.1.2 Crystalline GeSe,

A vapor phase growth method was used for preparing the GeSe, crystal from g-GeSes,.
An evacuated fused-silica ampoule, with the g-GeSe, sealed in, was kept at 700 °C for
one week. The melting point of c-GeSe; is about 720 °C. For preparing the single
crystalline GeSe,, the temperature of one end of the ampoule was kept about 1 °C

higher than the other end where the c—GeSe, grew. Polycrystalline ( pc— ) GeSe;
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was also prepared in similar growth method to that for the single crystal but with
the temperature difference of the two ends in the ampoule larger than 5 °C. All the
crystalline samples for PL measurement were not polished. The bulk single crystals
were cut in appropriate size ( thickness ~1 mm ) with two natural-cleavage ( 001 )

surfaces

3.1.3 Thin Films of Ge,Se;_,

The g-Se thin film was made from 5N-grade Se element. For other films, with Ge
composition of 0.04~0.33, we used the obtained bulk glasses of each compositions.
Thin films of Ge,Se;_, glasses were prepared by quenching from the melts. The Se
element or bulk glasses were held in evacuated fused-silica cells where a narrow gap was
defined by two parallel plates [89]. Figure 3.1(a)~(g) shows the processes of thin films’
preparation. In the case of the Se samplé, the cell containing Se was put in an electric
furnace at 600 °C for 24 hours to make the narrow gap be completely permeated by
the melting Se. Then the cell was thrown into the ice water and the melting Se was
suddenly frozen in the narrow gap with the thickness of ~1 um. Other films were also
made in the same procedure as that of the Se film except the melting compounds were
kept at 940 °C.

For the PIC measurement, the GeSe, samples were prepared in three different cool-

ing rates by quenching in three different ways as follows.

1. For the fastest cooling rate, the film was made by quenching in ice water, as shown

in Fig. 3.1(e).

2. For the slowest cooling rate, the film was made by quenching in air, as shown in
Fig. 3.1(g).

3. For the medium cooling rate, we pulled the cell out of the furnace at 940 °C and
immediately cooled it in a tube which was with an ice water bath, as shown in
Fig. 3.1(f).
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Table 3.1: Ge,Se,_, samples prepared in this work are indicated by (.

Ge,Se;_, =z Glass Crystal
bulk | thin film

Se 0

GeygSegs  0.04
GegSegy  0.06
GerSegs  0.07
GejpSeqy  0.10
GejsSegs  0.15
GegSegy  0.18
GegpSegy  0.20
GeSe, 0.33

OO0OO0OOOOOO0
OO0OO0OOO0OO0OO0OO0

3.2 Raman Measurement

3.2.1 Study of Structural Changes

The Raman spectrum was investigated as a function of the sample temperature in the
range from 20 °C to 850 °C. A dye-laser ( Rhodamine 6G ) and an Ar ion laser were
used as excitation light sources whose energies cover the range of 1.93~2.71 V. All
Raman spectra were acquired in a back scattering configuration. The incident light
was polarized vertically ( V ) to the plane of incident and scattering light. To pre-
vent an additional temperature rise, the incident light was focused onto a rectangular
region of about 5mmx0.1lmm by a cylindrical lens with the light power about 8 mW.
The scattered light was dispersed by a triple grating monochromator with the spectral

resolution of about 1 cm™!.

Using a multi-channel photo-detector, the Raman spec-
trum was accumulated for 10 minutes at each temperature which was controlled within
+1 °C by an electric furnace for the optical measurement. The measurements were
made in the sequence of increasing temperature. Generally, the temperature increasing

rate between two successive measurement was 2~5 °C/min..



3.2.2 Photo-induced Crystallization

The Photo-induced crystallization ( PIC ) study was carried out in the thin films of
GeSe;. The 488 nm ( 2.54 €V ) light of the Ar ion laser, with the light power in the
range of 5~50 mW, was focused onto the sample surface with a typical illumination
region of about 50 um in diameter by a spherical lens. Using the excitation light for
the PIC as a Raman probe, the transformation of the Raman spectra during the PIC
process was recorded in every 1 minute. All the PIC measurement were made at room

temperature.

3.3 Photoluminescence Measurements

The PL spectra of the bulk glassy and crystalline GeSe; were excited by a dye laser,
an Ar ion laser and a He-Cd laser with the light energy in the range of 1.93~2.81
eV. The excitation light was focused onto the bulk sample’s surface with a typical
illumination region of about 2 mm in diameter with the light power in the range of
10~30 mW. The PL emission was chopped ( 450 Hz ) and dispersed by a 20 cm single B
grating monochromator and-detected by a liquid nitrogen cooled Ge PIN photo—diodé'.v
Detected signals were amplified ( 10~500 times ) and sent to a lock-in—amplifier.

In the lower temperature range ( 10~100 K ), the width of the slit was 1.25 mm which
made the spectral resolution to ~0.01 eV at A = 1 ym and in the higher temperature
range ( 150~250 K ), the width of the slit was set at 2.5 mm or 5 mm where the spectral
resolution were better than ~0.1 eV. The temperature of the samples was controlled

by a gas-flow-type cryostat ( 10~250 K ).

Both in Raman and PL measurement, the sensitivity of overall measurement system was
calibrated by measuring a halogen lamp whose spectra can be approximately regarded

as the black-body radiation.
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Figure 3.1: The processes of preparing the thin films. Se element or bulk glasses are
held in the cell (a ), ( b ) where a narrow gap is defined By two parallel plates. After ( ¢
) sealing the cell in a 10~® Torr vacuum, ( d ) the thin films are prepared by quenching
melts. ( e ) in ice water, ( f )in an ice water bath, and ( g ) in air, show the different
cooling ways to obtain the glasses with different cooling rates in a sequence from fast

to slow.



Chapter 4

Structural Changes at

Glass-transition in GeSes

In this chapter, the Raman spectra of GeSe, are extensively studied in the temperature
range from 30 °C to 730 °C. Our concern is the structure and structural changes at the
glass-transition and melting. These phenomena should be related to the medium-range
structure ( MRS ) which exists in both glassy ( g- ) and liquid ( 1- ) GeSe; as described
in chapter 2.

4.1 Results: Temperature Dependence of Raman

Spectra

Figure 4.1 shows the Raman spectra of the GeSeé thin film at various temperatures
below the crystallization temperature. The experiment is carried out in a sequence of
increasing temperature mode.i Three characteristic Raman bands of the g-GeSe;, Ag,
A; and AY are observed around 200 cm™': As we have mentioned in chapter 2, that
the A; and A{ bands are related to the breathing vibrational modes of the corner-
sharing tetrahedra ( CST ) and the edge-sharing tetrahedra ( EST ) respectively, and
the Ag band is related to the stretching vibrational mode of the Ge—Ge wrong bonds.
At temperatures lower than 350 °C, each spectrum is accumulated for 10 minutes at
each temperature. Because the thermal crystallization for the amorphous GeSe; films
prepared by vacuum evaporation occurs above 350 °C [33], the present measurement

above 350 °C is carefully made in order not to overlook any crystalliiation process. In
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the temperature range of 350~420 °C the accumulated time for a Raman measurement
is about 2 hours at each temperature, except at 390 °C and 410 °C, where the spectra
are monitored for over 16 hours. At each temperature, however, no notable time-
dependent spectral change is observed. As shown in Fig. 4.1, the Raman bands Ag, A
and A shift to the lower energy side with increasing temperature. By comparing the
spectra at 30 °C with those at 420 °C, a significant change of the spectral shape comes
to be obvious.

When the temperature is higher than 420 °C, the Raman band of c-GeSe; ( the
A band in Fig. 2.7 ) begins to appear with the passage of time. In this work, the
crystallization temperature T, is treated as the temperature at which the crystalline
spectra appear. Figure 4.2 shows the time dependence of the integrated intensity of the
A band at the crystallization temperatures ( T. ) 440 °C and 450 °C. The intensity
of the A band is obtained by four-Gaussian band fitting of the spectra including the
three amorphous components ( Ag, A;, AY ) with a linear base line. At the T, =
450 °C, no notable change of the Raman spectra has been recorded in the first 10
minutes which corresponds to the latent period in the PIC process. Then, the intensity
of the A band increases with the time passing and saturates after about 1 hour from the
very beginning when we raise the temperature to 450 °C. At the T, = 440 °C we can
not see the crystalline A band during the first 1 hour . After about 1 hour, the A band
begins to grow gradually and saturates approximately after 20 hours. Obviously, the
crystallization at 450 °C proceeds much faster than that at 440 °C. Once the specimen
turns into the crystalline pha_se, the vibrational bands in crystalline Raman spectra
shift with temperature by a coefficient ~0.01 cm™ /K which is about the same value
measured in bulk c-GeSe; [33].

Figure 4.3 shows the change of the Raman spectra around the melting point T,,.
At 690 °C, the characteristic c-GeSe; A band appears clearly together with other
crystalline vibrational bands on the lower energy side. The intensity of the A band
becomes weaker 'with increasing temperature up to 710 °C. When the temperature
is higher than 710 °C, the c-GeSe; A band disappears in the Raman spectra and the
specimen is molten. By these results, the melting point T,, is evaluated as 710 °C in this
specimen. Raman spectra of 1-GeSe; are accumulated for 1 hour at each temperature

up to 730 °C. The spectra around 200 cm™" are similar to those at 420 °C.
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4.2 Discussion

First we discuss the difference among the shapes of the spectra at 30 °C, 420 °C and
at 730 °C. By fitting the Raman spectra with three Gaussians corresponding to the
Ag, A; and A¢ bands at various temperatures ( in Fig. 4.4, the two curves for A; and
A€ are shown ), the ratio of the integrated intensities of A{ and A, bands ( AT:A; )
is obtained. The ratio AY:A; has notable changes as shown in Fig. 4.5 (a). The glass-
transition temperature T, have been determined to be 396 °C by using differential
thermal analysis ( DTA ) for GeSe, bulk glass [28], and in Ref. [79] the T, has been
declared as about 440 °C. In our results, the intensity of the AY and A; bands begin to
change drastically at a temperature around 370 °C. As we shall see Jater in this chapter,
the onset temperature is naturally related to the glass transition. So that the glassy,
SCL, crystalline and liquid phases are separated by the characteristic temperatures:
T,(370 °C ), T.( 440 °C ) and T,,( 712 °C ).

In the glassy phase, the intensity ratio AY:A; is kept at about 1:3 as shown in
Fig. 4.5 (a). In the SCL phase, the ratio VAIC:Al approaches 1:1 quickly with increasing
temperature. It should be noted that the ratio AY:A; in the liquid phase at 720 °C and
730 °C is similar to that in the SCL at 420 °C. From the temperature depéndence of
peak positions of the A; and AY bands in the glassy phase, we find that both the A; and
AS bands in the g-GeSe; shift with the same temperature coefficient -0.017 cm™! /K,
which is almost twice of that in the c-GeSe;. The peak positions of the A; and AY
bands in the SCL and liquid GeSe; are near the extrapolated line from the temperature
dependence of peak positions in the g-GeSe, as shown in fig. 4.5 (b). These results
also support our view based on the A; and AY bands: there is a similar MRS in g- and
1-GeSe,.

It has been shown that the A; and A{ bands are related to the CST and the EST,
respectively [36]. It is hasty to conclude that the numbers of the CST and EST for g-
and 1-GeSe, are quite different in parallel with the fact that the intensity ratio AC:A,
of the glass differs from that of the liquid. In the neutron diffraction experiment, the
numbers of the CST and EST in g- and 1-GeSe, have been estimated to be comparable
with each other [90,91].

Before considering the changes of the intensity ratio at the glass-transition, we
should review the Raman spectra of c—-GeSe; which has a layered form. In the Raman

spectra, the origin of the A and A* bands has been ascribed to the breathing vibration
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of the CST and EST, respectively [36]. In the usual non-resonant Raman spectra of
the single crystal, the A* band is weaker than the A band [36]. As we have mentioned
in chapter 2, it has been confirmed that the peculiar weakness of A* band is due to the
interlayer interaction in the two neighboring layers by using a combination of a VFF and
a BP model [40]). The intensity ratio A*:A in various kinds of disordered GeSe, crystals
is much larger than that in the single crystal under the non-resonant condition [36].
Then, it 1s probable that with increasing disorder, the interlayer interaction becomes
weak so that the intensity ratio of A*:4 enlarges.

Now we return to the problem of the intensity ratio AY:A, in the g~ and 1-GeSe,.
In the previous work [36], the A; and AY bands in g-GeSe, have been associated with
the A and A* bands in the crystals, respectively. According to the spectral shape and
the temperature dependence of the AY and A, bands’ peak energies, the MRS which
is maintained in the g-, SCL-, and 1-GeSe, should be similar to each other. Thus the
rapid decrease of viscosity n with increasing temperature above T, is mainly caused
by a relaxation of the interlayer constraint between two successively stacked layer-like
fragments. The relative flow of the layer-like fragments results in a decrease of the
interlayer interaction. The decrease of the interaction should cause an increase of the
intensity ratio AY:A; from 1:3 to 1:1 similar to the increase of the ratio A*:4 in crystals
with increasing the disorder.

Let us now turn to discuss the observation in the thermal crystallization ( TC )
processes which start from glassy states. The crystallization is considered to occur by
the processes of nucleation and growth of crystals; that is, it begins at and propagates
from certain centers. All the reaction occurs at crystal-liquid interfaces. To describe
the rate of crystallization, two constants have been used [92-96]: the frequency of
appearance ( nucleation ), I, of crystallization centers and the rate, u, of propagation
of the crystal-liquid interface from these centers. These two rates have been described
by Turnbull and Hillig in a number of articles [92-94]. It was demonstrated that in the
absence of specific structural or chemical energy barriers ﬁohreorganization of the liquid
to form a nucleus, the nucleation rate I at a given degree of undercooling ( below the

melting point T,, ) is,
b

T, (AT

where n is the number of molecules per unit volume in the sample, k; is the frequency

I = nk;exp[— (4.1)

with which a molecule jumps across the crystal-liquid interface, Ty is the reduced
temperature T/T,,, and AT, is the degree of undercooling, while b = 5.337a33. The
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two dimensionless parameters, o and 3, depend to the samples; the former relates to
the crystal-liquid surface tension and the heat of fusion, the latter the entropy of fusion.
The Equation 4.1 leads to a maximum in nucleation rate versus temperature relation

at the temperature T,.. The growth rate of crystal, u, is determined by [93],

k(AT)? :

L (42)

47To ’

where & is the thermal conductivity of the super-cooled liquid and o is the free en-
ergy/area of the growth-crystal surface. The growth rate also shows a maximum at the
temperature T,.. Basing on the equations 4.1 and 4.2, the nucleation rate and crystal
growth rate take their characteristic temperature regions due to the different tempera-
tures T, and T}, respectively, in which these two phenomena can be observed in the
experimenta) period of time. The growth of crystal is considerably influenced by the
population of the crystallization centers. For a good glass-former, a small overlap of
these two temperature regions is needed.

At the T. = 450 °C after the 10 minutes latent period, it costs about 1 hoyr for
the intensity of the A band to saturate. On the other hand, at the T. = 440 °C the
latent period prolongs to 1 hour and then for about 20 hours the intensity of A band
saturates. In the above two TC processes, the essential difference is the T.. First,
during the latent period, it is considered that the crystalline nuclei develops and at
the end the crystal grows where the crystalline peak appears in the spectra. The
shorter latent period time suggests a faster I for the nuclei appearance. The [ at T, =
450 °C is faster than that at T, = 440 °C. Secondly, from the period for the intensity
of crystalline A band saturating, the crystal growth rate u can be obtained. The u at
T, = 450 °C is faster than that at T. = 400 °C. Thus, both the temperatures T,. and
T,. are higher than 450 °C.

Last, in our thin g-GeSe, films, which are held in the quartz cell, only the 2D~crystal
( HT crystalline form ) is obtained at the current temperature increasing ratio. For an
bulk glass which is prepared by quenching melts in evacuated fused-silica ampoules (
chapter 3 ), it has been reported that the 3D—crystal ( LT crystalline form ) is obtained
in vacuum at 350 °C [97]. As we have mentioned in chapter 4.1 that though the sample
have been kept at 390 °C and 410 °C for over 16 hours, no crystallization process is
observed. It is natural to conclude that for our g-GeSe; films the 3D~crystal is very
difficult to be formed. The form of GeSe; crystal in the crystallization processes is

strongly related to the preparation of the GeSe, glasses where their initial states are
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considered to be different.

4.3 Conclusions

In this chapter, the results lead to the conclusions that:

1. Both in g-, SCL and 1-GeSe,, the MRS is implied as a topologically crystalline
layer-like fragment. In g-GeSe;, the lone pair Se-Se interaction between the two
neighboring layer-like fragments restrains the vibrational intensity of the A{ band
which relates to the edge-sharing GeSey ;. The fact that the intensity ratio of the
A§ band to A; band changes quickly from 1:3 to 1:1 in the SCL is related to a

-drastic decrease of this interlayer interaction. The onset of the increasing ratio is

related to the glass-transition temperature T,.

2. In the TC processes the crystallization tendency, such as the crystalline form and
the developing speed of the crystalline nuclei, is closely related to the preparation
of the glasses and the crystallization temperature T.. Both the temperatures, at
which the velocity of crystalline nuclei growth or that of crystal growth reach to

their maxima, are higher than 450 °C.
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Figure 4.1: Raman spectra of the thin g-GeSe, film at various temperatures. The
arrow indicates the sequence of measurement. Spectra around 200 cm™! at 420 °C are

significantly different from those at 30 °C.
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Figure 4.2: Time dependence of the intensity of the crystalline Raman band A for the

thermal crystallization processes at 450 °C (a) and 440 °C (b). The arrows qualitatively

indicate the starts of crystallization.
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Figure 4.4: Raman spectra of g-GeSe; at 30 °C, SCL-GeSe, at 420 °C and 1-GeSe, at
730 °C. The broken lines show the fitted Gaussian curves of the A; and A{ bands.
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Chapter 5

Structure and Structural changes in

G’exsel_aj

The Ge,Se;-, system (0 < z < 0.33) has been paid a great deal of interest in its
structure and structural changes [28,32-37,55]. In the previous chapter, the structure
and glass transition in GeSe; have been studied by the temperature dependence of the
Raman spectra in glass, super-cooled liquid ( SCL ) and liquid. We expect that the
Raman scattering technique will bring important clue to understand the structure and
the structural changes in Ge,Se;_, system. In this system, the structure is changed with
varying Ge composition z. When the Ge content increases from 0 to 0.33, the structural
dimensionality of the glass is supposed to increase since the trigonal ( tc— ) Se has a
I-dimensional chain structure, and crystalline ( c- ) GeSe; has a 2-dimensional form
and a 3-dimensional form. These structural changes relate to the physical properties,
such as the glass-transition temperature and the crystallization tendency.

'In this chapter, the Raman spectra of Ge,Se;_, ( z = 0, 0.04, 0.06, 0.07, 0.10, 0.15,
0.18, 0.20 ) have been exfensively investigated in a wide temperature range covering
the glassy, SCL, crystalline and liquid states ( in chapter 5.1 ). The structure and
structural changes are discussed from the view point of the variation of the medium-

‘range structure ( MRS ) ( in chapter 5.2 ).
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5.1 Results: Temperature and Composition Depen-

dence of Raman Spectra

Thin films of Ge,Se,_, glasses ( thickness of ~1 um, ) are measured by using a low
power-density probing light ( hv = 2.41 eV ) to avoid an additional temperature rise.
The measurements are made in the sequence of increasing temperature. The tempera-
ture increasing rate between two successive measurements is 2~5 °C/min..

Figure 5.1 ~ 5.8 show the typical Stokes Raman spectra at various composition.
The measurement temperature in °C is indicated with each spectrum. All the spectra
are divided by ( n(w,T)+1 ), where the n(w,T) is the Bose factor, and are normalized
to the maximum intensity.

Inthe Se (z = 0, Fig. 5.1 ), the change of the spectra shows that the glass crystallizes

to tc-Se around 100 °C and then it melts above 200 °C. In the spectra of the glass a

1 1

peak at 255 cm™! and a shoulder at 235 cm™' are observed. These spectra agree with
the common results very well [72,78]. Above 200 °C, the characteristic crystalline peaks
at 235 cm™! and 140 cm™! disappear where the melting temperature T, is empirically
estimated as 200 °C. In the liquid state the shoulder is not apparent, but a tail extends
to lower energy.

In the GesSegs ( Fig. 5.2 ), the spectra of tc-Se and liquid ( 1- ) GeySe;_, are
observed in the temperature range between 100 °C and 190 °C. Here, we use the
crystalline phase to name the state that the crystal, tc-Se or c-GeSe,, coexists with
the 1-GeySe;_,. The weak band with the peak energy at about 190 cm™? relates to the
breathing vibrational mode of the GeSey/; tetrahedra. The intense band with the peak
energy around 255 cm™! implies that the dominant structural species is the (Se), chain
structure. On the lower energy side of the intense band the weak shoulder with the peak

! is distinguishably observed especially at room temperature.

energy at about 235 cm™
The spectral shape of (Se),, chain structure related vibrational bands is very similar
to that of Se glass at room temperature, however, in the crystalline phase typically at
150 °C the 255 cm™! band remains due to the coexistence of 1-Ge,Se;_,.

In the GegSegs ( Fig. 5.3 ) and the GerSegs ( Fig. 5.4 ) neither crystalline form of Se
nor of GeSe; appears in our experimental temperature range. At room temperature the
spectral shapes of these two glasses are similar to that of the GesSegs glass, except the
intensity ratio between the GeSey/; related bands and that of the (Se),, chain structure

related bands ( Igeses/2/1se ). With increasing temperature, the spectral shape around
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255 cm™! is affected by the increase of the peak width of 235 cm™! shoulder. At higher
temperatures, there is an asymmetrical tail at the lower energy side of 255 cm™" band.
In addition to the temperature dependence of the spectral shape around 255 cm™!, the
weak 190 cm™! vibrational band is observed even at high temperature 850 °C.

In the GejpSegp ( Fig. 5.5 ), there is no crystalline phase in the measurement temper-
ature range. At room temperature the spectral shape around 255 cm™! shows an asym-
metrical tail at the lower energy side. Comparing with the intensity ratio Igeseasa/Ise
at room temperature and that at 200 °C, it is seen that the intensity ratio increases.

In the Ge;5Segs ( Fig. 5.6 ), though the crystalline phase has not been observed in the
measurement temperature range, the spectral shape and its temperature dependence
change obviously comparing with those of the £ = 0.06~0.10. At room temperature,

!, where the lower one is called A; and the higher A{, come

two peaks around 190 cm™
from the breathing vibration of GeSey/, tetrahedra [36]. The distinct appearance of the
Af band is an essential change for the spectral shape. The two vibrational bands of
the (Se), chain structure form the spectral shape with the peak at 255 cm™ and an
asymmetrical tail at the lower energy side. With increasing temperature, the intensity
ratio Igeseq/a/Is. increases drastically.

In the Raman spectra of the Ge;sSes; glass near room temperature ( Fig. 5.7 ),
the intensity of the vibrational bands around 255 cm™! and those around 190 cm™!
are comparable. Similar to the Ge;sSegs, the AY band appears. With increasing tem-
perature, the intensity ratio Igeses/2/Ise increases. At 320 °C, the typical vibrational
bands of c-GeSe; appear together with the vibrational bands of (Se), chain structure
around 255 cm™!. In this crystalline phase, the c-GeSe, coexists with the 1-Ge,Se;_,.
With temperature increasing above 450 °C, the c-GeSe, bands disappear in the spectra
where the crystalline parts are molten. The spectra at 450 °C are very similar to those
near room temperature. In the liquid at 850 °C, two broad peaks around 180 cm™! and
245 cm™! are distinguishable.

For the Raman spectra in GeypSesq glass ( Fig. 5.8 ), near room temperature in the
range of 150~300 cm™!, a similar spectral shape to that of the Ge;sSes, glass implies
that the structure of these two glasses are almost same. With increasing temperature,

1 and those around

the relation of the total intensify of the vibrations around 190 cm™
255 cm™! again shows similar variation to that we have observed in Ge;sSes; glass. The
c-GeSe; crystal appears above 375 °C together with the (Se), chain structure and melts

at 475 °C. In the liquid, we also find the two peaks which relate to the (Se), chains
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and GeSe,/; tetrahedral structures in our experimental temperature range.

Here, we turn to discussing the crystallization and melting in the GesSegs, GejgSes;
and GeggSego systems where the crystalline phase is observed. The phase diagram of
the Ge-Se system has been summarized by Tronc et al. as shown in Fig. 2.25. With
increasing temperature above its glass-transition temperature T,, the motions of the
GeSe, and (Se),, fragments become active. The glass is transformed into super-cooled
liquid and these two types of fragments get together to form the crystalline nuclei.
For the GeysSegs glass at 100 °C, the crystallization of Se occurs. In this work, we
name the temperature at which the crystalline spectra appears and disappears as the
crystallization temperature T, and melting point T,,, respectively, regardless of whether
the system 1s stoichiometic or not. The T, and T,, are obtained as 100 °C and 200 °C for
the GeySegg system, réspectively. According to the phase diagram, one can find that the
Ge4Sege system contains the crystalline Se and 1-Ge,/Se,_,» with the Ge composition
z' > 0.04. For the GeygSegy glass at 375 °C the crystalline peak of GeSe, appears and
disappears at 475 °C. We can evaluate the T, and 'Tm as 375 °C and 475 °C from the
spectral changes, respectively. In the crystalline phase the GeyoSegy system contains
the c—GeSe; and 1-Ge,»Se;_,» with the Ge composition z” < 0.20. With increasing
temperature up to the T,,, the c-GeSe, part enlarges and the: Ge composition z of the
1-Ge,Se;—, decreases. In the phase diagram at Ge composition z = 0.20, the boundary
line between the 1-GeyoSesp phase and ( GeSez; + liquid ) phase indicates the upper
limited temperature for the existence of c—-GeSe,. We treat this temperature as the T,,
of Ref. [55] for GeypSegp system in Table 5.1. For GegSes; system, the T, and T, in
this work are 320 °C and 450 °C, respectively. In the GesSegs system, the T, and T,,
are similar to those of the Se system ( £ = 0 ). In the Ge;sSes; and GeypSego system,
both the T,, and T, increase with increasing the Ge composition z. These tendencies
agree with the results in Ref. [79] and the phase diagram, Fig.2.25, taken from Ref.
[55]. Table 5.1 shows the main results in our Ge,Se;_, glasses system. Other workers’
results in thermal equilibrium are also listed for comparison. In Ge composition = =
0.06~0.15 system, neither tc-Se nor c—GeSe, has been observed in this work. This will

be related to its structure and we will discuss it in the following sections.
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Table 5.1: The results of Ty, T., and T,, at various Ge composition in this work and
from Refs. [79] and [55]. In Ref. [28], the T, of GeSe, is determined as 396 °C by DTA
measurement. At the z = 0.06~0.15, no crystalline state appears in our experimental

temperature range for the present temperature increasing speed.

- T,(°C) |T.(C)[ T.(C)
( GeySej—z) | this work Ref. [79] this work Ref. [55]

0 unknown 46 100 200 220
0.04 unknow_I_l. 55 100 210 215
0.06 130 66 no unknown 210
0.07 150 75 no unknown 210
0.10 150 90 no 225 260
0.15 200 120 no 325 400
0.18 200 159 320 450 520
0.20 250 183 375 475 550
0.33 370 446 440 710 720

5.2 Discussion

Now we return to discussing the structure and structural changes from the Raman

spectra and spectral changes in the Ge,Se;_,.

5.2.1 Medium-range Structure in g— and 1-Se

At the z = 0, from a tentative fitting of the spectra around 255 cm™! by two Gaussian
and a straight line, we plotﬁtlieir full widths at half maximum ( FWHM ) by the
squares at the top of Fig. 5.9. The FWHM of the 255 cm™! peak is almost constant
in the whole temperature range. However, the FWHM of the 235 cm™! peak in the
liquid is approximately twice of that in the glass. In the glass, both the 255 cm™! peak
and 235 cm™? shoulder are related to the Se~Se chains stretching vibration [78]. It has
been pointed out that the frequency of the Se-Se stretching vibration depends on the
interchain distance or an extent of interchain interaction [71]. The weaker interchain
interaction leads the higher frequency through the stronger intrachain interaction. We

imagine that the glass involves the region where the chains are somewhat parallel and
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the region where the chains are oriented randomly to each other. The interchain distance
for the former should be shorter than that for the later. Thus we consider that the
235 cm™! shoulder comes from the vibration of the parallel chains and the 255 cm™!
peak from non-parallel chains. The relatively narrow peak width of the 235 cm™! band
implies that the structural fluctuation is relatively small in the parallel region. On the
other hand, in 1-Se the increasing configurational freedom removes the above restriction
about the parallel region and smears out a quasi-independence of the 235 cm™! band
from the 255 cm™! band. The crystallization around 100 °C prevents us from observing
the gradual change of the spectra which should have been in the SCL just above the

glass-transition temperature T,.

5.2.2 Glass-transition, Crystallization and Melt in GesSeg

At the z = 0.04, Raman spectra in the range of 150~300 cm™' are fitted by three
Gaussian curves and one linear line. The vibrational bands with the peak energy at
235 cm™' and 255 cm™! are related to the (Se), chain structure. Another vibration

! is related to breathing motion of GeSey/,

band with the peak energy at about 190 ¢~
tetrahedra ( see chapter 2.1 ). In pure Se glass at room temperature, the intense
vibrational peak energies of (Se),, chain structure are at 235 and 255 cm™', while those
of the GeSey; tetrahedra in the g—GeSe; are at about 200 cm™'. In the GesSegq glass
at room temperature, the (Se), chain structure related vibrational peak energies are
almost same, but the peak energy of the GeSe,/, tetrahedral vibration is shift to the
low energy side. At this small Ge composition z = 0.04 ( average coordination number
() = 2.08‘), the glass is considered to be bond percolated by the (Se),, chains. Thus,
the peak energies of the vibrational bands, which relate to the (Se), chain structure, are
almost the same as those in the pure Se glass. The low-energy shift of the vibrational
band which relates to the GeSey, tetrahedra is considered to be caused by the (Se),
chains surrounding the GeSey/; tetrahedra. The (Se), chain structure is softer than the
GeSey/, tetrahedral structure. ' A

As we have analyzed in pure Se, the fitting results of the intense vibrational bands
around 255 cm™' are shown by the squares at the bottom of Fig. 5.9. The FWHM
of the 255 cm™! peak is almost constant in the whole temperature range. However,
the FWHM of the 235 cm™! peak in the liquid is approximately twice of that in the
- glass. This temperature dependence of the FWHM for the (Se), chain structure related

bands is similar to that observed in the pure Se system. The T, and T,, are also close

72



to the values we obtained in the Se. The crysta:lliza‘tion around 100 °C prevents us
from observing the gradual change of the disordered spectra which should have been
in the SCL just above the glass-transition temperature T,. From the results that the
spectral shape and its temperature dependence, and the crystallization tendency, one
can reasonably conclude that the local (Se), chain structure is hardly affected by a

small population of the GeSey ;.

5.2.3 Glass-transition in GegSeqs & Ge;Segs

At the z = 0.06 and 0.07, Raman spectra in the range of 150~300 cm™! are fitted by
three Gaussian curves and one linear line as we analyzed the GesSegq system. The

1 are shown by the

fitting results of the intense vibrational bands around 255 cm~
squares in Fig. 5.10. Next we discuss the temperature dependence of the FWHM of
the two vibrational bands at 255 cm™! and 235 cm™!. For example, in the Ge;Segs
with increasing temperature, the FWHM of the 255 cm™! band again changes little.
while that of the 235 cm™' band largely varies. At temperatures above 150 °C, the
FWHM of the 235 cm™ band broadens gradually with increasing temperature. In the
SCL with increasing temperature, the viscosity decreases quickly to make the molecules
and clusters moved easily. This change causes the parallel region of the (Se), chains
to make large configurational fluctuations which allow to change the spectral shape as
in the pure Se. Thus the T, is estimated to be around 150 °C. In the GegSegs system
from the temperature dependence of the FWHM, the T, is estimated to be around
130 °C.

In this Ge composition ¢ = 0.06 and 0.07, another interesting result that with
increasing temperature no crystalline state appears in our experimental temperature
range. The randomly distributed GeSey/, tetrahedra terminate the (Se), chains to
prevent the chains from forming the long-range order or crystallization. In this work,
at the temperature lower than the T, ( 130 °C for GegSeqq, 150 °C for GesSegs ), the
relaxation time for the (Se), chains to build the long-range order is much longer than
our experiment time periods. At 200 °C or the higher temperature which is above the
T, of the pure Se, the crystallization of the Se is obviously impossible. Though above
the T, 150 °C the GeSey/; tetrahedra can move easily, the high densivty of the (Se),
hinders the tetrahedra in constructing the crystalline nuclei of GeSe;.

With the Ge composition increasing from 0.04 above 0.06, though the spectral shape

1

around 255 cm™' remains, the crystallization teﬁdeﬁcy is different. In the experimen-
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tal temperature range, the absence of AY vibrational mode suggests that the GeSeq/,

tetrahedra do not connect each other with their edges.

5.2.4 Glass-transition and Melt in GejSey & Gej;Sess

In the Raman spectra of the g-Ge;sSegs at room temperature, the density of the GeSeqy,
tetrahedra is large enough to make the total intensity of the vibrations for the GeSey/,
tetrahedra and those for the (Se), chains comparable. In the spectra around 200 cm™,
the A band at higher energy side is also clearly observed in the liquid phase near the
T,,. This result suggests us that some tetrahedra are connected mutually by sharing
their edges in glassy and liquid Ge;sSess.

An useful method to analyze the structural change at the glass-transition is to study
the spectral shape of both the vibrations of the GeSey/; tetrahedra and those of the
(Se), chains. At the z = 0.10, Raman spectra in the range of 150~300 cm™! are fitted
by at least three Gaussian curves and one linear line as we analyzed in the z = 0.04~0.07
system. At the z = 0.15, Raman spectra in the range.of 150~300 cm™! are fitted by

I relate to the

four Gaussian curves and one linear line. Two curves around 255 cm™
(Se), chain structure. Two curves around 200 cm™~! relate to the GeSey/, tetrahedral
vibrational bands, the A; and A¢. The fitting results of the intensity ratio Igeseasa/lse
varying with increasing temperature are shown in Fig. 5.11. The intensity Igescq/2 1s
defined as the total intensity of two vibrational modes A; and A{, and the intensity
Is, is defined as the total intensity of the main vibrational mode at 255 cm~land the
lower energy tail.

In the GejsSess, the intensity ratio Igesess2/lse begins to take rapid increase in
temperature range of 150~300 °C. The possibility of the resonant scattering can be
cleaned up by the result, which will be shown in the GejgSesy system ( chapter 5.2.5
), that no excitation energy dependence has been found in the temperature where the
spectra begin to change. This increase of Igeses/2/Ise should relate to the breaking of
the Se-Se bonds which makes a fast decrease of the viscosity. At the temperature above
the T,. of the tc-Se ( 200 °C ), the Se-Se bonds are easily broken. In the SCL, the
c~GeSe, like fragments easily move and coalesce with each other to form the crystalline
embryo. At the temperature in the liquid phase of thermal equilibrium phase diagram
Fig. 2.25, the Igesea/2/Ise valués are similar to those in glassy state which suggests that
the population of the GeSey/, tetrahedra and (Se), chains is almost the same both in

glassy state and liquid state. Though the population of GeSey/, tetrahedra and that of
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Se-Se bands are almost the same in glassy and liquid states, the increases of Igeses 2/ 1se

is considered as follows:

o In the c—GeSe, like crystalline embryo the electronic properties localized at

GeSey/, tetrahedra may differ from those in the glassy and normal liquid states.

e We suppose that the local electronic states are similar to those of the crystal
which lead the Raman scattering cross section of GeSey/2 to become Jarger than

those in the glassy and normal liquid states.

e The intensity rate Igescs/2/Ise takes larger values in temperature region of SCL
state due to the coexistence of the c-GeSe, like crystalline embryo with the 1-

Ge,Se; -, no matter whether the population is changed or not.

In the temperature region with the excess intensity ratio 1065;4/2/156, the Ge,Se;_, is
in its SCL state, and we estimate that the T, of Ge;s5Segs is around 150 °C.

In the GejgSeqy where the Alc band is very weak in the spectra in our measure-
ment temperature range, but the increase of Igesea/2/lse in the temperature range of
150~200 °C is related to the c—GeSe; like crystalline embryo forming. At the Ge com-
position z between 0.07 and 0.10, the structural changing tendency changes into the
GeSe, like aspect instead of the Se like one. Both in the Ge;oSegg and Ge;sSegs, though
the crystalline embryo has been formed, the relaxation time of the crystallization is
longer than our experimental time period. Thus, no-crystalline phase appears in these
two glass. |

In SCL state, with increasing temperature the lgeses2/Is. first shows an rapid
increase and then decreases to the usual value as those in glassy and liquid states.
These phenomena relate to the crystalline embryo forming of ¢-GeSe; in SCL state.
With increasing temperature above melting point T,,, the crystalline embryo is resolved.
In liquid state, the Igeseas2/Ise values are similar to those in glassy state which suggests
that the population of the GeSe,/; tetrahedra and (Se),, chains is almost the same both
in glassy state and liquid state not so far above T,,. The melting point T,, for GeoSeqo

and Ge;sSegs are obtained as 225 °C and 325 °C, respectively.
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5.2.5 Glass-transition, Crystallization and Melt in Ge;sSeg &

G6205680

In the Raman spectra of the g—GejgSes, at room temperature, the AIC vibrational band
appears obviously. The A{ band is also observed in the liquid even at about 800 °C.
An essential difference in the structural change between the Ge 5Segs and the GejgSes,
is that the crystalline state, c—-GeSe; together with 1-GeznSey_pn ( 2" < 0.18 ), appears
for the later in the range of 320~450 °C but not for the former. Same analysis, which
is used in the Ge;sSegs, was carried out to fit the spectra by four Gaussian curves
and one linear line. Figure 5.12 shows the temperature dependence of the intensity
ratio Igesca/2/Ise in the non-crystalline state. The intensity ratio Igeseq/2/Ise begins to
take rapid increase in temperature range of 200~320 °C. To prove that this increase
corresponds to a structural change, we have also measure the Raman spectra with the
probing light of 2.54 eV. Same temperature dependence of the intensity ratio Igeses/2/Ise
has been observed. So the possibility of the resonant scattering can be ruled out by the
result obtained by using the different probing light. This rapid increase of Igeseasz/Ise
should relate to the structural change which makes a fast decrease of the viscosity, as .
we have discussed in chapter 5.2.4. At the glass-transition where the temperature is
not far below the T, 320 °C, the Se-Se bonds are easily broken since the T,, of the
tc—Se is about 200 °C. In the SCL, the c~GeSe, like fragments easily move and coalesce
with each other to form the crystalline nuclei. Now we estimate that the T, is around
200°C. 4

At the z = 0.20 with increasing temperature, the Raman spectra act in the similar
variation as they do at the z = 0.18 except that the temperature region of the crystalline
state is 375~475 °C. A similar data analysis is also carried out as we have done in the

GeigSes;. According to the temperature dependence of the intensity ratio Igeses/2/Ise,

e get the T, as about 250 °C.

5.3 Phase Transition in Ge,Se;_,

To summarize our results of Ty, T, and T,, in the Ge,Se;_, system, we use the phase
diagram shown in Flg 5.13. The T, of the Ge,Se;_, increases monotonically with the
Ge composition z increasing. The variation of the T, agrees with the results in Ref. [79]

. within our experimental precision.
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The Ge,Se;_, system is considered as a two-component system: one is the (Se),
chain, the other is the GeSey/; tetrahedra. In Ge,Se;_, with the z smaller than the
critical composition z. which is between 0.07 and 0.10, the dominant structural unit
is the (Se), chains. In the SCL with increasing temperature, the decrease of viscosity
causes large configurational fluctuations in the parallel region of (Se),, chains. The peak
width of the vibrational mode which relates to the parallel-chain structure enlarges
with increasing temperature above T,. When the Ge composition z > z., the dominant
structural unit changes from the (Se), chains to the GeSey/, tetrahedra. In the SCL
with Increasing temperature, the breaking of Se-Se bonds, which makes a fast decrease
of the viscosity, leads the c-GeSe, like fragments easily to move and coalesce with each
other to form the crystalline embryo.

In the Se-rich crystallizing region ( 0 < z < 0.04 ), it consists of the tc-Se part and
the 1-Ge,Se;_,+ part whose  is larger than its original value z in g-Ge,Se;_,. In the
Ge-rich crystallizing region ( 0.18 < z < 0.33 ), it consists of the c-GeSe, part and
the 1-Ge,nSej_z» part whose 2 is smaller than its original value z of g-Ge,Se;_,. Our
T, agrees well with the results in Fig. 2.25 from the Ref. [55] where the liquidus line
indicates the primary crystallizing temperature of c-GeSe, or tc-Se. In the equilibrium
phase diagram, the eutectic point is at z = 0.08. In our phase‘diagram for the 0.04 <
z < 0.18, neither tc—Se nor c—GeSe, appears in the measurement temperature range.
The trend of crystallization is demonstrated by our phase diagram:.

When the Ge composition increases above 0.04, the experimental results suggest us
that the relaxation time of (Se), chains forming the long-range order increases dras-
tically. From the view point of the structure, the population of randomly distributed
GeSe,/, tetrahedra, whose structure is rather stable than the (Se), chains at the ex-
perimental temperature, is large enough to easily prevent the (Se), chains from crys-
tallization.

In GejsSegs though the GeSe; crystalline embryo may be formed in the SCL, the
relaxation time for the c-GeSe; growth becomes much longer than our measurement
time period. With the Ge composition z increases to 0.18, the glass crystallizes as
easily as those in the GeyqSego and GeSe,. The question why the relaxation time for
* crystallization shows rapid change when z increases from 0.15 to 0.18 should be ex-
plained by considering the structure. Basing on the Phillips-Thorpe constraint theory,
the rigidity percolation threshold value is at the average coordination number (r) =

2.4, corresponding to z = 0.20 [1,2]. The character of a covalent network undergoes a
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qualitative change from being easily deformable at (r) < 2.4 to being rigid at (r) >
2.4 [2]. In Ge,Se;-, system, the relaxation time for crystallization shows an essential
change at z = 0.18 ( (r) = 2.36 ) which is apparently very close to the percolation
threshold value. It should be noted that such a transition has been observed in the
normal and inverse photo-emission spectra that an abrupt change of spectra occurs at
(ry = 2.4 [11].

To declare the relation between our observation and the predictions of the Phillips—
Thorpe constraint theory, a combinative study of the experimental and theoretical

approach 1s expectative.

5.4 Conclusions

In this chapter, by studying the temperature dependence of Raman spectra, the T,, T.
and T,, have been obtained. ‘

It has been found that in pure Se and Ge-poor Ge,Se;_, ( z < 0.07 ), the dominant
structure of glasses is (Se), chains where the glassy state invoives a parallel Se-Se
chain region together with the non-parallel chain region. The low-energy side shoulder
235 cm™! is assigned to the vibration of Se-Se chains in parallel region. In Ge,Se;_,. (
0.10 < z < 0.33 ), the leading structure units are GeSey/; tetrahedra which form the
c-GeSe, like crystalline embryo in SCL state.

The relaxation time for crystallization shows an essential change at ¢ = 0.18 ((r) =
2.36 ) which is apparently very close to the percolation threshold value basing on the
Phillips—Thorpe constraint theory.
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Figure 5.1: Raman spectra of the Se ( z = 0 ) at various temperatures which are

indicated with the spectra. Raman spectra of tc-Se are observed between 100 °C and

200 °C.
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Figure 5.2: Raman spectra of the GesSegs at various temperatures which are indi-

cated with the specfra. The spectra of tc-Se together with those of 1-Ge,Se;_. appear
between 100 °C and 190 °C.
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Figure 5.3: Raman spectra of the GegSegy at various temperatures which are indicated
with the spectra. There is no appearance of either tc-Se or c—GeSe; in the experimental

temperature range.
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Figure 5.4: Raman spectra of the Ge;Seg3 at various temperatures which are indicated
with the spectra. There is no appearance of either tc—Se or c-GeSe; in the experimental

temperature range.
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Figure 5.5: Raman spectra of the GejpSego at various temperatures which are indicated
with the spectra. There is no appearance of either tc-Se or c~GeSe; in the experimental

temperature range.
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Figure 5.6: Raman spectra of the Ge;5Segs at various temperatures which are indicated

with the spectra. There is no appearance of either tc-Se or c-GeSe; in the experimental

1

temperature range. The appearance of the A band at about 210 cm™ indicates that

the glass consists of the part of edge-sharing GeSey ;.
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Figure 5.7: Raman spectra of the Ge;sSes; at various temperatures which are indicated
with the spectra. In the temperature range of 320~450 °C, Raman spectra of c-GeSe,

are observed together with the spectra of I-Ge,Se;—, ( z < 0.18 ).
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Figure 5.8: Raman spectra of the GegoSeso at various temperatures which are indicated
with the spectra. In the temperature range of 375~475 °C, Raman spectra of c—GeSe,

- are observed together with the spectra of 1-Ge,Se;_, ( =< 0.20 ) .
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Chapter 6
PIC Processes in g—GeSey Films

The PIC processes in g-GeSe, films have been studied in three types of films which are
prepared by three different cooling rates. The cooling rate dependence of crystallization
tendency in the PIC processes is discussed together with that in the TC processes. The

variety of glass is determined by the crystallization tendency in the PIC processes.

6.1 Results: Cooling Rates Dependence in PIC

Processes

In this chapter, we label the g—GeSe;ﬁlms of fast, medium, slow cooling rates as F, M,
S, respectively ( see chapter 3.1 for detailed preparations ). For the samples S and M,
the PIC process has been observed for 60 minutes with the irradiation of an excitation
power less than 50 mW. On the other hand, for the sample F, no PIC process has
observed within 60 minutes of irradiation with up to 50 mW excitations. In Fig. 6.1,
the time resolved Raman spectra of a typical PIC process are shown. Until the first
five minutes, there is no observable change in the Raman spectra of g-GeSe;. After
five minutes, the line shape around 200 cm™! begins to change, and then the crystalline
characteristic A band grows with the prolonged irradiation. There are some weak
vibrational bands at lower energy side in the spectra growing simultaneously with the
enlargement of the A band.

Fitting the line shape around 200 cm~! by four Gaussian curves which are the bands
Ag, A1, AY of g-GeSe,, and the crystalline A band, we plot the intensity ( area of the

Gaussian curve ) of the A band to obtain a growth curve as shown in Fig. 6.2. The
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intensity begins to increase after five minutes of the latent period and almost saturates
after 20 minutes of the irradiation. The growth curve is well fitted by the empirical
function Io[l — exp(—k(t — to))] as in a~GeSe; vacuum-evaporated films. In a-GeSe,
films, the PIC process is classified into two types, type A and type B, where in the type
A case only the 2D form grows, while in the type B case both the 2D and 3D forms
grow ( see chapter 2 for details ). However, at present, only type A has been observed
in the PIC process of g-GeSe; films.

Lowering the irradiation light power after the saturation, the peak energy of vi-
brational band A shifts to higher energy side which relates to the decrease of the
temperature under the illuminated portion. As we have discussed in chapter 3, the
local temperature of the illuminated portion is estimated by the magnitude of the A
peak’s shift. The temperature coeflicient of the peak energy of the band A is used as
-0.01 cm™! /K. Figure 6.3 shows the local temperate dependence of the latent period in
sample S, and M. In the sample S the crystallization occurs at lower temperature than
that in the sample M does. Its threshold temperature for the PIC is approximately
130 °C which is lower than that of the a-GeSe; film ( ~200 °C ), and is much lower
than the thermal crystallization ( TC ) temperature T, ( ~450 °C ). On the other hand,
in the sample M, the threshold temperature is about 430 °C which is almost same as
its T, ( ~450 °C ) for the TC process. For sample F, its T, has been determined in the
chapter 4 as 440 °C. In spite of the fact that the threshold temperatures in sample S
and M are quite different, the T, for their TC processes are almost the same. In the
TC processes of g-GeSe,, it should be emphasized that the T, is almost independent
of the cooling rate of the samples in their preparation from the melts. The threshold
temperature of the a—GeSe; film is about 200 °C and is lower than the T. ~320 °C,
which was obtained by annealing the a-GeSe, in the dark condition. Its T, is almost
100 °C lower than those of the g—GeSe,. ,

The results are summarized in Table 6.1. It should be noted again that the threshold
temperatures in the photo-induced crystallization in the sample S, M, F vary with the
cooling rate in the sample preparation, but the pure thermal crystallization temperature

T. is similar to each other apparently.
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Table 6.1: The results of PIC processes in g-GeSe, films and a-GeSe, film for compar-

ison. The number of the % represents the magnitude of the configurational entropy in

glasses.
Sample type | Cooling rate | Threshold T for PIC | T, AS.(g)
S slow 130 °C 450 °C *
M medium 430 °C 450 °C -
F fast unknown 440 °C | Hkx
a—GeSe, film | very fast 200 °C 320 °C | Hoknk

6.2 Discussion

6.2.1 Cooling Rate Dependence of Threshold Temperature

To discuss the relations between the threshold temperature and the cooling rat.e, it is
necessary to consider the cooling process in preparing the glass. During crystallization
process, the properties, such as the viscosity 7, entropy S, volume V and internal
energy U, change discontinuously. Though several material properties are reminiscent
of solid and liquid behavior below and above a glass-transition temperaturé T,, no
sharp discontinuities are found. Cooling a glass forming liquid its liquid properties are
preserved, until the structure becomes frozen in a particular disordered configuration.
The configuration represents only one of the many subminima of an extremely rich
energetic landscape, for example, the Fig. 2.3. In this situation the system has become
incapable of exploring other energetically allowed remote minima in the phase space
within finite times. Figure 6.4 shows a typical temperature dependence of the enthalpy
H of a material which can either form a glass or crystal. Generally, the specific heat
and the thermal expansion coefficient of the glass are observed to be close to those of
the crystal. As there is a following relation between the temperature dependence of
enthalpy and the C,,

dH = C,dT, (6.1)

the slope of the Enthalpy-Temperature ( H — T ) plot in a glass is supposed to be very
similar to that in crystal.

Kauzmann has pointed out that the thermodynamic glass transition temperature 7o
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could be defined by the linear extrapolation of the configurational entropy AS.,./(T):
ASconf(T) = SSCL(T) - Scrystal(T)a (62)

to zero, where Sgcr(T') and S.,ysa(T') are the entropies of the SCL and crystal respec-
tively. In a realistic cooling process, before the SCL reaches to the Ty, the SCL is frozen
at a glass-transition temperature T, under which the 7 is too large for the glass to relax
toward a more stable state in an observable time scale.

In the glass which is frozen in a slower cooling rate, the T, is lower than that
cooled in a faster cooling rate. The configurational entropy AS.(g) in the glass has
been considered to increase with increasing cooling rate. Though the exact value of the
AS.(g) is difficult to be defined, we may intentionally list the expected AS.(g) of the
sample S, M and F in a sequence from small to large ( Table 6.1 ) by a number of star

symbol.

6.2.2 Relation Between Structure and Crystallization Ten-

dency

Matsuda et al. [35] have proposed a schematic model of electronic and thermal process
in the latent period of the PIC process, where the evolution towards the formation of
crystalline nuclei takes place. by using local free energies as shown in Fig. 6.5. After
the -photo-excitations from the initial glassy states (a), excited electrons relax to the
intermediate glassy states (b) by electron-phonon interactions. From the states (b),
the system transforms toward the crystalline nuclei with overcoming the energy barrier
Up by the thermal excitation. Thus in the PIC process, the threshold temperature,
which 1s expediently defined as the lowest crystallizable temperature in the 60 minutes
of our experimental time period, is related to the height of the energy barrier Ug. In
the pure thermal process in which the glass transforms from the initial states (a) to the
crystalline nuclei (c), the system need to overcome the barrier Ud>U 5 by the thermal
excitation.

The configurational entropy AS,(g) is related to the initial energy U;,; of the glassy
state as shown in Fig. 6.5. For a larger configurational entropy AS.(g), the initial
energy U,,; is considered to be higher. In the a—GeSe; film, the cooling rate is expected
to be extremely fast, and the amorphous state is considered to be frozen in a metastable
state (a) with a very high initial energy Ui, to retain a large configurational entropy

AS.(g). This high U;,; metastable state (a) has a barrier U4 toward the crystallization.
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To overcome the Uy in the TC process, the a—GeSe, film system must be thermally
excited at a temperature not lower than the crystallization temperature T, = 320 °C.
However, for those g—GeSe, films, the cooling rates are not so fast as that of the a-
GeSe; film. The slow cooling rate leads the configurational entropy AS.(g) smaller than
that of the a—GeSe, film. So that the initial energy U;,;» of g-GeSe, at the metastable
state (e) is smaller than that of the a-GeSe; film (a). In the g—GeSe, films, as we
have observed that the T,’s for their TC processes are almost the same ( ~450 °C ), it
seems reasonable to suppose that the barrier Uy of sample S, M and F are almost in
the same value. According to our quenching rates for preparing the g-GeSe, samples (
chapter 3.1 ), their initial energy states and the energy barriers are considered to be in
almost the same U;,; and Uy, respectively. The corresponding T, for the TC process
of this barrier Uy in g-GeSe, films is about 450 °C. Thus, in two different preparation
methods of the samples, vacuum evaporation and quenching melts, we obtain two kinds
of samples whose metastable states are accompanied with two different barrier U4 and
Uy, respectively, where the barrier U4 in the a-GeSe; film is lower than Uy in the
g-GeSe, films.

Now we return to the point of the influence of the cooling rate in g—GeSe, films on
their PIC processes. In the case of samples S and M, the PIC processes were observed
( chapter 6.1 ). In the sample S, the threshold temperature for the PIC is about
130 °C which is much lower than the T, ( ~450 °C ) for the thermal crystallization (
TC ) process. However, in the sample M, the threshold temperature ( ~430 °C ) for
the PIC is almost the same as the T, ( ~450 °C ).

After the photo excitation from the initial glassy state (e), the excited electrons
relax to the intermediate glassy state (d) as shown in Fig. 6.5. In the sample S, its
intermediate glassy state (d) may overcome a low barrier Ugs by the thermal excitation.
According to the crystallization temperature T, of the TC process, it is found that the
energies ( Uiy ) of initial glassy state (e) are almost the same for the sample S. M
and F. Though the initial energies U;,y», corresponding the barrier Uy: over which the
crystallization occurs in the TC process, are almost the same, their intermdiate glassy
states (d), corresponding the barrier Ug/, are quite different. With a slow cooling rate,
the sample S can be frozen in the glassy state (e) whose intermediate glassy state (d)
only has to overcome a low barrier Ugs by the thermal excitation.

By a certain slow cooling rate, a super-cooled liquid is frozen in a low energy state.

But for an additionally slow cooling rate, the liquid can be transformed into the crystal.
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Though it has not been proved what the critical cooling rate is, it is reasonable to
suppose that in the glass prepared by a slower cooling rate the medium-range structure
( MRS ) is topologically more similar to the crystalline nuclei. or easier to transform
into crystalline nuclei. Figure 6.6 schematically shows the cooling processes from melt
with different cooling rates to make the frozen MRS in various situations. As we have
discussed the crystallization process in g-GeSe, ( chapter 4 ), the two curves in Fig. 6.6
correspond to the appearance frequency I of the crystalline nuclei and the velocity u
of the crystal growth. For a simple estimation, we only consider that the curve of /
mainly affects the frozen MRS in this quenching process. To obtain the information on
how the nuclei formation proceeds, we integrate the appearance frequency I(7') within

the quenching time period as follow:
r o I(T)
M= [Ty = | drT, .
1 T, i) Jt, dT/dt (6-3)

where the M is related to the degree of how the MRS closes to the nuclei; the T, and

T, are the starting and ending points of the quenching temperature, respectively. If the
cooling rate dT'/dt is constant, we can get the relation,
1 T

M=o |, 1T, (6.4)

where the 7’.{} I(T)dT does not depend on the cooling rate. Obviously. a slower cooling
rate leads the MRS closer to the nuclei. Here, this MRS may be named as a near-nuclei
glass structure. Acoording to the experimental results that the threshold temperature
for the PIC of the sample S is lower than that of the sample M, and the above dedution
that a good near-nuclei glass structure is expectative in the sample S, we can conclude
that the threshold temperature for the PIC is strongly related to a good near-nuclei
glass structure. o A ‘

Next, we consider the behavior of the sample F. In case of the sample F no PIC
process occurs, though for the thermal process the crystallization occurs either at
440 °C after about 8 hours or at 450 °C after about 30 minutes. The results sug-
gest that in the PIC process its intermediate glassy state (d) needs to overcome a high
barrier Ug: ~ Uy within. the experimental time period by the thermal excitation (
~450 °C ). The probable reasons for the sample F showing the high barrier Up: are

considered as follows:

o As the cooling rate from the melt of the sample F is fastest, the glass may be

frozen at the temperature which is much higher than those temperatures of the
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S and M samples. Certainly, the structure of the sample F may quite differ from

those of the S and M samples, particularly in the medium-range structure.

e As we have mentioned the preparation method in the chapter 3 that the glassy
films ( thickness ~lum ) are packed in the quartz cells, during a fast quenching
process considerable defects can be remained owing to the difference between the
coeflicient of thermal expansion of the quartz and that of the GeSe;. These defects

may raise the Ug: of the intermediate glassy state (d).

6.3 Summary and Conclusions

In this chapter, the various structures in g-GeSe; films, which are quenched from melts
with different cooling rates, are investigated by the time-resolved Raman scattering
measurement. _

The thermal crystallization temperatures of the g-GeSe, films are higher than those
of the vacuum evaporation amorphous GeSe, films which are prepared with extremely
fast cooling rates. This suggests that a fast cooling rate, corresponding to a high energy
initial glassy state, leads the thermal crystallization temperature decreased.

In the g-GeSe, films the energies of initial glassy states are almost the same, how-
ever, the threshold temperatures for photo-induced crystallization processes are differ-
ent. A slow cooling rate lowers the threshold temperature. It is reasonable to considered
that in the glass prepared by a slower cooling rate, the medium-range structure is more
similar to the crystalline nuclei, or easier to transform into crystalline nuclei. The dif-
ferent local structures in glass affect the crystallization tendency in PIC process, though

they do not influence the crystallization tendency in thermal crystallization process.
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Figure 6.1: Time-resolved Raman spectra during the PIC process in g-GeSe, film with
an excitation power of 20 mW. The characteristic crystalline peaks begin to appear
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Figure 6.2: Growth curve of the light-induced crystal ( 2D ) in the PIC process by
excitation power of 20 mW. The intensity of A band are plotted. Solid lines illustrate
the empirical curve Iy[l — exp(—k(¢ — t5))]. The tq is the latent period.
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Figure 6.5: The diagram of the electronic and thermal processes during the latent
period of the PIC process. The initial glassy states (a) and (e) are obtained by different
preparation methods. The former is obtained by vacuum evaporation and the later
by quenching melts. The (b) and (d) are the intermediate glassy states and the (c)
is the state of crystalline nuclei. For a pure thermal crystallization process the glass
must overcome the energy barrier Uy or Uy/, while in the PIC process it just need to

overcome the Ug or Ug: by the assistance of the thermal excitation.
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Chapter 7
Photoluminescence in c—GeSes

In this chapter we report the PL study of c~GeSe; in the temperature range of 10~250
K and the excitation energy range of 1.9~2.81 eV. The temperature dependence of peak
energy, the full width at half maximum ( FWHM ) and the intensity of PL speétra at
various excitation energies are analyzed ( chapter 7.1 ). A configurational coordinate
energy diagram method is used to interpret the relaxation processes of the photon-

excited electrons ( chapter 7.2 ).

7.1 Results: Temperature and Excitation Energy

dependence

The c-GeSe; measured in this work is a layer-formed crystal. Here, we report the PL
spectra measured with the polarization of the incident light ( E ) parallel to the a axis (
E | a). The only difference between the PL spectra measured in the way of E || @ and
that of £ || b is the intensity. This is related to the difference between the absorption
coefficient for F || a and that for E || b [53]. |

Some characteristic PL spectra of c-GeSe, which are excited by various excitation
energies at 20~55 K are shown in Fig. 7.1. The large Stokes shift ( 1.0~1.2 eV ) which is
near the half of the band gap energy and the FWHM ( ~0.33 eV ) observed in each PL
spectrum are similar to those in the published papers [41-45]. The PL spectra are fitted
very well by a single Gaussian curve except for those excited at 2.41 eV. At excitation
energy of 2.41 eV, the PL spectra are fitted by two Gaussian curves Fig. 7.1(b), whose
peak energies are about 1.02 eV and 1.25 eV.
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The fitting results of peak energies for the PL spectra are shown in Fig. 7.2. Obvi-
ously, the peak energies belong to three energy zones. At 20 K the peak energies move
around 1.15 eV, 1.02 eV and 1.25 eV in the descendent sequence of excitation energy
from 2.81 eV to 2.03 eV. The details are as follows:

1. At the excitation energies of 2.81 €V and 2.71 eV, the peak energies are about
1.15 eV which suggests that a luminescence band ( PI ) is associated with a
excitation band £7 which includes 2.71 eV and 2.81 €V.

2. At the excitation energies of 2.54 €V and 2.41 eV, the peak energies are about
1.02 eV. In the same way as we denoting the P! and EI bands, a luminescence

band P2 with the peak energy around 1.02 eV and a corresponding excitation
band E2 which includes 2.54 €V and 2.41 €V can be obtained.

3. Also from the peak energies of the PL which are caused by the excitation energies
of 2.41 ~2.03 eV, we can infer that a luminescence band P3 with the peak energy
.around 1.25 eV and a corresponding excitation band E& which covers the energy

range of 2.41 ~2.03 eV exists.

To summarize the above results at 20 K, a excitation spectrum which is normalized
by the incident photon flux as shown in Fig. 7.3 (a) is very useful. At excitation
energy of 2.41 eV, the PL spectra are asymmetric since the PL bands P2 and P3 are
simultaneously excited through the overlapped region of the excitation bands E2 and
Es. |

Now, we return to Fig. 7.2 to study the temperature dependence of the peak energies.

According to the excitation energy, the results are expressed in the next four parts;

1. In the whole experimental temperature range ( 20~250 K ) the excitation energies
of 2.71 eV and 2.81 eV belonging to the E band cause the PL of P band peaked
near 1.15 eV.

2. At the excitation energy of 2.54 €V, in a lower temperature rang‘eﬂ( 20~50 K
) the peak energy is about 1.02 eV, but in higher temperature range (iffO'O&QSO K
) the peak energy is about 1.15 eV. Within each temperature range, the peak
energies are independent of temperature. Thus, in the lower temperature range (
20~50 K ) the F2 band corresponding to the P2 band includes 2.54 eV and in
the higher temperature‘tange ( 100~250 K ) the E7 band covers 2.54 eV instead
of the E2 band. '
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3. At the excitation energy of 2.41 eV the PL spectra are fitted by two Gaussian
curves. One with the peak energy about 1.02 eV is related to the P2 band which is
caused by the E2 band being excited. The other one, whose peak energy is about
1.25 eV, relates to the P# band which should be excited by the corresponding
excitation band E8. Thus, the energy 2.41 eV belongs to both the F2 and E%

bands in the whole experimental temperature range.

4. At the excitation energy of 2.13 eV below 150 K and 2.03 eV below 200 K, the
PL peak energies are about 1.25 eV which relates to P3 band. In those two
temperature ranges the excitation band FSJ includes 2.13 eV and 2.03 eV. At
the excitation energy of 2.13 eV above 150 K and 2.03 eV above 200 K, the PL
peak energies are about 1.15 eV. Though according to the peak energies the PL
spectra seem to be related to the PI band, it is rather inappropriate to imagine
that the F'1 band extends over the energy range from 2.81 eV to 2.03 eV at around
150~200 K as described below.

For comparing the temperature dependence of the excitation bands E2 and E3, let
us consider the intensities of the resolved PL bands at the excitation energy of 2.41 eV.
Although the peak energies of the two resolved PL were independent of the temperature,
the shapes of the PL spectra changed and the total luminescence intensity decreased
with increasing temperature as shown in Fig. 7.1(b). Here the intensity is represented
by the area of the resolved Gaussian curves. In this work at 20 K the intensity which
relates to the P2 band (Ip;) is about 1/4 of that which is related to P3 band ( Ip3 ).
With increasing temperature the Ip; and Ip3 become comparable. This result suggests
that the decreasing rate of Ip, with temperature is different from that of Ips .

The particular temperature dependence of the luminescence bands which are excited
by 2.54 €V, 2.13 ¢V and 2.03 eV can be explained by assuming that the excitation
bands shift to lower energies with increasing temperature. At the excitation energy of
2.54 eV, in the lower temperature region the excitation band FE2 is excited, however,
with increasing temperature to the higher temperature region the F2 and E1 bands
shift to lower energies. As a result the EI band is excited instead of E2 in the higher
temperature region. At 70 K the peak energy ( 1.08 eV ) which does not belong to any
luminescence zones can be interpreted as that both the EI and E2 bands are excited
in the nearly equal degree. Later, we will show that at this condition the FWHM
takes an abrupt increase at 70 K. At excitation energies of 2.13 €V and 2.03 eV in the
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temperature regions above 150 K and 200 K respectively, the E2 band shifts to the
energy region which covers 2.13 eV and 2.03 eV. Both the E2and ES8 bands are excited
to make the peak energies of PL near (1.25 + 1.02)/2 ~1.15 eV. Here, the FWHM of
the spectra in the higher temperature regions are too wide and the intensity of those

are too weak to separate the spectra into two Gaussian curves. The characteristic
| temperatures at which the E2 band comes to include the excitation energies of 2.13 eV
and 2.03 eV are 150 K and 200 K, respectively. These characteristic temperatures are
also consistent with the assumption that the excitation bands shift to the lower energies
with increasing temperature.

The main results which have been shown in Figs. 7.1 and 7.2 are summarized by
the excitation spectra as shown in Fig. 7.3. The EI and E2 bands shift to lower
energies with increasing temperature, however, the £3 band shows different tendency.
Around the excitation energies of 2.13 eV and 2.03 eV at 230 K the excitation spectra
are drawn with dashed-lines, because the PL spectra consist of two luminescence which
are caused by the E2 and E3 bands and those two luminescence are difficult to resolve
at 230 K.

The E1 and E2 bands have been also observed in the vapor phase grown ¢-GeSe; in
the previous report [45]. But the E8 band whose temperature dependence is different
from those of EI and E2 bands does not always exist in the different crystalline samples
which are prepared even in the same manner. In polycrystalline GeSe; which are grown
with the temperature difference between the two ends of the preparation ampoule larger
than 5 °C ( see chapter 3.1 for detail ), we have not found any PL spectra with the peak
energies around 1.25 eV. In addition, this type of the PL spectrum does not observed
in amorphous GeSe; ( Ref. [45] or chapter 8 ). It seems that the EJ band is seldom
related to the strain and/or disorder which are generated in the samples during growth
process. At present the origin of P8 and E§ bands is not clear and we will not discuss
about it further in this paper. -

The FWHM is another important parameter to study the relaxation processes in
the systems with a strong electron-phonon interaction. In Fig. 7.4 the temperature
dependence of FWHM at the excitation energies of 2.54 eV, 2.71 €V and 2.81 eV is
shown. There is an abrupt increase at 70 K in FWHM of PL whose excitation energy is
2.54 eV. This unusual enlargement of FWHM is explained as that both the EI and £2
bands are excited through their crossover energy region which shifts to lower energies

with increasing temperature and comes to cover the excitation energy 2.54 eV at around
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70 K.

7.2 Discussion

In layer-formed c-GeSe;, it has been reported that there is a peak at 2.854 eV in the
absorption spectra of E || a polarization at 4.2 K in Ref. [53], as shown in Figs. 2.8
and 2.9. With increasing temperature. the absorption peak shifts to lower energies and
becomes wider ( Fig. 2.9 ). The temperature coefficient of the absorption peak energy
has been found as about —4 x 10™* eV/K. Since this absorption peak is related to
the excitons whose energies are lower than that of the band gap and the upper limit
energy of our incident light is lower than that of the absorption peak, the final state of
the excitation processes should be considered as the excitons in localized states. These
excitons involve at least one localized state (gap state) in the excited electron or hole.
In this work the excitation and relaxation processes are mainly related to the localized
states in the band gap. Though these excitons are only observed at E || a polarization,
not difference of the spectral shapes, excitation energy and temperature dependences
between the E || a and E || b polarizations has been found except for the intensity.
The strong electron-lattice interaction may leads the localized excitons lost their initial
polarization during the relaxation processes. In this case the intensity will be different
according to the difference between the absorption coefficient for the two polarizations.

Now we turn to discuss why the excitation bands EI and E2 shift to lower energies
with increasing temperature while the corresponding luminescence bands PI and P2
are independent of temperature. A configurational coordinate diagram ( CCD ) is often
used to interpret the phenomena that the PL spectra have a wide FWHM with a large
Stokes Shift [98]. The typical PL radiation processes are shown in Fig. 7.5 schematically.

In the PL radiation processes, we refer to the ground state as that the electronic
system is in its ground state but the lattice vibration is not. At rather lower temperature
( ~0 K ) in the ground state, the amplitude of the lattice vibration is small, where the
expectation value of the configurational coordinate ( Q(T) ) coincides to the position
which gives the minimum of the adiabatic potential curve of the ground state. When
the electrons/holes are excited optically, the coordinate @) does not change during the
excitation according to the Frank-Condon principle. The energy of the absorbed photon
is equal to the difference between the two points on the adiabatic potential curves of

the ground state and localizéd state at the same Q. Just after the optical excitation
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the lattice starts to vibrate around the ); which gives the minimum of the curve of
the localized state, and at the end of electronic lattice relaxations the PL spectrum
with the peak energy of Ep is observed. The peak energy of the excitation band at
T ~ 0 K is E(0) which is equal to the difference between the two adiabatic potential
at @) = 0. With increasing temperature the thermal expansion, which is caused by the
asymmetrical adiabatic potential of the ground state, becomes to be important when we
consider the excitation processes. At T # 0 in the ground state the averaged position
of the lattice vibration is at Q(T') # 0. At this temperature, the absorption band shifts
with the peak energy equal to the energy difference between the ground state and the
localized state at @ = Q(T). This absorption band shift leads the peak energy of the
excitation band changes from F(0) to E(T) which is lower than E(0). The fact that
the peak energy of a given PL band is not so affected by the temperature suggests that
the asymmetric degree of the potential curve of the localized state is less than that of
the ground state.

Next we discuss the behavior of the peak energy and FWHM of the PL spectra
which are excited by 2.54 eV. In case of having two localized states ( 1, 2 ) as shown
in Fig. 7.5(b), at T ~ 0 K the peak energy of the excitation band which corresponds
to the localized state 2 equals to E,(0). In the temperature range of 20~50 K after
excited by the energy around FE,(0) which includes 2.54 eV, the PL spectra with the
peak energies at Ep, ( 1.02 €V ) will be observed. With increasing temperature to the
higher temperature range of 100~250 K, the averaged position of the lattice vibration
in the ground state changes to Q(T'), and the peak energy of the excitation band which
corresponds to the localized state 7 is F1(T’) whose value is the same as that of the
E5(0). So at these temperatures, the excitation band E1 is excited by 2.54 eV and
the peak energy of the PL becomes Ep; ( 1.15 €V ). At 70 K, 2.54 €V is included in
both the E'1 and E2 bands. After the excited electrons/holes releases the energy in the
localized states 1 and 2, the PL spectrum which comes from the two localized states
is observed. The peak energy of the PL takes an average value of 1.02 eV and 1.15 eV,
and the FWHM shows an unusual increase at 70 K.

Now we turn to discuss the temperature dependence of the FWHM. The calculated
values of the FWHM (A) are obtained by using the equations

hwph

/
S, (7.0)

A(T) = A(0)(coth{
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and

A(0) = 1.7(2Whw,i)'?, (7.2)

where the FWHM is treated as the result of the electron-phonon interactions ( see
chapter 2.4 or Refs. [41,84-88] for details ). Here, 2W is the Stokes shift and hw,) is
the representative phonon energy. The Raman measurement result of hw,n = 24 meV,
which is ascribed to the breathing vibration of GeSey/, tetrahedra, is used to obtain
the A. The solid line in Fig. 7.4 is drawn by using the equations ( 7.1 ) and ( 7.2 ) with
the experimental results of 2W and hwyr. At low temperature the calculated values
are in agreement with the experimental results, however, with increasing temperature
the calculated line departs from the experimental results. For example, at 150 K the
enlargements of the experimental values are 2~3 times of the calculated value ( A(T) —
A(0) ). These big differences which are larger than the experimental error suggest that
the PL processes at high temperature can not be interpreted by only considering the
effect of electron—phonon interactions.

In the high temperature region, the hot luminescence processes in which the excitons
do not reach the thermal equilibrium in the localized states, may directly affect the
temperature dependence of the FWHM. The energies of hot luminescence are usually
higher than those of the PL with a large Stokes shift ( labeled normal PL ). In case
of observing both the hot luminescence and normal PL with comparable intensities,
the obtained PL spectrum will be broader than the normal PL spectrum. At the high
temperature, as an interpretation of the large broadening of the FWHM as shown in
Fig. 7.4, it is probable that the intensity of hot luminescence becomes comparable with
that of the normal PL. However, for a complete explanation, a combinative study of
the theoretical and experimental approach is expectative. At least the temperature
dependence of the decay times for each luminescence bands should be investigated.

By studying the intensity of PL, we also get the information of the way how excited
electrons/holes relax. Generally the Ipy is described by

‘ D
Tpp = I (1= Rin)(1— Rpy) /O ane " de = Ij,(1— R )(1— Rpp)n (1—e~eD), (7.3)
where I;, is the incident laser intensity: 7 is the quantum efficiency: R;, and Rpy, are the
reflectivity of the incident light and the PL; a is the absorption coefficient for incident
light; D is the thickness of the samples. Obviously at the condition that the reflectivity

Is not sensitive to temperature and the D is large enough to absorb the laser light
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completely, equation ( 7.3 ) can be expressed as
IPL = CT] (74)

Here C is a constant independent of temperature. In this work at the excitation energy
above 2.54 eV in the temperature range of 20~250 K, the Ip; directly relates to the
‘quantum efficiency n as equation ( 7.4 ).

With increasing temperature the Ip; decreases. This thermal quenching is inter-
preted by the energy level scheme as shown in Fig. 7.6. Here we assume as follows:
the non-radiative transition probability P, relates to a processes where the excitons
do not relax to the thermal equilibrium localized states; the P, with a value of 1 — P,,
is a transition probability of the excitons relaxing to the thermal equilibrium localized
states; the radiative transition probability ¢, relates to the processes from the thermal
equilibrium localized states to the ground state with emitting photon and the non-
radiative transition probability ¢, relates to a phonon assisted non-radiation processes

from the thermal equilibrium localized states. Then from Fig. 7.6 we get equations

ia]y{i = _(Qnr + qr)N/ + Prjvv

where N and N’ are the population of excited electrons/holes before the thermal equi-
librium and at the thermal equilibrium localized states respectively, g is a generation

rate of the excited states. From equation ( 7.5), N’ is given as

P,
N' = gtr , 7.6
(Prr + B )(nr + ¢-) (76)
where Ipr= ¢.N'. The ¢,, comes to 0 at T = 0 K . Finally we get the relation
Ipz(0) Qrr
—-1== 7.7
Ip(T) qr (@.7)

Since the g,, relates to a phonon assisted non-radiative process, it is written in the form

of

E
G = Aexp(=77); (7.8)

where A is a constant independent of temperature; Ey; is the thermal activation energy.
As for the PI band, taking Ip; (10K) instead of the Ip.(0), good fits to the experimental
results are obtained with E;; = 0.1 eV both at excitation energies of 2.81 eV and 2.71 eV.

The experimental results and the fitting lines are shown in Fig. 7.7. The fact that there
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is only one activation energy in the PI band suggests that the transition probability P,,,
which relates to the non—radié,tive transition processes where the excitons not relaxing
to the thermal equilibrium localized states, should be independent of temperature. For
more information about the activation energies of P2 and P3 bands, it is necessary to
know the quantum efficiency of the PL from the two bands before using the equation

(7.5).

7.3 Summary and Conclusions

In this chapter, the photo-luminescence of c~GeSe; has been studied in the temperature
range of 10~250 K with a excitation energy range of 1.93~2.81 eV. The results can be

concluded in the next four parts.

1. There are two intrinsic PL bands PI and P2 with peak energies at 1.15 eV and
1.0 eV respectively. PL band P& at 1.25 eV, which is observed at low excitation

energy, shows the sample dependence strongly.

2. A configurational coordinate energy diagram method is used to interpret the phe-
nomena that the peak energies of the luminescence bands PI and P2 are indepen-
dent of temperature while the corresponding excitation bands E1 and F2 shift to

lower energies with increasing temperature.

3. From the investigation of FWHM at high temperature region of the PI band we
have found that the PL process is no longer treated with a simple application of
the configurational coordinated energy diagram method. The large broadening at

high temperature may be related to the hot luminescence processes.

4. With increasing temperature, the decrease of the intensity for P1 band is a single

thermal activation type with the activation energy of E;; = 0.1 eV.
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Figure 7.1: (a) The PL spectra of c—GeSe, at the excitation energies of 2.71 eV,
2.54 eV and 2.10 eV. (b) The asymmetric spectral shape which is fitted by two Gaussian
curves ( broken lines ) with peak energy at 1.01 eV and 1.22 eV is excited by 2.41 eV.
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Figure 7.2: Temperature dependence of the peak energies at various excitation ener-
gies. The peak energies can be classified into three groups according to the excitation
energies. The detail of three groups, ~1.15 eV, ~1.02 eV and ~1.25 eV, is described

in the text.
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Figure 7.3: The excitation spectra which are normalized by the incident photon flux.

Excitation bands EI and E2 shift to lower energies with increasing temperature. Tem-

perature dependence of E3 is different from those of E1 and F2.
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Figure 7.4: Temperature dependence of FWHM. At the high temperature region the
calculated line departs from the experiment results. The FWHM of PL excited by 2.54

eV at 70 K is pointed by an arrow takes an unusual increase.
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Figure 7.5: (a) The excitation band shifts to lower energies with increasing tempera-

ture while the peak energy is independent of temperature. (b) At excitation energy of
2.54 €V which belongs to F,(0) = E;(T'), with increasing temperature to T' the excita-
tion band shifts from E2 to EI which makes the peak energies shift from Ep,(1.0 eV)

to Epi(1.15 eV).
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Figure 7.6: A scheme of energy levels in the PL process. N is the population of the
excitons before they reach the thermal equilibrium. N’ is the population of the localized

excitons at the thermal equilibrium states.

119



JUSSS
o
N

A
-
-

—
<
N

|p|_(0)/|p|_(T)~1 (arb.unitS)

100/T (K™")

Figure 7.7: Temperature dependence of the Ipr(0)/Ipr(T) — 1.
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Chapter 8
Photoluminescence in g—GeSes

In this chapter, we investigate the PL spectra of the glassy GeSe; ( g-GeSe; ) in
the temperature range of 10~220 K with the excitation photon energy range of
1.93~2.71 eV. The temperature and the excitation photon energy dependence of the
PL intensity ( Ir, ), of the PL peak energy ( E, ), and the peak width FWHM ( A

), are measured precisely ( chapter 8.1 ). The results are discussed by considering two |
different kinds of relaxation processes, one without large lattice distortion and the other

with large lattice distortion ( chapter 8.2 ).

8.1 Results: Temperature and Excitation Energy

Dependence

Figure 8.1 shows some typical luminescence spectra. To get the PL peak energy ( E, )
and the FWHM, all the PL spectra are fitted by Gaussian curves. In the spectrum of the
GeSe; glass at 10 K with 2.41 eV excitation, for example, E, and A are 0.99 eV and
0.36 eV, respectively. The obtained values ‘agree with those of the previous works
(42,44,99-102]. The fatiguing effect [84] was not remarkable in the sample we used. In
Fig. 8.1, changes of the PL spectrum by varying temperature are clearly shown: the
lower energy side of the spectrum shifts toward higher energy with increasing temper-
ature, while no notable change is observed on the higher energy side of the spectrum.
Consequently, with increasing temperature in this range ( 10~120 K ), E, increases and
A decreases. This behavior has not been reported by other workers. The temperature

dependence of the shape of the spectra will be examined more precisely later.
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Figure 8.2 shows the variation of £, and FWHM ( A ) at 18 K in the excitation
energy ( E., ) region from 1.93 €V to 2.71 eV in the upper and lower halfs, respectively.
With increasing excitation energy, the peak energy increases in the region of E., <
2.2 eV and decreases in the region of E., > 2.4 eV. While the A increases with increasing
excitation photon energy monotonically in the whole experimental energy range. In
energy region of E., > 2.5 eV, a faster increasing rate of the A is observed than that in
the lower one. The reported data in Ref. [84] well agrees with ours except the decrease
of E, in E.; > 2.5 eV which have been shown in ours as well as data in Ref. [44].

The fitting results of the temperature dependence of the luminescence peak energy
at various excitation photon energies are shown in Fig. 8.3. In this work, the relative
accuracy of the E, values in the same excitation energy is generally within 0.01 eV. With
increasing temperature, for the curve of E,, = 2.41 eV, the peak energy first increases
in the region of 7' < 100 K, and then decreases in the region of T > 100 K. For the
curve of E,, = 2.54 €V, a similar temperature dependence has been obtained with the
turning point at about 120 K. On the other hand, for the curve of E., = 2.01 eV, the
peak energy increases monotonically with increasing temperature. Figure 8.4 shows the
temperature dependence of the luminescence peak width at various exc-itation photon
energies. At all excitation photon energies, the width first decreases and then increases
with increasing temperature. However, the temperature which gives the minimum
width varies with the excitation energy; the lowest temperature ( ~ 60 K ) is observed
at E.; = 2.01 eV among those of the curves shown in the figure. The obtained results
are different from those by others. In Ref. [102], with the excitation by broad band
light (2 ~ 3 €V ) from a Hg lamp, the monotonic increase of E, and A with increasing
temperature has been reported.

Figuré 8.5 shows the excitation spectra of PL at 18 K in which the excitation energy
dependence of intensity is expressed. Close circles denote the total integration of the
remission spectrum normalized to the incident photon flux. The data agree well with

those in Ref. [84]. The PL intensity Ipy, is expressed as follows:
Ipp = (1= Rin)(1 = Rpp) Linn(1 — e°P)

which is used in chapter 7.2 ( equation 7.3 ). Ipy is proportional to 7 for aD > 1,
while Ipp, x naD for aD <« 1. In the region of E,, < 2.2eV, the sample is considerably
transparent. Taking into consideration of non-absorbed light in that energy region, the

data points proportional to n are plotted as the open circles. In the region of E., >
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2.4 eV, the open circles, which are not shown, should be plotted at the sambe position
as the corresponding close circles. The n decreases significantly with increasing E...
where the slope of the curve obviously changes between the region of E., < 2.2 €V and
that of F., > 2.4 eV.

Figure 8.6 shows the temperature dependence of the PL intensity, which is normal-
ized to the incident photon flux at 18 K. The relation It o exp(—T/Tp), which have
been pointed out by previous workers, well holds with the value of Ty = 30 K, except
for E.; = 2.01 eV. In the region of E.. < 2.2 €V the absorbed photon flux increases
with increasing temperature so that the quantum efficiency n must be reduced by the

absorption coeflicent.

8.2 Discussion

In a material with a strong electron-phonon coupling, a PL spectrum generally shows a
broad Gaussian line shape with a large Stokes shift. These phenomena were explained
by using the configurational coordinate energy diagram in relaxation processes of the
excitons in their localized states for c-GeSe; ( chapter 7, Fig. 7.5 ). The excitons
relax and strongly localize with large lattice deformation. In glassy materials, it is also
important that, even if there is weak electron-phonon coupling, innumerable localized
states ( Anderson localization states ) exist adjacent to the extended states [41,98]. The
boundary between the localized states and the extended states is called the mobility
edge and the energy difference between the edge in the conduction band and that in the
valence band is called the mobility gap. The PL peak energy of thev GeSe, glass first
increases and then decreases with increasing excitation photon energy in the prese'nt'
results ( Fig. 8.2 ). Murayama has pointed out that the upper limit of the excitation
energy region in which the peak energy increases is related to the mobility gap [44].

With the E,, below the mobility gap in the GeSe, glass, the exciton is localized as
shown in Fig. 8.7 (a). The energy of the innumerable localized-states are schematically
represented by two adiabatic potential curves in the figure.

The relaxation processes of the excitons are considered in two ways as follows:

1. The excited state loses its energy without large lattice relaxation as in Fig. 8.7
(b). This process contains the transition of the electron from a localized state

toward other localized state without varying the coordinate Q.
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2. The energy of the system is released by lattice relaxation with changing the co-
ordinate @) as in Fig. 8.7 (c). During the change of @), the shape of wave function

of the electron becomes to be more localized one.

In the process (1), the exciton is distributed to the localized states within the gap.
However, with the process (2) proceeding, the exciton tends to be localized strongly in
the localized states to prevent transition in the process (1). The transition ability in
the process (1) decreases with the exciton approaches to a self trapped state where the
shape of wave function of the electron is strongly localized. When the exciton is self-
trapped where the system is in quasi thérmal equilibrium, the lattice distortion stops
at a certain @) for the excited state with a minimum energy. Numerous self-trapped
states are possible corresponding to the localized states in g—GeSes,.

The system relaxes from the self-trapped localized state by radiatively ( Fig. 8.7
(d) ) or non-radiatively and then returns to the initial ground state with recovering the
lattice distortion which releases the remainder of the energy. The observed photolu-
minescence spectra are the superposition of the emission from numerous self-trapped
states depending on the distribution profile in the initial localized states.

The result that at the low temperature the PL energy increases with increasing
excitation energy is explained as follows: the excitation to the state 1, which needs
higher energy than that to the state 2, leads higher emission energy than that in the
state 2.. The increase of the PL peak energy which is much smaller than that of the
excitation photon energy is explained by considering that the redistribution process of
the exciton occurs among the localized states before it goes to the self-trapped state
which is the initial state of the emission. The increase of the excitation photon energy
raises the upper limit of the localized state but it aflects the PL peak energy to a lesser
extent.

" The fact that with increasing the excitation photon energy in the region of below
mobility gap the A increases is explained by cc;nsidering the redistribution of the excited
electron among the localized states. Here, we suppose that the process (2) with large
lattice distortion dominates the relaxation processes before the quasi thermal equilib-
rium is reached by the procéss_ (1) without large lattice distortion, Thus, the higher the
excitation photon energy is, the wider the distribution of the initial localized states are
and the higher the upper limit of the distribution is. This leads the A increase.

In the case of above mobility gap excitation, E, decreases with increasing excitation

photon energy in our results as shown in Fig. 8.2. After an electron is excited in the
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extended states by the absorption of above mobility gap photon, the initial relaxation
process without large lattice distortion is supposed to consist of the transition from
the extended state to some localized states. About the transition probability from
an extended state to a localized state, the following tendency has to be held: with
decreasing the energy of the extended state, it becomes more difficult to make transition
from the extended state to a deep initial localized state. This situation is realized by
a potential fluctuation as in Fig. 8.8 (a), for example. The high potential barrier
around the deep localization site reduces the transition probability from the low energy
extended state to the deep localization state. The as-excited extended state with high
energy may has a wider distribution of the localized states for its relaxation than that
with low energy, particularly, in lower energy region of the localized states. After the
distribution in the localized states without large lattice distortion is established, the
process of the luminescence is the same as that for the below mobility gap excitation.

The excitation photon energy dependence of A is derived straightforward from above
explanation. The schematic view is as follows ( Fig. 8.8 (b) ). The system excited with
high energy photon ( E4 ) may relax through the localized state 1 as well as through the
state 2, while that with low energy photon ( Ep ) may relax only through the localized
state 1. The PL emission band excited with E4 photon is equivalent to that caused by
the below band gap excitation to the localized states 1 and 2, while the emission band
excited with Ep photon is equivalent to that caused by the excitation to the state 2.
Thus A becomes broad with increasing excitation photon energy.

Let us consider the temperature dependence of the PL peak width in detail. In
the case of the relaxation of one localized state in the g-GeSe,, the A, increases with
increasing temperature which can be described as Ay, (T) = A,,(0)[coth(hw,y/kpT)]}/?
( chapter 7.2, equation 7.1 ), where w,; is the phonon frequency.

In the glassy materials, some additional situation must be considered about the

emission band width.

1. Because of the successive energetic distribution of the localized states and the
broad absorption band of each localized state, it is impossible to selectively excite
the electron to one localized state even if the excitation photon energy was less

than the mobility gap and was completely monochromatic.

2. The relaxation process without large lattice distortion tends to broaden the dis-.

tribution of the initial localized states of the emission further.
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Each initial localized state relaxes with large lattice deformation toward the corre-
sponding self trapped state and makes the emission band whose width is A,,. The
measured PL spectrum is a superposition of the emission bands whose peak energies
E," are continuously distributed. If the intensity of each emission band is distributed
with respect to E,’ as a Gaussian of width Ap, the measured PL line width A is given
by A? = A2, + A} ( chapter 2.4, equation 2.10 ).

The temperature dependence of A and E, in Figs. 8.4 and 8.3 shows complicated
behavior. First we attempt to explain the behavior in low temperature region where A
decreases and E, increases with increasing temperature. The decrease of A should be
caused by the decrease of Ap because that the A, increases with increasing tempera-
ture monotonically. The intensity of each emission band corresponding to the localized
states is considered to show its own temperature dependence. It is assumed that, with
increasing temperature, the emission band from the self trapped state corresponding
to the low energy part of the measured PL spectra is quenched faster than the band
corresponding to the high energy part of the spectra is. This assumption means that
the activation energy for the non-radiative process becomes higher with increasing en-
ergy of the related localized state. As a result, with increasing temperature the quench
effect of low energy emission band makes the A narrow and leads the E, of the PL, the
superposition of the emission bands, to a slight blue shift.

The temperature coeflicient of A in our result of the low temperature region is
in opposite sign to the values given by other authors: Koés, Vassilyev and Somogyi
[102] obtained the value of 1.1 x 10™* €V/K and Ball, Chamberlain and Instone [99],
2 x 1072 eV/K. The temperature derivative of A (dA/dT) is determined by two contri-
butions: dAp,/dT and dAp/dT. As described above, A, increases and Ap decreases
with increasing temperature. Thus the overall temperature dependence of A is based
on a subtle imbalance between A, - dA,,/dT and Ap - dAp/dT.

On the other hand, in the high temperature region of our result, the A increases with
inci‘easing temperature. As easily deduced from the equation for A,, above, dA,:/dT
increases with increasing temperature. Thus the contribution of dA,,/dT to dA/dT
becomes dominant at high temperatures. So the positive sign of dA/dT may be likely to
be observed at high temperature measurement. And as we have mentioned in chapter
7.2 that at high temperature region, the hot luminescence effect may not be omitted
when we discuss the width.

The decrease of E, with increasing temperature in the high temperature region
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may be attributed to the low energy shift of the distribution profile of the localized
states. Increasing thermal energy activates the relaxation process (1) without large
lattice distortion and makes possible to relaxes further before the process (2) with large
lattice distortion begins.

Now we turn to the quantum efficiency as shown in Fig. 8.5. The quantum efficiency,
which is the emission efficiency against an absorbed photon, decreases gradually with
increasing photon energy in the region of E,, < 2.3 €V and then rapidly in the region
of E; > 2.4 €V. According to our model discussed above, the decrease of the quantum
efficiency should be attributed to the increase of transition probability to the non-
radiative centers in the relaxation process (1) without large lattice distortion, since the
relaxation processes after the distribution to the localized states are treated as the same
processes for both below and above mobility gap excitation. The details of the energy
dependent quantum efficiency have been discussed by Street in Ref. [41]. The next two

mechanisms for the changing quantum efliciency were proposed.

1. The probability of exciton ionization may increase at high excitation energies due
to the greater initial kinetic energy of the electron and hole. Once excitons ionize,

the carriers do not readily reform excitons because of fast trapping.

2. For the radiative recombination to occur, not only the exciton must remain union-

ized, but it must also be created sufficiently close to the recombination center.

The temperature dependence of the PL intensity has been also discussed in Ref. [41],
for the As-Se system. The discussion involved tunneling of the excited state from
the localized radiative center to the non-radiative recombination center through the
energy barrier by potential fluctuation. The model does not seem to conflict with our

explanation described above.

8.3 Summary and Conclusions

In this chapter, the PL of g-GeSe, has been studied in excitation energy range of
1.93~2.71 eV from 10 K to 220 K. The results can be summarized and concluded as

follows:

1. With increasing excitation photon energy, the E, first increases and then decreases
while A increases monotonically. The turning point of the E,’s behavior is con-

sidered to be the mobility gap. Two relaxation processes are used to qualitatively
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explain the E,’s behavior. The process (1), without large lattice distortion. dis-
tributes the excitons among the various localized states, and then the process (2).
with large lattice distortion, makes the excitons self-trapped. Above the mobility
gap, the higher the excited energy is, the bigger the transition ability to the low

energy localized state.

. We find a new temperature dependence of the A; with increasing temperature it
first decreases and then increases. This behavior can be considered that in the
low temperature region the energy distribution of the localized state in which
the excited electron is trapped becomes narrow owing to the different quenching
activation energy of trapped state. In high temperature region, the broadening
of each emissions from the localized states dominates the relaxation processes to

broaden the spectra.

128



i I I | { ] | ] i I

exc.2.41eV
20K
------- 96K(X8)

——- 191K
(X200)

Intensity (arb.units)

Photon Energy (eV)

Figure 8.1: Photoluminescence spectra of the GeSe, glass at various temperature with

excitation energy of 2.41 eV. The peak width decreases with increasing temperature.
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Figure 8.2: Excitation energy dependence of the peak energy ( lower half ) and the full
width at half maximum ( upper half ) of the luminescence spectra of the GeSe; glass
at 18 K. With increasing excitation photon energy, the peak energy first increases in
the region of excitation energy below 2.2 eV, and then decreases in the region above

2.4 €V. The peak width increases monotonically with increasing excitation photon en-

ergy.
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Figure 8.3: Temperature dependence of the luminescence peak energy at various exci-
tation photon energies. With increasing temperature, for the curves of the excitation
energies of 2.41 eV and 2.54 eV, the peak energy first increases in the region of temper-
ature below 100 K, and then decreases in the region above 100 K. The lines are guides
to the eyes. The up-arrow approximately indicates the turning points of the cures (
2.41 eV and 2.54 €V ).
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Figure 8.8: (a) The schematic diagram for the potential fluctuation in real space. The
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has larger transition probability to a deep localized state than a low energy extended
state has, as the arrows show. (b) Configurational coordinate energy diagram for the
schematic explanation of the luminescence by above mobility gap excitation. The high

energy excitation (E,) leads the emission of L4 and Lg, while the low energy excitation

(Ep) leads the emission only of Lp.
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Chapter 9
Summary and Conclusions

In this thesis, the structure and the structural changes in Ge,Se;_, system have been
mainly studied by using Raman scattering techniques. Three subjects have been inves-

tigated.

1. To clarify the structure and structural changes in glassy and liquid Ge,Se;_,, the
glass-transition, crystallization and melting in this system have been investigated

by measuring the Raman spectra in the temperature range of 20~850 °C.

2. To clarify the structure affected by the sample preparation method, the photo-
induced crystallization processes have been interpreted in different g-GeSe; films

which are prepared in different cooling rates.

3. Toward understanding of the relaxation processes of excited electrons in the photo-
induced structural changes, the glassy and crystalline GeSe, have been studied
by analyzing the temperature and the excitation energy dependence of the pho-

toluminescence spectra.

In the chapters 4 ( GeSe; ) and 5 ( Ge,Se;_, ), the macroscopic phenomena, such
as the glass-transition, crystallization and melting, are explained from the view point
of the microscopic structural changes. ’

With increasing temperature at glass-transition, the rapid decrease of the viscosity
leads the structural relaxation time shorten fast. In glassy ( g- ) and liquid ( - )
GeSe,, the medium-range structure ( MRS ) is considered as a topologically crystalline
layer-like fragment. In g-GeSe,, the lone pair Se-Se interactions between the two

successively stacked fragments restrains the vibrational intensity AY which relates to
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the edge-sharing GeSey/, tetrahedra. The fact that with increasing temperature the
intensity ratio of the A band to A, band increases quickly from 1:3 to 1:1 in the
super-cooled liquid ( SCL ) is related to a drastic decrease of the interaction between
the layer-like fragments.

Basing on the temperature dependence of spectral shapes in Se and Ge-poor
Ge,Se;_, ( £ £ 0.07 ), it has been found that the dominant structure of the glasses is
(Se),, chains where the glassy state involves a parallel Se-Se chain region together with
the non-parallel chain region. The decrease of viscosity causes large configurational fluc-
tuations in the parallel region of (Se), chains to broaden the corresponding vibrational
band at 235 cm™!. In the Ge,Se;_, ( 0.10 < z < 0.20 ), the intensity ratio Igeseasa/Ise
increases with increasing temperature above glass-transition temperature. The leading
structural units are GeSey/; tetrahedra which easily move and coalesce with each other
to form the crystalline embryo in the SCL state. For those Ge,Se,_, ( z = 0.10, 0.15 )
in which no crystalline spectra has been observed, the c~GeSe, like crystalline embryo
1s resolved at melting point.

In the Ge composition region of 0.04 < z < 0.18, no crystallization occurs in the
experimental time periods ( ~ 10 hours ) which means that it is shorter than the
relaxation time for the crystallization. When the Ge composition increases above 0.04,
the population of GeSey/; tetrahedra, whose structure is rather stable than the (Se),
chains at the experimental temperature, is large enough to easily prevent the (Se),
chains from crystallization. Below the z = 0.18, though the GeSe, crystalline embryos
are formed in the SCL, the relaxation time for the c-GeSe, growth becomes much
longer than our measurement time period. At the z = 0.18, the crystallization of c-
GeSe; occurs easily. The relaxation time for crystallization shows an essential change
at r = 0.18 ( average coordination number (r) = 2.37 ) which is very close to the
rigidity percolation threshold value z = 2.0 ( (r) = 2.4 ) basing on the Phillips-Thorpe
constraint theory. “

In the chapter 6, the various structures in g-GeSe; films, which are quenched from
melts with different cooling rates, are investigated by time-resolved Raman scattering
measurement. The thermal crystallization temperatures of the g-GeSe, films are higher
than those the vacuum evaporation amorphous GeSe, films which are prepared with
extremely fast cooling rates. This suggests that a fast cooling rate, corresponding
to a high initial energy, leads the thermal crystallization temperature decreased. In

the g-GeSe; films the initial energies are almost the same, however, the threshold
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temperatures for photo-induced crystallization processes are different. A slow cooling
rate lowers the threshold temperature. It is reasonable to considered that in the glass,
prepared by a slower cooling rate, the medium-range structure is more similar to the
crystalline nuclei, or easier to transform into crystalline nuclei.

In chapters 7 and 8, the relaxation processes of photo-induced electrons in g—GeSe,
and c-GeSe, have been studied, respectively. In the c—GeSe,, two intrinsic luminescence
bands ( 1.02 eV and 1.15 €V ) are independent of temperature, however, the two
excitation bands which are related to the two Juminescence bands shift to lower energies
with increasing temperature. The luminescence band at 1.25 eV, which is observed at
low excitation energy, shows the sample dependence strongly. In the g-GeSe, at low
témperature with increasing excitation photon energy, the peak energy first increases
and then decreases while the full width at half maximum of the intensity increases
monotonically. The turning point of the behavior of the peak energy is considered to
be the mobility gap. A new temperature dependence of luminescence width has been
found that the FWHM first decreases in the low temperature region and than increases
in the high temperature region. A configurational coordinate energy diagram method
is used to qualitatively interpret these results. In the g-GeSe,, the relaxation process
without large lattice distortion, which distributes the excifed system among the various
localized states, cooperates with the process with large lattice distortion, which makes

the system trapped.
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