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Introduction
A growing interest can be witnessed currently in the research of chalcogenide
glasses, which is, to much extent, caused by newly opened fields of applications
for these materials. Applications in phase-change memories [1, 2] and in detectors for medical imaging [3, 4] seem most remarkable. Chalcogenide glasses are
glasses containing one or more of the chalcogenide elements like Sulfur, Selenium
and Tellurium. They are well known for their transparency far in to the infrared
and are widely used as infrared optical components [5]. They present third-order
optical nonlinearities and are applied as optical fibres [6]. The most interesting property of chalcogenide glasses is their sensitiveness to light illumination.
They show a variety of photoinduced effects during light illumination, such as
photoinduced volume change -expansion or contraction- [7], photodarkening [8],
photobleaching, photodensification [9], photoinduced anisotropy, photo amorphisation and crystallisation [10], etc. These effects are accompanied by changes in
the volume, in the optical constant, in the electronic band gap, in the refractive
index, in the optical absorption coefficient and in the density. The light-induced
alterations are favoured in chalcogenide glasses due to their structural flexibility
(low coordination of chalcogens) and also due to high-lying lone-pair p states in
their valence bands.
The first photoinduced effects were reported by Ovshinsky et al. in 1970
[11]. A number of photoinduced changes have been reported and explored in many
chalcogenide glasses [12] since then. Several techniques were developed for the
preparation of chalcogenide thin films. One of these techniques was the thermal
evaporation growth process [13]. Thin films could be grown along the normal
of the substrate or in a direction α to the normal. The first case is called flatly
deposition and the second one is named oblique deposition. In 2004 Shimakawa
et al. studied the photoinduced volume changes of flatly and obliquely deposited
amorphous As2 Se3 thin films [14]. They found photoinduced volume expansion in
flatly deposited thin films and in obliquely deposited ones photoinduced volume
contraction. The samples were grown and studied among the same conditions.
The only difference between them was the deposition angle. My study was based
iii
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on these experiments. I wanted to get answers on some questions: What is
the origin of the different behaviours? Are there structural differences between
the flatly and obliquely deposited thin films? If yes how do they influence the
photoinduced changes of these films?
In the first two chapters of this dissertation I will present the methods
of my study and I will give answers to some of these questions. As the model
material of the chalcogenide glasses is the amorphous Selenium (a-Se) my studies
were performed on that one. I studied more deeply the photoinduced volume
changes of amorphous Selenium (oblique and flat) on microscopic and macroscopic levels. I found an experimental evidence for the microscopic photoinduced
changes with Raman spectroscopy. In the third chapter I will present in details
my experimental findings. In order to describe on macroscopic level the dynamics
of photoinduced volume expansion I have developed a theoretical model. This
model will be presented in chapter four of this thesis.
The chalcogenide glasses don’t have Electron Spin Resonance (ESR) signal in dark [15]. I studied the electronic structure of amorphous Selenium in
order to investigate the origin of this behaviour. The methods and the results of
this study will be presented in chapter five of this thesis.
In the last chapter of this thesis I will summarise my scientific results in
thesis points.

Chapter 1

Oblique deposition

1.1

Introduction

In this chapter I will present my results on atomic scale investigation of the
structures in obliquely deposited amorphous Selenium thin films. Before presenting my methods and achievements I summarise the main results of the earlier
research of obliquely deposited chalcogenide glasses. For the first time, at the
end of the 1970s Chopra’s group studied the correlation between photoinduced
effects and the deposition angle [16]. In amorphous GeSe films a correlation was
observed between the anomalously large photocontraction and the angle of deposition [16]. In obliquely deposited amorphous GeSe3 films Rayment and Elliott
reported density decrease when the angle of the evaporant beam was increased
[17]. Columnar structures were observed in these films and the illumination with
light caused photodensification [17]. The columnar structure was observed in
obliquely deposited amorphous GeS2 , [18] too. Decrease in the refractive index
and microhardness versus angle of incidence has been reported. These results
are the evidences of the increasing free volume with the increase of obliqueness
[18]. Photoinduced changes in optical properties of obliquely deposited amorphous As2 S3 thin films have been studied by Dikova et al. [19]. It was found
that the increase of the refractive index and absorption coefficient is higher in the
case of obliquely deposited films. A comparison between obliquely deposited Asbased and Ge-based chalcogenide films was performed by Shimakawa’s [20] group.
Photodarkening and photoexpansion of As-based chalcogenides and photobleaching and photocontraction in Ge-based chalcogenides were measured [20]. From
these experiments it can be concluded that obliquely deposited chalcogenides
show more enhanced photoinduced changes [21]. This could be a consequence
of free volume and thus of a more porous structure. As I already presented recently, Ikeda and Shimakawa [14] published their experimental results on flatly
1
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and obliquely deposited amorphous As2 Se3 . The flatly deposited sample showed
photoinduced volume expansion, while the other shrank during the illumination,
and after switching off the light its volume remained the same. The goal of my
study was to explain what is the origin of this different behaviour. In order to understand these controversial results we need to have an insight on an atomic level
in the structure of flatly and obliquely deposited chalcogenide thin films. From
experiments it is rather difficult to get information of the detailed structure of
these disordered films.
Nowadays there is a powerful tool of atomic scale study namely the computer simulation, called also as computer ”experiment”. A computer experiment
attempts to simulate a model of a system or physical phenomena. The purpose of
my computer experiment was the simulation of deposition of amorphous chalcogenide thin films i.e. construction of amorphous chalcogenide networks under
different angles of incidence and the structural investigation of the obtained samples in atomic level. By my definition the angle of incidence is the angle between
the normal of the substrate and the direction of the evaporated atoms during
deposition. My simulations were performed on amorphous Selenium. The Molecular Dynamics (MD) technique was used for the simulation of the deposition [22].

Figure 1.1: Analogy between real and my computer experiment: a.) schematic
illustration of evaporation chamber b.) schematic illustration of simulation box
In Fig. 1.1 the analogy between real and my computer experiment is
presented. A thermal evaporation chamber is schematically illustrated in Fig.
1.1.a The material which will be deposited is placed in a thermal boat. Raising
the temperature of the boat the material evaporates. The evaporated atoms are
collected on a substrate kept on constant temperature with a heater. The whole
process is performed in vacuum [23]. Fig. 1.1.b shows the schematic sketch of
the simulation cell. The substrate is located at the bottom of the simulation box.
Atoms with random velocities were injected into the box in certain Molecular
Dynamics steps. The temperature of the substrate is kept at constant value and
the injected atoms attach to the surface growing the amorphous network.
In this chapter I will give some general introduction to the Molecular
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Dynamics method then I will present in details my simulation technique for the
oblique deposition of amorphous Selenium thin films. Afterwards I will show my
results on the structural investigation of the samples and finally I will form some
conclusions.

1.2
1.2.1

Simulation technique
Molecular Dynamics

Molecular Dynamics [24] is a form of computer simulation in which atoms and
molecules interact for the investigated time period giving a view of the motion of
the atoms. In MD we solve the Newton’s equations of motions:
Fi = mi ai
for each atom i in a system constituted by N atoms. Here mi is the mass of atom
i, ai = d2 ri /dt2 its acceleration, and Fi the sum of forces acting upon it, due to
interaction with other atoms [25]. In this way we can follow the trajectory of the
system in the 6N -dimensional phase space.
To describe a real system we need to do some approximations in the
MD simulations. We usually do not calculate the accurate forces acting on a
particular atom i as we always neglect some correlations or we use cut off for
the interactions by taking only the first, second, third, fourth, etc. neighbour
influences.
Another approximation is the system size, as we can not treat 1023 atoms
in a simulation box. So we simulate just a fraction of real systems. In the
limit where the correlation length is much smaller then system size, this does
not matter too much. The finiteness of the system is felt at the boundaries.
If we simulate 729 atoms, 81 are at the surface, this is a significant part of
the atoms (1/9). Thus surface effect may affect and dominate the behaviour
of the bulk system. A solution of this problem in MD technique is the use of
periodic boundary conditions (PBC). This implies that particles are enclosed in
a box, which is copied by rigid translations in all the three Cartesian directions
completely filling the space. When a particle enters or leaves the simulation
region, an image particle leaves or enters this region, such that the number of
particles from the simulation region is always conserved [26]. In this way the
system interacts with itself at the boundaries as displayed in Fig. 1.2 in two
dimensions. Thus for the finite system a similar behaviour to infinite system is
found.
The time step is very important parameter to be chosen in the correct
way. For atomic processes the time scale of femtoseconds is needed. The total
simulation time have to be much larger than the relaxation time of measured
quantities.

CHAPTER 1. OBLIQUE DEPOSITION

4

Figure 1.2: Periodic boundary conditions in two dimensions. The central square
represents the simulation cell. This is surrounded by translated copy cells.

The algorithm of a standard MD simulation consists of the following steps:
initialise, start the simulation and let the system to evolve, continue simulation
and store results [24]. In the initialisation step the number of particles and the
form of the interaction is specified. The temperature of the system (or of the
part of the system) usually is defined as an input parameter. It has to be kept
constant during the simulation process. The interactions are usually obtained as
the gradient of a potential energy function depending on the position of the particles. The simulation’s comparability with experiment strongly depends on the
accuracy of the chosen potential to reproduce the behaviour of the material under
the conditions at which the simulation is run. Ordinarily the interaction could
be described by a pair potential (ex. Lenard-Jones potential) or a many-body
potential determined from quantum mechanical calculations (ex. tight binding),
by a semiempirical potential, or can be deduced from ab initio calculations. Pair
potentials cannot be used if we want to simulate covalently bonded systems. At
least three-body potentials must be applied in this case.
To start a simulation we have to assign initial positions and momenta to
the particles. There are several ways to determine the position of the particles,
one is to assign randomly the space coordinates, the another one is to place the
particles on well structured lattices. The velocities can be randomly chosen from
a Maxwell-distribution or all can be assigned to a constant value.
In the next step the system is let to reach the equilibrium. If we simulate
non-equilibrium processes, in this step we just follow the motion of the particles
among these non-equilibrium conditions. In this step the integration method
has to be set. There are several methods for the integration of the equation
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of motions as the Verlet algorithm, the velocity Verlet algorithm, the predictorcorrector method, the leapfrog etc. [24]. The problem of energy dissipation
appears in some cases (thermostatting). To solve this problem several methods
had been developed. The most well known are: the velocity rescaling method,
the Gaussian thermostat and the Nosé-Hoover thermostat etc. [27].

1.2.2

Simulation method

In order to simulate the deposition of amorphous Selenium J. Hegedűs and S.
Kugler developed a Molecular Dynamics computer code [28]. I used this MD
code to simulate the oblique deposition of a-Se thin films. At the beginning of
the simulation my system consisted of a crystalline substrate. In particular MD
steps a new atom was injected into the system. Thus I got a growing sample, as
the injected atoms were attached to the surface. My substrate was a trigonally
crystalline one containing 324 Se atoms. Fig. 1.3 shows the initial structure.

Figure 1.3: The initial structure of the simulation a trigonally crystalline Selenium substrate
During the simulation 108 atoms were fixed at the bottom of the substrate
to mimic the bulk crystalline substrate. The remaining 216 Se atoms could move
with full dynamics. Trigonally crystalline chains were chosen as under normal
pressure the most stable crystalline phase of Se consists of infinite helical chains
with trigonal symmetry [29]. In the initial step all the velocities of the atoms
were assigned to a constant value. As I simulated atomic processes the time step
was set to one femtoseconds.
Periodic boundary conditions were applied in the x and y directions. In
the z direction the simulation cell was open. A three-body effective interatomic
potential was used to describe the atomic interactions [30]. This potential is

6
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strongly repulsive for small interatomic distances and includes two- and threeparticle interactions:
U=

X
i<j

V2 (rij ) +

X

h(rij , rkj , Θijk ) + cyclic permutations,

(1.1)

i<j<k

where V2 (rij ) is the two-particle contribution of the potential energy U for atoms
i and j separated by distance rij . The three-body interaction depends on distances between atoms i, j, rij , and atoms j k, rjk and Θijk , the angle at atom j
subtended by rij and rjk . The three-particle energy h(rij , rjk , Θijk ) is given by
h(rij , rjk , Θijk ) = V3 (rij )V3 (rjk )[b1 (cosΘijk − cosβ2 )2 + b3 − 0.5b1 cos4 Θijk ], (1.2)
with b1 = 34.4866, b3 = 11.9572, and β2 = 95.3688°.
The three-body term is purely repulsive and strongly favours a coordination number of two as observed in experiment. The radial parts of the twoand three-body potential of Eqs. (1.1) and (1.2) are described by decaying exponential functions. Discontinuities in the vibration frequencies are avoided by
cutting off the potentials smoothly by polynomial to yield continuous functions
with continuous first and second derivatives at the cutoff distances. The potential
describes the most important structural features and reproduces qualitatively dynamics and thermodynamic properties of small clusters containing only selenium
atoms [30].
The velocity Verlet algorithm was used to follow the motion of atoms:
ri (t + ∆t) = ri (t) + vi (t)∆t +
vi (t + ∆t) = vi (t) +

1
Fi (t)∆t2
2m

1
[Fi (t) + Fi (t + ∆t)]∆t
2m

(1.3)
(1.4)

where ri (t) denotes the position vector , vi (t) is the velocity vector and Fi (t) is
the force acting on atom i at time t, m denotes the mass of the particle i. At
time t + ∆t the particle is at position ri (t + ∆t), has velocity vi (t + ∆t) and
Fi (t + ∆t) force is acting on it. The algorithm is implemented in stages [24] :
evaluation of current force (Fi (t)), computation of ri at new time, calculation of
velocity at half-time step with the following equation
vi (t +

Fi (t)∆t
∆t
) = vi (t) +
,
2
2m

(1.5)

computation of new force (Fi (t + ∆t)) from the interatomic potential, addition
of new force term to velocity
vi (t + ∆t) = vi (t +

Fi (t + ∆t)∆t
∆t
)+
.
2
2m

(1.6)
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The frequency of the atomic injection was 1/125 fs−1 on average. The
substrate was kept at a constant temperature by rescaling the velocities of the
atoms in every MD step. The surface temperature of the substrate was 300 K
while the average bombarding energy of incoming atoms was one eV.
I prepared several samples with angles of 0°, 20°, 45°, and 60° between
the normal to the substrate and the direction of the incidence of the randomly
injected atoms. Fig. 1.4 shows two snapshots of the grown samples. In Fig.
1.4.a is shown a flatly (0°) deposited sample, and in Fig. 1.4.b an obliquely (60°)
deposited one.

Figure 1.4: Snapshots of (a.) flatly (0°) and (b.) obliquely (60°) deposited a-Se
samples

1.3

Structure analysis and results

Fig. 1.4 presents the snapshots of the flatly and one obliquely deposited samples.
The amorphous structure of the samples can be easily noticed. In order to make
analysis on the films and to formulate conclusions I have to check how realistic
my samples are. In the amorphous materials there is no long range order, but
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there is a short range ordering as there is a significant average distance between
the first and second atomic neighbours. As the first step I investigated this short
range order by measuring the radial distribution function.

1.3.1

Radial Distribution Function

The radial distribution function also known as RDF [13] is a measure to determine
the space correlation between particles within a system. It is the average number
of atoms lying between r and r + dr from the centre of an arbitrary origin atom.
It is related to the probability of finding a particle at a distance of r + dr away
from a given reference particle. The general algorithm involves determining how
many particles are in average within a distance of r and r + dr away from a
particle. This general scheme is depicted on Fig. 1.5, where the central black
particle is our reference particle, and black particles are those which are within
the circular shell of width dr.

Figure 1.5: General scheme for the calculation of the radial distribution function.
Thus the radial distribution function at r distance from any particle can
be calculated with the following formula [31]:
RDF (r) = 4πρ r 2 g(r),

(1.7)

where g(r) is the pair correlation function and ρ is the density. The RDF is
usually plotted as a function of the interatomic separation r. Occasionally it is
better to use the reduced radial distribution function T (r) = RDF (r)/r, which
produces more symmetrical peaks [31].
A typical RDF plot in Fig. 1.6 [31] shows a number of important features.
Firstly, at short separations (small r) the RDF is zero. This indicates the effective
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width of the atoms, since they cannot approach any more closely. Secondly, a
number of obvious peaks appear, which indicate that the atoms pack around each
other in ”shells” of neighbours.

Figure 1.6: Radial distribution function of an amorphous solid (Fig 3c in [31]).
The integral of the RDF, shaded by blue, gives the coordination number.
The occurrence of peaks at long range indicates a higher degree of ordering. Usually, at high temperature the peaks are broad, indicating thermal
motion, while at low temperature they are sharp. The integral of the RDF directly gives the number of atoms in a given coordination shell (the coordination
number), as shown in Fig. 1.6 shaded by blue colour.
The radial distribution function of the flatly deposited (0°) amorphous
Selenium thin film is presented on Fig. 1.7. We can find two peaks, one at 2.35
Å and a second one at 3.5 Å distance.
The first peak corresponds to the average first neighbour distance. This
distance is equal to the length of the Se–Se covalent bond in the amorphous network. This number is in good agreement with the experimentally measured ones.
From X-ray diffraction measurements, the radial distribution functions of amorphous Se prepared by mechanical milling (MM) for 50 h and by liquid quenching
(LQ) from 600  have been derived. The first neighbour distance for the MMamorphous Se was 2.36 Å and for the LQ-amorphous Se 2.37 Å. The second
nearest-neighbour distances were around 3.7 Å for both samples [32]. The structure of amorphous Selenium prepared by quenching from molten Selenium at 620
K to room temperature has been studied by X-ray diffraction [33]. The radial

10
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Figure 1.7: Radial distribution function of flatly deposited amorphous Selenium

distribution function showed a marked peak only at 2.3 Å. The second peak was
not separated from the third one. In situ X-ray absorption fine structure measurements were carried out on amorphous Selenium by A. V. Kolobov et all. [34].
The Se–Se covalent bond length has been determined from the measurements. In
amorphous Selenium this bond length was 2.35 Å. This value corresponds to the
first peak position of the radial distribution function in Fig. 1.7.
The radial distribution functions of flatly - grown at 0° angle - and
obliquely - grown with average 0°, 45°and 60° angle - deposited amorphous Selenium thin films are presented on Fig. 1.8.
I could not find any difference between the radial distribution functions
of the amorphous samples grown at different angles of incidence. The functions
gave the same first neighbour 2.35 Å and second neighbour 3.7 Å distances.

1.3.2

Coordination Number

Coordination number distributions of the samples were analysed next. The coordination number of an atom is the number of it’s nearest neighbours. In amorphous Selenium this number corresponds to the number of the covalent bonds
of the Se atoms. The neutral Selenium atom has coordination number two. In
amorphous structure Selenium atoms can form one or three covalent bonds. The
coordination number of amorphous Selenium was determined from in situ extended X-ray-absorption fine structure measurements. The big part of atoms
was 2 fold coordinated and around 20% were found 3 fold coordinated atoms

11
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Figure 1.8: Radial distribution functions of amorphous Selenium thin films deposited in 0°, 20°, 45°and 60° angles of incidence
[34].
The coordination number distribution of my flatly and obliquely deposited
amorphous Selenium thin films are presented in Fig. 1.9.
Most of the atoms, more then 90%, has a coordination number of two.
There were atoms with a coordination number equal to three, around 9% and
very few, the remaining 1% with a coordination number of one. These are called
coordination defects. The number of coordination defects increased by 3% if the
average angle of incidence was varied from 0° to 60°.

1.3.3

Densities

The density of the grown amorphous Selenium thin films was analysed next. The
density of crystalline Selenium is 4.79 g/cm3 . Tab. 1.1 assembles the density of
the amorphous Se samples grown in different angles of incidence.
Table 1.1: Densities of amorphous Selenium thin films grown under different
angles of incidence
Average angle of incidence
Density (g/cm3 )

0°
4.50

20°
4.40

45°
4.38

60°
4.20

The density decreased monotonically if the angle of incidence was increased from 0° to 60°. This fact suggests that larger voids could be found in
the obliquely deposited thin films. To investigate this supposition I analysed the
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Figure 1.9: Coordination number distributions of amorphous Selenium thin films
deposited in 0°, 20°, 45°and 60° angles of incidence
void distribution of the samples.

1.3.4

Voids

To determine the amount of the free volume in the flatly and obliquely deposited
amorphous Selenium thin films I used the Voronoi-Delaunay approach [35]. The
Voronoi diagram and the Delaunay triangulation are useful tools for exploring the
near neighbour environment around randomly distributed points. Voronoi diagrams were considered for the first time at 1644 by Renè Descartes and later were
used by Dirichlet (1850) in the investigation of positive quadratic forms. They
were also studied by Voronoi (1907) [36, 37], who extended the investigation of
Voronoi diagrams to higher dimensions. The Voronoi Diagram is the partitioning
of the plane with n points into convex polygons such that each polygon contains
exactly one generating point and every point in a given polygon is closer to its
generating point than to any other. The Delaunay triangulation of the plane
with n points corresponds to the dual graph of the Voronoi tessellation for these
points. Delaunay triangulation for a set P of points in the plane is a triangulation DT(P) such that no point in P is inside the circumcircle of any triangle in
DT(P). The Voronoi diagram and the Delaunay triangulation in two dimensions
are presented in Fig. 1.10. I applied this mathematical tool on my amorphous
Selenium networks where the Se atoms were distributed randomly in the space
within the volume of the films. My consideration was the following: The Voronoi
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Figure 1.10: Voronoi diagram and Delaunay Triangulation in two dimensions,
and their correspondence

polyhedra of the Selenium networks was computed. Atoms whose Voronoi polyhedron shared a face were considered contiguous. A set of four atoms contiguous
to each other formed a tetrahedron, Delaunay tetrahedron. The Delaunay tetrahedron’s insphere volume has been applied as a measure of void volume. In two
dimensions Fig. 1.11 schematically illustrates the void measuring. I analysed the

Figure 1.11: The Delaunay triangle insphere, the measure of void volume size in
two dimensions
void size distribution of the amorphous samples. The void size distribution of
flatly (0°) and obliquely (60°) deposited samples from 3 to 6 Å3 follows a near
logarithmic distribution as shown in Fig 1.12. We can see on Fig 1.12 that in the
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oblique sample (60°) there are more voids of 3 to 6 Å3 size than in the flatly (0°)
deposited one.
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Figure 1.12: Void size distribution of two different samples in the 3 to 6 Å3
interval
When I investigated the distribution of bigger voids than 6 Å3 I found
larger voids in the obliquely deposited samples. Voids having larger volume than
6 Å3 appeared mostly in the obliquely deposited samples, as we can see on Fig
1.13. From the void size distributions we can conclude that the oblique samples
contain more and larger voids than the flatly deposited ones. In the obliquely
deposited samples the amount of free volume is larger thus the density is smaller
than in flatly deposited chalcogenide films.

1.4

Summary and conclusions

In this chapter a theoretical atomic level study of the growth and of the structures of flatly and obliquely deposited amorphous Selenium thin films have been
presented. For the simulation of the growth the Molecular Dynamics technique
was used. Se thin films were grown at 0°, 20°, 45°, and 60° angles of incidence. To
investigate the differences between the structures I have calculated and compared
the radial distribution functions, the densities, the coordination number distributions of the films. Direct correlation was shown between the decreasing density
and the increasing obliqueness. Increasing number of coordination defects was
found in function of the growing angle of incidence. In order to explore the origin
of the decreasing density the free volume within the samples was explored with
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Figure 1.13: Void size distribution of largest voids of flatly and obliquely deposited samples

the Voronoi-Delaunay approach. In the oblique samples more and larger voids
were detected than in the flatly deposited amorphous thin films. It was proved
that there are structural differences between the flatly and obliquely deposited
chalcogenide glasses. The obliquely deposited samples have a more porous structure than the flatly deposited ones. The amorphous network probably is more
unstressed in the case of the obliquely deposited thin films than in the flatly deposited ones. The larger voids can cause different photoinduced volume changes
in the oblique samples.

Chapter 2

Photo induced volume change in
obliquely deposited chalcogenide
glasses

2.1

Introduction

In the first chapter I have presented the differences between the structures of
flatly and obliquely deposited amorphous Selenium samples. I found decreasing
density with the increasing obliqueness. I have pointed out that this decrease
is caused by the presence of larger voids in oblique samples, than in the flatly
deposited ones. In this chapter I would like to find an answer to the following
question: How does the oblique deposition (the presence of voids) effect the photoinduced volume changes in amorphous Selenium thin films on microscopic and
macroscopic level? To model the effect of light quantum mechanical description
is needed. Thus I performed Tight Binding Molecular Dynamics (TBMD) simulations on void containing amorphous Selenium samples. First I will present the
simulation method. Than I will show the microscopic and macroscopic results of
the analyses of the simulations. At the end conclusions will be formulated.

2.2

Simulation method

To model the photoinduced volume change in obliquely deposited amorphous
Selenium thin films we need three basic elements: oblique sample, a model for
band-gap light illumination, and a technique to realise the model.
My earlier presented oblique samples were created by a classical empirical
three-body potential. For the modelling of the growth this potential was suffi16
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cient. For the study of the structures these oblique samples were adequate. But
for the study of photoinduced volume change, where quantum mechanical description was needed these a-Se thin films were inapposite. New samples have to
be constructed where the quantum mechanical feature of the atoms is taken into
account. I created new samples containing voids using a Tight Binding potential
[38, 39], which gave a quantum mechanical description of the atomic interactions.
The oblique (void containing) sample creation process had two steps. First amorphous Selenium thin films were prepared. Than voids were created artificially in
the films as we deduced from our previous study [22] that oblique samples contain large voids (> 6 Å3 ). The amorphous Selenium samples were prepared by
the ”cook and quench” technique [40] using the above mentioned Tight Binding
potential [38, 39]. 216 Selenium atoms were kept at 5000 K for 0.6 ps in the simulation box to randomise the atomic positions. Then for 4.4 ps the temperature
have been decreased linearly from 700 to 250 K to drive the system trough glass
transition. Afterwards the samples were relaxed for 1 ps at 20 K temperature.
In this way several amorphous Selenium configurations could be generated. In
these a-Se configurations the Radial Distribution Functions were analysed. Two
peaks were found one at 2.35 Å indicating the covalent bond length and a second
one at 3.57 Å measuring the second neighbour distance. These values are in good
agreement with the experimentally measured ones [32, 33].
To create voids in the a-Se configurations I used two methods. In the first
case two overlapping ellipsoid voids were made in the samples by removing atoms.
The closest atoms to the points at one-third and two-third on the symmetry line
in the z direction of the simulation cell were chosen. Centers of the ellipsoids
were assigned to these atoms and 16-16 nearest-neighbour atoms to these centres
were removed. In the second case several randomly distributed small spherical
voids with a radius of 2.7 Å were made to mimic the obliquely deposited thin
films. Next the samples were relaxed for 20-30 ps at 20 K temperature to stabilise
the structures. In Fig. 2.1 is shown an oblique sample. I generated 25 different
oblique samples containing about 100 atoms and voids.
The model of band-gap light illumination was developed by S. Kugler
et al. [41]. When the material is illuminated with band-gap light photons are
absorbed. The absorbed photon excites an electron. In this way an electron-hole
pair is created. It was assumed that immediately after the photon absorption
the electron and hole became separated in space on a femtosecond time scale
[42]. So they could be treated independently. Thus the illumination process
was modelled by transferring an electron from the Highest Occupied Molecular
Orbital (HOMO) to the Lowest Unoccupied Molecular Orbital (LUMO). In this
approach, excitons do not play any role during the photoinduced volume changes
and the Coulomb interaction between electrons and holes were also neglected.
Two sets of simulations were run. In the first set an extra electron was put
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Figure 2.1: Model of the oblique amorphous Selenium sample. The red ellipsoids
indicate the derivation of void in present consideration.

onto the LUMO to model the electron excitation process. In the second set one
electron was annihilated in the HOMO modelling thus the hole creation process.
A Tight Binding Molecular Dynamics technique was used to model the
electron excitation process. In the first chapter one can find a detailed description
of the Molecular Dynamics technique. The TBMD is a conventional MD technique where the atomic interactions are calculated using Tight Binding Model.
The Tight Binding [43] is a model for the calculation of the electronic band structure of molecules and solids. Tight Binding Model is one of the simplest models
that can describe the quantum mechanical nature of the chemical bond. The used
empirical Tight-Binding model was developed by D. Molina et al. [38]. Following
the approach of Goodwin, Skinner, and Pettifor [44] they split the potential energy of the system in a contribution stemming from the valence electrons Eb and
a repulsive term derived from the screened Coulombic repulsion and the exclusion
principle between core states Erep . Thus the total energy reads as
E=2

n
occ
X
i

ǫi +

X

Erep (rij ),

(2.1)

i<j

where ǫi are the one-electron eigenvalues of the TB Hamiltonian and nocc is the
occupation number. The repulsive part is pairwise additive and has an exponential part
(2.2)
Erep (r) = ϕ0 (r0 /r)m exp{m[−(r/dc )mc + (d0 /dc )mc ]}.
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In the independent electron approximation the valence electron Hamiltonian H
can be decomposed in n = zN (N is the number of atoms and z the valence
number) terms
n
X
hi ,
(2.3)
H=
i

where the one-electron Hamiltonian hi is
X
X
h=
ǫαp a+
a
+
tαβ (|Rp − Rq |a+
p,α
p,α
p,α aq,β ).
p,α

(2.4)

p6=q,α,β

Here, ǫαp = ǫα are the on-site energies of the valence electrons in the basis set
chosen, tαβ (Rp − Rq ) are the energies associated to electron hopping from state
α in the atom located in Rp to state β in the atom in Rq . a+
p,α (aq,α ) are the
corresponding creation (annihilation) operators defined in terms of atom-centred
basis functions. The radial factor of hopping integrals can be parametrised as
αβ

αβ

n
αβ nc
+ (r0 /rcαβ )nc ]},
tαβ (r) = tαβ
0 (r0 /r) exp{n[−(r/rc )

(2.5)

r is interatomic distance, αβ denotes the relations between atomic orbitals, in
case of Selenium only s and p orbitals are relevant, therefore, only four different
functions are necessary to describe the radial factors of hopping integrals, these
are ssσ, spσ, ppσ, ppπ. To guarantee zero hopping between atoms these functions
at large distances have a cutoff at 3.8 Å or at 4.0 Å depending on the particular
function. The functions has to be smoothed at the cutoffs, so that forces can be
calculated [38].
Later D. Molina et al. modified this Tight-Binding Hamiltonian model
to incorporate the effect of charge=charge correlations via an empirical Hubbard
contribution [39]. The modification was necessary as the charge-transfer was
too large and too much coordination defects appeared in disordered phases [38].
According to this assumption the total energy of the system will be consisted of
Eq. (2.1) plus the Hubbard term which quadratically depends on deviations from
charge neutrality, i.e.
E=2

n
occ
X
i

ǫi +

X

Erep (rij ) + U

nb
n
N
occ X
X
X
(n)
(ciα )2 .
(qi − qi0 )2 qi = 2
i

i<j

n

(2.6)

α

(n)

ciα are the coefficients of the eigenfunction
X (n)
Ψ(n) (r) =
ciα ϕα (r − Ri ),

(2.7)

i,α

n indexes the one-particle eigenstates, ϕα (r − Ri ) are the basis functions per
atom and α stands for the components of the basis, in the case of Selenium these
are formed by the orbitals s, px , py , and pz . U is the Hubbard parameter whose
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value is 0.875 eV. The Hubbard corrections were incorporated in the HellmanFeynman forces via a first-order perturbation theory [39]. In this way the forces
were calculated using
P
X αβ δtαβ (Rij )
δ(−2 i<nocc ǫi )
Fij =
= −4
ρij
(2.8)
δRij
δRij
αβ

where the partial density matrix is
ραβ
ij =

n
occ
X

(n) (n)

ciα cjβ .

(2.9)

n

2.3

Analysis and Results

Two set of TBMD simulations were carried out. One for the electron excitation
and another for the hole creation process. The time step in the simulations was
1 fs. The excited state was on during 10 ps or 20 ps. After the excitation processes the samples were relaxed again for 10 ps or for 20 ps. In order to explore
the structural changes appearing as a consequence of electron excitation and
hole creation, the samples were analysed on macroscopic and microscopic level.
Macroscopically the height (thickness) of the films in the z direction was measured. On microscopic level the bonding environment and the detailed structures
of the sample were investigated.
In void free (flatly deposited) a-Se films Hegedűs et al. found photo expansion due to covalent bond breaking during the electron excitation process
and photo contraction due to inter-chain bond formation in the case of hole creation [41]. Below I will present the results of photo excitation of void containing
(oblique) samples.

2.3.1

Electron excitation

The thickness of the samples was analysed in the opened z direction. When
an extra excited electron was created, primary photo expansion was observed
in obliquely deposited a-Se films. Totally and near partially reversible photo
expansion were detected but some exotic behaviour was also marked. The totally
macroscopic reversible photo expansion is shown on Fig. 2.2.a. On microscopic
level reversible covalent bond breaking was found, as is shown in Fig. 2.2.b. We
could deduce that the totally reversible expansion was induced by a reversible
covalent bond breaking.
In the samples presenting near partially reversible photo expansion (see
Fig. 2.3.a) were found some reversible and irreversible changes in the bonding
network. In Fig. 2.3.b is plotted an irreversible covalent bond breaking. During
the illumination process new covalent bonds were formed, some covalent bonds
became shorter and some bonds got longer reversibly and irreversibly.
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b.)

Figure 2.2: a.) Totally reversible photo expansion. b.) Reversible covalent bond
breaking.

a.)

b.)

Figure 2.3: a.) Near partially reversible photo expansion. b.) Irreversible covalent bond breaking.

In some samples irreversible photo expansion was monitored. When an
electron was created the thickness of the sample increased and after the excitation process it doesn’t decreased down to its initial value as shown in Fig. 2.4.a.
In these samples a covalent bond has been broken irreversibly causing some irreversible changes in the bonding network.

a.)

b.)

Figure 2.4: a.) Irreversible photo expansion. b.) Reversible photo contraction.
A sample showed reversible photo contraction during electron excitation
although a covalent bond was broken reversibly as shown in Fig. 2.4.b.
Another exotic case found was a sample showing irreversible photo contraction induced by the electron excitation process (Fig. 2.5.a). In this case

CHAPTER 2. PHOTO INDUCED VOLUME CHANGE (PVC) IN OBLIQUE
SAMPLES

22

there was an irreversible covalent bond breaking on microscopic level and some
irreversible changes in the bonding environment causing void size reduction.
During the excitation process the thickness of a sample decreased. After
the excitation the sample contracted further during relaxation as presented in
Fig. 2.5.b. Irreversible covalent bond breaking and some irreversible structural
changes on the face of the inner voids were found in this case. A possible reason
to this kind of behaviour could be the shrinkage of voids due to photo-excitation
and thermal relaxation [45, 46].

a.)

b.)

Figure 2.5: a.) Irreversible photo contraction. b.) Two step irreversible volume
contraction.

2.3.2

Hole creation

In the second set of TBMD simulations when a hole was created several changes
due to the photo-excitation process were observed. Structural changes took place;
there were chain deformations, slips, ring creations, covalent, inter-chain bond
formations and breakings.
In the most cases thickness of the sample decreased during hole creation.
Thickness of some samples went back totally up to its initial value finishing the
hole creation process. On microscopic level reversible inter-chain bond formations
were found in these films. This reversible macroscopic change is shown in Fig.
2.6.a.

a.)

b.)

Figure 2.6: a.) Totally reversible photo contraction. b.) Partially reversible
photo contraction.
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Where there were more reversible changes in the bonding network, the
sample contracted reversibly and if the number of irreversible changes was larger,
than partially reversible contraction took place, as presented in Fig. 2.6.b.
Where were irreversible changes in the bonding environment (irreversible
inter-chain and covalent bond formations) illustrated in Fig. 2.7.b, the samples
showed remaining photo contraction presented in Fig. 2.7.a.

a.)

b.)

Figure 2.7: a.) Irreversible photo contraction. b.) Irreversible covalent bond
formation.
Some exotic cases were also noticed, where the samples showed reversible,
(see Fig. 2.8.a) or irreversible photo expansion shown in Fig. 2.8.b none the less
inter-chain bonds were formed.

a.)

b.)

Figure 2.8: a.) Reversible photo expansion. b.) Irreversible photo expansion.

2.3.3

Photoinduced bond alternation

In a Se chain a photoinduced covalent bond shift has been observed. Fig. 2.9
shows a snapshot of a Se chain before the illumination.
A covalent bond length was considered between 2.35 - 2.68 Å and interchain bond in the 3.0 - 3.3 Å interval. The bonding configuration inside the chain
before illumination, presented in Figure 2.10.a, was the following: between atom
1 and 4 an interchain bond and between atom 4 and 8 one covalent bond were
found. The hole creation process induced some changes in the bonding network.
The covalent bond between Se atom 4 and atom 8 got longer and became an
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Figure 2.9: Snapshot of the bonding network before the illumination process

interchain bond. Between atom 1 and 4 and atom 8 and 11 covalent bonds were
formed (See Fig. 2.10.b). After stopping the illumination process one covalent
bond was found between atom 1 and 4. Interchain bonds between atom 4 and 8
and between atom 8 and 11 were formed (Fig. 2.10.c). The covalent bond between atom 8 and 4 shifted to atom 4 and 1 as the result of the photo excitation
process.

Figure 2.10: Photoinduced covalent bond shift in a Se chain

2.4

Conclusions

Tight Binding Molecular Dynamics simulations were carried out to investigate the
photoinduced effects of amorphous Selenium samples containing voids (oblique).
When an electron or hole were created several changes were noticed on micro-
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scopic level in the bonding environment. A plenty of reversible and irreversible covalent and inter-chain bond breakings and formations were observed. On macroscopic level the samples show various photo induced volume changes: reversible
and irreversible photo contraction, photo expansion. The obliquely deposited
chalcogenides are more responsive to the illumination than the flatly deposited
ones because of larger number of degree of freedom due to voids. During light
illumination the void collapsing effect is dominant causing photoinduced volume
contraction in the oblique samples [46, 45].

Chapter 3

Raman spectroscopic
measurements and quantum
chemical calculation on a-Se

3.1

Introduction

The appearance of several bond breaking and creation processes as a consequences
of band gap light illumination in oblique, void containing amorphous Selenium
samples have been presented in the previous chapter. In flatly deposited a-Se
samples J. Hegedűs et al. found covalent bond breaking induced by band gap
light illumination [41]. These theoretical studies confirm that the macroscopic
photoinduced volume changes are based on microscopic bond breaking events
in chalcogenide glasses. With Raman spectroscopic measurements on amorphous
Selenium an experimental evidence was provided for this bond breaking processes.
The Raman effect was reported for the first time by C. V. Raman and K.
S. Krishnan [47], and independently by G. Landsberg and L. Mandelstam [48] in
1928. When light is scattered on atoms or molecules most photons are elastically
scattered (Rayleigh scattering), such that the scattered photons have the same
energy (frequency) and wavelength as the incident photons, see Fig. 3.1. This
scattering is responsible for the blue colour of the sky [49]. It is also possible
for the incident photons to interact with the atoms in such a way that energy is
either gained or lost so that the scattered photons are shifted in frequency. Such
inelastic scattering is called Raman scattering. Numerically, the energy difference
between the initial and final vibrational level, or Raman shift in wavenumbers
(cm−1 ), is calculated through equation
ν=

1
λincident

−

26

1
λscattered

(3.1)
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1
1
in which λincident
and λscattered
are the wavenumbers (in cm−1 ) of the incident
and Raman scattered photons, respectively.

Figure 3.1: Energy level diagram of the states involved in the Raman signal. The
line thickness is roughly proportional to the signal strength from the different
transitions [50]
The Raman scattering like Rayleigh scattering depends on the polarisability of the atoms. For polarisable atoms, the incident photon energy can excite
vibrational modes of the atoms yielding scattered photons which are diminished
in energy by the amount of the vibrational transition energies. A spectral analysis of the scattered light under these circumstances will reveal spectral satellite
lines below the Rayleigh scattering peak at the incident frequency. Such lines
are called ”Stokes lines”. If there is significant excitation of vibrational excited
states of the scattering atoms, then it is also possible to observe scattering at
frequencies above the incident frequency as the vibrational energy is added to
the incident photon energy. These lines, generally weaker, are called anti-Stokes
lines [49]. Since it’s discovery the Raman spectroscopy has became a powerful tool in the study of the materials. In 1967, as we know for the first time,
Lukovsky et al. made the identification of fundamental vibrational modes of
trigonal, α-monoclinic and amorphous Selenium [51]. Experimentally they found
six vibrational modes in the Raman spectrum of a-Se at 50 cm−1 , 80 cm−1 , 112
cm−1 , 138 cm−1 , 235 cm−1 and 250 cm−1 wavenumbers. At that time the amorphous Selenium was assumed to be constructed of long polymer like chains and
rings of eight Se atoms. Based on this assumption the first three peaks were
identified as vibrational modes of the eight member Selenium rings. The remaining three lines corresponded to the polymer like structure. The 235 cm−1 peak
was linked to the trigonally crystalline Se chain structure. In 2003 the study of
Jóvári et al. suggested that independently of the method of preparation a-Se

CHAPTER 3. RAMAN SPECTRA OF AMORPHOUS SELENIUM

28

contains chain molecules of variable lengths and the dominance of Se8 rings is
improbable [52]. In 1976 Gorman and Solin [53] found characteristic vibrational
modes at 80 cm−1 , 112 cm−1 , 132 cm−1 , 234 cm−1 , and 250 cm−1 wavenumbers.
They identified the 112 cm−1 vibrational mode as a Se8 ring mode. This result
was consolidated by Roy et al. in 1998 [54]. Using Extended X-ray Absorption
Fine Structure (EXAFS) and Raman spectra measurements they experimentally
proved that 112 cm−1 mode corresponds to Se8 rings and ring like species in the
amorphous structure. Later the Raman spectroscopy became a useful tool for the
scientist to detect the changes in the structure of a-Se exposed to diverse physical
conditions. The effect of pressure [55, 56], mechanical attrition [57], polarized [58]
and continuous band gap light illumination [59, 60] were investigated. A significant and broad Raman peak around 250 cm−1 wavenumber and a shoulder at
235 cm−1 for a-Se were observed in these experiments. The peak 235 cm−1 was
identified as the vibrational mode of atoms in trigonally crystalline configuration.
The 250 cm−1 peak was assigned as being the characteristic vibrational mode of
the Selenium atoms in amorphous phase.
The theoretical works facilitate the mapping of vibrational modes to structural units of amorphous Selenium. In 2001 Demkov and Sankey made a detailed
analysis of the properties of Se clusters in zeolites [61]. The geometries, the energetics, electronic and vibrational properties of Se clusters, consisted of 2-12
Se atoms were determined. The electronic properties of two Se crystalline polymorphs, trigonal Se and α-monoclinic Se, were also calculated. A theoretical
study on a glassy structure and infrared/Raman spectra of a-Se were performed
by Nakamura and Ikawa in 2002 [62]. The vibrational spectra were calculated for
200 different amorphous samples obtained by performing MD simulations for a
linear chain of 216 Se atoms. A medium range order was found in the disordered
Se chain attributed to the steric hindrance effect. By comparing the polarised
Raman spectra of two different random chains (one had medium range order and
the other did not) they could identify the 80 cm−1 vibrational mode.
The aim of my study was the investigation of the microscopic structural
changes in a-Se due to band gap light illumination with Raman spectroscopy.
First ab initio Raman spectra calculations were carried out on a-Se sample grown
by MD simulations. Next the Raman spectra of illuminated and non illuminated
a-Se thin films were measured in different time intervals. The differences in the
spectra were analysed next and conclusions were deduced.

3.2

Theoretical calculations

Before the experimental study I calculated the Raman spectra of a-Se thin films.
I was interested into mapping the peaks in the Raman spectrum to characteristic
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bonds of Selenium. The study was performed on a-Se configurations prepared by
the ”cook and quench” method using Tight Binding Molecular Dynamics technique [40, 63]. For my purpose I considered a characteristic part (no defects) of
the amorphous Selenium model. One Se chain and its surrounding four Selenium
chains and a Se6 ring were taken, totally 88 Se atoms. Only one individual Selenium chain is not sufficient in this study as the effect of the environment need to
be included. Selenium chains were terminated by hydrogen atoms.
The Raman spectra of the a-Se sample was calculated using the GAUSSIAN 03 program [64]. A single point restricted Hartree-Fock ab initio calculation
has been performed with simple Slater type Orbital with 3 gaussian (STO-3G)
basis set [65, 66]. The obtained Raman spectrum is shown in Fig. 3.2. There
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Figure 3.2: Calculated Raman spectrum of the a-Se thin film
is no expressive peak around 250 cm−1 wavenumber as the HF ab initio calculations always overestimate the vibrational frequencies [67]. There are three
pronounced peaks, one at 224.7 cm−1 , a second at 292.7 cm−1 wavenumbers and
a third at 338.9 cm−1 . In order to make a comparison to the experimentally
measured values we need corrections in the calculations. The calculated vibrational modes wavenumbers are plotted in function of covalent bond lengths an
excellent linear correlation can be observed. The best linear fit was obtained if
1
). This fit is shown in Fig. 3.3. Longer bond
y = −514.8( 1 )x + 1565.5( cm
Åcm
lengths correspond to smaller vibrational modes wavenumbers. Using this obtained result a correction must be made. Based on this correlation the average
covalent bond length needs to be increased from 2.35 Å to 2.58 Å in order to get
more realistic results. It is expected that a significant peak at 250 cm−1 wave
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Figure 3.3: Calculated vibrational peaks in function of the covalent bonds length
(symbols) and the best linear fit (solid line)

number appears. The restricted Hartree-Fock ab initio calculation was repeated
on the enlarged model. The calculated Raman spectrum is shown in Fig. 3.4. A
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Figure 3.4: Calculated Raman spectrum of the enlarged a-Se sample
wide peak appeared around 250 cm−1 wavenumber and a smaller peak at 179.4
cm−1 wavenumber. The significant peak around 250 cm−1 corresponds to the
Se—Se covalent bond. The smaller prepeak at 179.4 cm−1 belongs to longer dis-
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tance between two atoms, which we consider as interchain bonds on the basis of
the linear correlation presented on Fig. 3.3. In the following we concentrate on
the peak around 250 cm−1 wavenumber.

3.3

Experimental study

The photoinduced atomic level structural changes inside of a-Se were explored by
measuring the Raman spectra of non illuminated and illuminated samples. The
amorphous thin films (having thickness of 0.56 µm) were grown on a sapphire
substrate at the Gifu University, Japan. The spectra were recorded with a Renishaw 1000 micro-Raman spectrometer using a 785 nm diode laser as excitation
source. The laser power was 27 mW and only 20% of it reached the sample.
The samples were illuminated with a 488 nm line of an Ar ion laser, having 2.54
eV energy. This is larger than the a-Se band gap energy, which is around 1.9 eV
[68, 69]. With the Ar ion laser we could optically excite the a-Se. To minimise the
heating of the sample both the excitation and illuminating beams were defocused
on the sample surface.
At the beginning of the experiments we have measured the Raman spectra
of the sapphire substrate. The spectrum is shown in Fig. 3.5. We found five
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Figure 3.5: Raman spectra of the sapphire substrate
significant peaks at 376.8 cm−1 , 414.9 cm−1 , 427.9 cm−1 , 514.9 cm−1 and 642.2
cm−1 wavenumber, which are in good agreement with other measured data. In
2005 the influence of mechanical polishing, chemo-mechanical polishing (CMP),
as well as CMP and subsequent chemical etching on the properties of sapphire
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substrate surfaces has been studied. The measured Raman spectrum contained
seven peaks located at 376 cm−1 , 413.6 cm−1 , 428.2 cm−1 , 440.2 cm−1 , 573.3
cm−1 , 642.1 cm−1 and 747.9 cm−1 [70]. The Raman spectrum of large-sized
sapphire crystal was measured recently. Seven peaks were found at 379.6 cm−1 ,
418.1 cm−1 , 430.8 cm−1 , 449.2 cm−1 , 577.6 cm−1 , 644.9 cm−1 , and 751.8 cm−1
wavenumbers [71].
Two types of measurement sequences were carried out. In the first sequence Raman spectra of the non-illuminated sample was recorded. In the following the sample was illuminated for 10 minutes. Immediately after switching
off illumination the Raman spectrum was measured. After 40 minutes relaxation
a third Raman spectra measurement was accomplished. The time sketch of this
first sequence of measurement is presented in Fig. 3.6.a.). The second turn was

Figure 3.6: Time sketch of the measurements. a.) First type and b.) Second
type.
a sequential Raman spectra measurement. We performed Raman measurements
with one second measurement time within a 300 second time interval. In this
period the blue laser was switched on and off twice. From the sequence we can
follow changes in the Raman spectra caused by illumination in real time. The
time sketch of this second type of experiment is displayed in Fig. 3.6.b.).
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First sequence of measurements

The Raman spectrum of a non illuminated a-Se sample is shown in Fig. 3.7. We
can observe a significant peak at 248.5 cm−1 wavenumber. Three smaller peaks
appeared at 376.8 cm−1 , 419 cm−1 and 642.2 cm−1 wavenumbers. These are
characteristic peaks of the sapphire [70]. After 10 minutes illumination the blue
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Figure 3.7: Raman spectra of non illuminated a-Se sample
light was switched off and the Raman spectra of the sample was immediately
measured. This spectra is plotted in Fig. 3.8. The significant peak appeared at
246.5 cm−1 wavenumber. Then we let the sample to relax, and after 40 minutes
we performed again a Raman spectra measurement. The obtained spectra is
shown in Fig. 3.9. The main peak can be noticed at 247.5 cm−1 wavenumber.
In these measurements the main peak in the Raman spectra of the nonand illuminated a-Se thin films appears ∼250 cm−1 . In the spectrum of non
illuminated sample the peak is at 248.5 cm−1 . After 10 minutes illumination it
moves to smaller wavenumber 246.5 cm−1 and following 40 minutes relaxation it
shifts back toward longer wavenumber to 247.5 cm−1 . A possible reason of the
peak displacement is the following: during illumination, even if the laser power
is low, the sample is warmed up a little bit locally. This local heating causes
stress in the amorphous network inducing increase of the spring force and thus
the vibrational modes shifts to smaller wavenumbers. When the illumination is
switched off the warming up stops, the stress in the network lowers causing the
shift of the vibrational modes back to the initial wavenumbers.
To detect main effects of light illumination we need to compare the Raman spectra. Fig. 3.10 shows the difference between Raman spectra of the non
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Figure 3.8: The Raman spectrum of the a-Se sample taken immediately after 10
minutes illumination
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Figure 3.9: Raman spectrum of illuminated sample after 40 minutes relaxation

illuminated sample and that taken immediately after 10 minutes of illumination
with blue light. A significant peak is found at 248.6 cm−1 wavenumber in the
positive direction, and a smaller peak at 415.3 cm−1 wavenumber in the negative direction. This means that a large number of bonds characterised by 248.6
cm−1 wavenumber vibrational mode disappears due to band gap light illumina-
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Figure 3.10: Difference of Raman spectra between non illuminated and 10 minutes
illuminated amorphous Selenium samples

tion. The peak at 415.3 cm−1 wavenumber belongs to the sapphire substrate and
within this study we do not concentrate on it. We concentrate on the peak at
248.6 cm−1 wavenumber. The decrease in Raman intensity is a consequence of
blue light illumination and denotes a decrease in the number of covalent Se—Se
bonds (bond length is around 2.35 Å). The covalent bond became longer, we
consider it as bond breaking process.
The reversibility of bond breaking process was also proved. If we analyse
the difference between Raman spectra measured at the end of 10 minutes illumination and following after 40 minutes relaxation we can find a significant peak at
248.6 cm−1 wavenumber. The difference of the spectra is presented in Fig. 3.11.
In the absence of illumination bonds with the 248.6 cm−1 vibrational wavenumber are formed. The peak is in the negative direction at 248.6 cm−1 wavenumber
signifying that the Raman intensity in case of the illuminated sample is less than
the intensity of the 40 minutes relaxed sample. The Raman intensity is increasing as the sample is relaxing after light illumination. The increase of Raman
intensity denotes a rise in the number of the Se—Se covalent bonds. This means
that covalent bonds are being restored in dark. So the illumination caused bond
breaking process is reversible.
In my earlier works I performed TBMD simulations on a-Se to investigate the photoinduced volume changes [46, 45]. Due to illumination mainly
covalent bond breakings were found and the samples expanded or contracted
macroscopically. Recent Raman spectrum measurement gives a strong experimental evidence for this photoinduced bond breaking process. Earlier studies
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Figure 3.11: Difference between the Raman spectra of the 10 minutes illuminated
sample and after 40 minutes relaxed sample

[72, 73] also predicted that photoinduced bond breaking process is reversible in
flatly deposited amorphous Selenium. This recent Raman spectroscopic result is
also experimental evidence to the theoretical prediction.

3.3.2

Second sequence of measurements

To have further insight into the photoinduced atomic level structural changes
of the a-Se I performed a serial Raman spectra measurement. During 300 s
time interval in every second I measured the Raman spectrum of the sample.
I switched on and off the excitation (blue light) twice. Fig 3.12 assembles the
Raman spectra of these measurements. When I started to record the series the
blue laser was turned on (t0 =1 s). The blue light illumination held for one minute,
then light was switched off (t1 =61 s). After 60 seconds the monitoring laser was
switched off too (t2 =120 s). The sample has been kept in dark for one minute.
Afterwards I switched on the monitoring laser and started to record the Raman
spectra (t3 =180 s). Five seconds later the blue light illumination was also turned
on (t4 =185 s). The sample was illuminated at second time for 75 seconds. Then
the blue light was turned off (t5 =260 s) and the sample relaxed during the time
interval of 40 seconds (t6 =300 s). In Fig. 3.12.a is shown the Raman spectra
of the sample at the beginning of the illumination, t0 =1 s. For one minute the
sample was excited with blue light, then I switched off the blue laser. Fig. 3.12.b
presents the Raman spectra of the a-Se sample when the blue laser is switched off
for the first time. After 60 seconds the red laser was switched off too. In this time
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Figure 3.12: Raman spectra of the a-Se sample a.) at the beginning of the first
illumination b.) at the end of the first illumination c.) at the and of the first
relaxation d.) at the beginning of the second illumination e.) at the end of the
second illumination f.) at the end of the second relaxation process

interval, between t2 =120 s and t2 =180 s there were no Raman spectra recorded.
In timestep t2 =180 s the red laser was switched on, and after five seconds the
blue laser too. The sample was illuminated again, now for 75 seconds. In Fig.
3.12.d is presented the Raman spectra of the a-Se, when the second blue laser
illumination was started. I switched off the blue light, and measured for 40
seconds the relaxing sample’s Raman spectra. In Fig. 3.12.f is plotted the last
Raman spectra of the a-Se, measured at 300 s timestep. In Fig. 3.12 we can see
the broad and intense peak in the Raman spectra around 250 cm−1 wavenumber
corresponding to the vibrational modes of the covalent bonds in the amorphous
Se sample [57, 59, 60]. Tab. 3.1 assembles the peaks of the Raman spectra’s from
Fig. 3.12.
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Table 3.1: Wavenumbers of the Raman spectra’s peaks from Fig. 3.12
Time (s)
Raman peak (cm−1 )

1
244.3

62
247.5

120
244.3

185
245.4

261
245.4

300
246.4

In the first line of Tab. 3.1 is shown the position of the significant peak. The
peak had shifted during the first illumination from 244.3 cm−1 to 247.5 cm−1
wavenumber. After stopping the illumination the peak slided back to it’s initial
position. At the beginning of the second illumination the peak was shifted to
245.4 cm−1 wavenumber. During second illumination the peak didn’t changed,
but after 40 second relaxation shifted to 246.4 cm−1 . The shift of the significant
peak was observed during the first sequence of measurements. In the previous
subsection I gave a possible explanation for the peak shift, see p. 33. I consider
this interpretation is valid at this second type of experiment too.
From the time evolution of the Raman intensities at specific vibrational
wavenumbers we can deduce the light caused changes in the amorphous Se network. From the first sequence of measurements we saw that light abolished bonds
with vibrational mode around 250 cm−1 . In this second type of measurements
light also induced bond breakings with vibrational modes around 250 cm−1 , as
we can see from Fig. 3.13. During light illumination we can see a monotonic
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Figure 3.13: Time evolution of Raman intensities at 244-250 cm−1 wavenumbers
vibrational mode
decrease in the Raman intensity. This decrease means that the number of sigma
bonds in the amorphous Selenium network is lowering. It should be noted that
the step-like lowering of the Raman intensity after switching off the illuminating
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laser is caused by the break off of the luminescence excited by the blue laser
that was superimposed to the whole Raman spectrum as a background. A slight
increase in the intensity can be seen when illuminating the sample with the blue
light again after the relaxation (t4 =185 s) compared to the point where the illumination was switched off (t1 =61 s). This indicates that bond reformation takes
place during the relaxation. Data in Fig. 3.13 confirm the presence of Se—Se
covalent bond breaking process and its reversibility.

3.4

Conclusion

In this chapter a Raman spectroscopic study of illuminated and non-illuminated
amorphous Selenium thin films have been presented. The Raman spectra of
amorphous Selenium atomic configuration was analysed by Hartree-Fock ab initio calculations. A linear correlation was found between the calculated vibrational
modes and the length of the covalent bonds. In the calculated Raman spectrum
appeared a wide peak around 250 cm−1 wavenumber. This significant peak was
considered on the basis of the calculations as the vibrational mode of Se—Se covalent bonds. A detailed experimental study on photoinduced structural changes
in amorphous Selenium was performed. In the Raman spectra of the amorphous
Selenium thin films a significant peak was found around 250 cm−1 wavenumber.
From theoretical considerations this peak was identified as vibrational modes of
the 2.34 Å covalent bonds. As the Raman intensity was varying in time due to
illumination it was concluded that a large number of covalent bonds broke and
after stopping the illumination they were formed again. These Raman spectrum
measurement gives a strong experimental evidence for the photoinduced bond
breaking process which had been predicted earlier by us.

Chapter 4

Macroscopic model for the
photoinduced volume change in
chalcogenide glasses

4.1

Introduction

Nowadays photo-induced phenomena in chalcogenide glasses are attracting much
interest. Among the photo-induced phenomena, the effect of the photo-induced
volume change is intensively studied. Since first reports on this effect [74, 75]
much experimental research has been performed [76, 77, 78, 79, 80].
The theoretical study of the PVC effect on macroscopic level does not
have such a long and rich tradition. Among rare studies, Emelianova et al. [81]
have shown in their theoretical estimates that a qualitative electrostatic model
suggested earlier by Shimakawa et al. [78] is not capable to account for the PVC
effect quantitatively. Another theoretical approach to the PVC has been recently
developed by Hegedűs et al. [41] on the basis of Molecular Dynamic computer
simulations. According to this theoretical work, the atomic network of the glass
in the vicinity of a captured, photo generated electron tends to expand and to
increase its volume, while in the vicinity of the captured hole the atomic network
tends to shrink and to diminish its volume.
It is easy to understand the result of Hegedűs et al. [41] qualitatively.
Let us consider the energy levels of a chalcogen (e.g. Selenium) atom in various
valence configurations possessing different charges. I follow here closely the ideas
of Kastner et al. [82]. In its normal two-fold coordination a neutral chalcogen
atom has two electrons out of its four p-electrons on the bonding orbital (σ), two
empty quantum states on the non-bonding orbital (σ∗) and two quantum states
40
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filled by electrons on the non-bonding orbital, called a lone pair (LP) orbital. This
orbital configuration is shown as C20 in Fig. 4.1. Electrons and holes are created

Figure 4.1: Different bonding configurations of Selenium atom. The lines represent the bonding (σ), lone-pair (LP) and antibonding (σ∗) orbitals. The arrows
show electrons. The energy difference between the bonding and lone pair orbitals
is ∆, and that between the lone pair and antibonding orbitals is ∆1 (∆1 > ∆).
during illumination of a sample with light. If a Selenium atom in its normal twofold coordination C20 captures an extra electron and becomes negatively charged,
it is energetically favourable for this atom to break one bond and to convert into a
one-fold coordinated negatively charged atom (C1− ), because it costs less energy to
put an extra electron on the LP orbital, than to put it on the σ∗ orbital [82]. The
energy gain is about ∆1 - ∆ >0 (see Fig. 4.1). Concomitantly, a dangling bond
is created by an extra electron via increasing the distance between neighbouring
atoms in the atomic network leading to the network expansion. If, however, a
hole is captured by a two-fold coordinated neutral atom C20 , it is energetically
favourable for this atom to convert into three-fold coordination with the energy
gain of about ∆. The creation of a positively charged three-fold coordinated
chalcogen atom (C3+ ) can happen only via the shrinkage of the local volume in
the vicinity of a captured hole. These competing effects - expansion of the local
volume in the vicinity of an extra electron and shrinkage of the local volume
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in the vicinity of an extra hole - are responsible for the PVC effect. Molecular
Dynamic simulations [41, 46] confirmed this qualitative conclusion.
In order to get a better insight into the physics of the PVC, a new experimental method has been recently developed for in situ measurements of the PVC
kinetics after the light is switched on/off [14]. This method has been applied to
study the kinetics of the PVC effect in a-Se and in a-As2 Se3 [14] and also to study
the PVC and the photo-darkening effects in a-As2 Se3 [83]. The only theoretical model suggested so far to account for the corresponding experimental results
is the phenomenological model of Hegedűs et al. [41], which has been slightly
modified late by Hegedűs et al. [84]. According to this model, the amount of
the PVC effect is linearly proportional to the number of extra electrons (holes)
present in the sample due to illumination by light. In analogy with previous
results of Emelianova et al. [81], this concentration was determined by solution
of a differential equation which is based on the bimolecular recombination model.
The obtained results predict for the onset PVC kinetics a time dependence that
can be mimicked by a stretched exponential dependence,
t
h(t) = h0 [1 − exp(− )β ]
τ

(4.1)

with the stretched parameter β close to or above the value 1.2. Here h is a measure
of the PVC effect and h0 is the saturation level. However, in the experimental
study [83] it is claimed that for a-As2 Se3 the value of the stretched parameter,
which provides the best fit to the experimental data, is close to unity (β ≈ 1).
Furthermore, this value (β ≈ 1) provides the best fit for the data obtained on
a-As2 Se3 in the previous experimental study [14]. Therefore, I decided to revise
the theoretical approach to describe the PVC effect and present an alternate
model to that of Hegedűs et al. [41]. My model also drastically differs from
the one considered by Emelianova et al. [81]. Instead I suggest that the PVC
effect is caused by photo-induced conversion of given structural units in the glass
matrix from their ground states into excited states. This is in close analogy
to the already well-accepted interpretation of another photo-induced effect in
chalcogenide glasses, namely the photo-darkening.

4.2

Phenomenological Model

In order to describe the kinetics of PVC, I apply a phenomenological model analogous to that used earlier for treatment of the photo-darkening effect [85]. I refer
here on the similarity in the kinetics of the two effects - photo-induced expansion and photo-darkening - as found experimentally [83]. The model is based on
the ideas suggested earlier for the photostructural changes in chalcogenides by
several research groups [86, 87, 88, 89]. The interplay between photo induced
bond breaking and interchain bond formation leads to either volume expansion
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or shrinkage. I assume that there is some given concentration N0 of structural
units, where the bond breaking and formation can take place. These are local
environments, where the reaction
2C20 ⇔ C3+ + C1−
is possible. In that sense they can be identified as the well-known valencealteration pairs (VAPs) [82]. Furthermore, following Hegedűs et al. [41], I assume
that the above reaction leads to the volume expansion. It is further assumed that
the amount of the volume expansion is linearly proportional to the density n(t)
of the structural units (VAPs) converted into the excited states. In this point
my model drastically differs from the previous models which were suggested for
description of the PVC, and which assumed that the magnitude of the PVC effect
is linearly proportional to the number of photoexcited charge carriers (electrons
or holes). Let the conversion rate of these structural units into excited states
under continuous pumping be G and the relaxation time for their transition back
into the initial unexcited states (electron-hole recombination) be τ0 . The time
dependence of the concentration n(t) of excited structural centres, and hence
of the PVC magnitude, under continuous illumination can be described by the
differential equation:
dn(t)
n(t)
= G[N0 − n(t)] −
(4.2)
dt
τ0
with the solution

t
n(t) = Gτ τ0 [1 − exp(− )]
τ
where the characteristic time constant τ is
τ=

τ0
Gτ0 + 1

(4.3)

(4.4)

In Eqs. (4.2) and (4.3) the origin of the time scale is set to the start of the
illuminating process. When the light is switched off, the system relaxes due
to the transition of the structural units into their initial unexcited states (with
possible recombination of electron-hole pairs). In the relaxation process, the
concentration of excited structural centres depends on t as
n(t) = n(0)exp(−

t
)
τ0

(4.5)

with the characteristic time τ0 . In Eq. (4.5) the origin of the time scale is set to
the end of the illumination. Under the assumption that the height of the sample,
∆h is proportional to the concentration of excited structural units, n(t) I can
compare the experimental results on the PVC kinetics [14, 83] with Eqs. (4.2) (4.5).
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Results

I started the comparison with experimental data for a-Se [14]. Figure 4.2 shows
the increase of the surface height with time during the illumination, and Fig. 4.3
the recovery during the relaxation (when the light was switched off). Solid lines
in the Figures are the theoretical fits obtained in accordance with Eq. (4.3) for
the photoinduced volume expansion and with Eq. (4.5) for the PVC relaxation.

Figure 4.2: Time evolution of the measured surface height with illumination in
a-Se (*) and the fitted theoretical function using Eq. (4.3) from our model (solid
line).
From the experiment I determined the characteristic time constant for
the photoinduced volume expansion τ = 23 s and the characteristic time for the
relaxation τ0 = 200 s. Using Eq. (4.4) we get an estimate for the conversion rate
as G ≈ 4·10−2 s−1 .
Now I turn to comparison of the model with the experimental results for
a-As2 Se3 [14]. Figure 4.4 shows the increase of the surface height with time
during illumination; the solid line is the theoretical fit using Eq. (4.3). After
the illumination was switched off the surface height of the a-As2 Se3 started decreasing, but did not decay to the original height [14]. This remaining increase of
surface height is the so called metastable photoinduced volume expansion and has
origin in the irreversible structural changes [90]. In this case one has to introduce
into Eq. (4.5) this remaining surface increase as a constant term ∆hirrev . Thus
I used the following equation
∆h(t) = ∆h(0)exp(−

t
) + ∆hirrev
τ0

(4.6)

to fit the experimental data. Figure 4.5 shows the decay of the surface height in
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Figure 4.3: Time evolution of the measured surface height after switching off the
illumination in a-Se (*) and the fitted theoretical function using Eq. (4.5) from
our model (solid line).

Figure 4.4: Time evolution of the measured surface height with illumination in
a-As2 Se3 (*) and the fitted theoretical function using Eq. (4.3) from our model
(solid line).

time after the light was turned off; the solid line is the theoretical fit using Eq.
(4.6).
The characteristic time constant for the photoinduced volume expansion,
according to the experiment is τ = 66 s and the characteristic time for the decay
τ0 = 200 s. Using Eq. (4.4) I estimated the conversion rate G ≈ 10−2 s−1 for the
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Figure 4.5: Time evolution of the measured surface height after switching off the
illumination in a-As2 Se3 (*) and the fitted theoretical function using Eq. (4.6)
from our model (solid line).

case of a-As2 Se3 . This value of the conversion rate appears to be smaller than
that obtained for a-Se.
The process of the photoinduced expansion according to my model consists of at least two steps: creation of electron-hole pairs and the structural
conversion of the atomic network in the vicinity of captured electrons and holes
into the expanded state. The phenomenological parameter G in Eq. (4.2) - (4.4)
is responsible for the net effect. Therefore, one can compare the rates of the
structural conversion processes in different materials only if the powers for the
photogeneration of electrons and holes are comparable. In the experimental study
of Ikeda and Shimakawa [14] the excitation powers for a-Se and a-As2 Se3 were
identical. Therefore, one can conclude from my estimates that the conversion
rate of structural units into expanded states in a-As2 Se3 is four times smaller
than that in a-Se. This result can be attributed to a more rigid atomic system
of a-As2 Se3 as compared to that in a-Se.

4.4

Conclusions

A new phenomenological model is suggested in this chapter for the effect of
photo-induced volume changes (PVC) in chalcogenide glasses. The model has
been previously successfully applied on the description of the dynamics of photo
darkening. My model give an excellent fit to the recently obtained experimental
data on the dynamics of the PVC effect [14, 83]. A comparison between theoretical and experimental results reveals such important model parameter as the
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conversion rate of the structural units responsible for the PVC into expanded
states. It is shown that the rearrangement of the structural network occurs in
a-As2 Se3 four times slower than in a-Se.

Chapter 5

Charge distribution and
accumulation in a-Se

5.1

Introduction

During my study on photoinduced volume change of chalcogenide glasses the
electronic structure of amorphous Selenium in ground state has been also investigated. In the a-Se the Selenium atoms are mostly two fold coordinated, but
one can find one and three fold coordinated atoms, called coordination defects.
In my study I considered to explore the electronic structure of the a-Se thin films
in two steps. First the charge distribution around coordination defects will be
given. Next the charge accumulation inside amorphous Selenium and a simple
model to estimate the charge accumulation inside the a-Se chains will be shown.
The exact knowing of electronic structure of amorphous Selenium will reveal why
the a-Se doesn’t has electron spin resonance signal in dark.

5.2

Charge distribution in a-Se around coordination defects

The charge accumulation distribution in amorphous Selenium structures, prepared by the ”cook and quench” [40, 63] technique, has been calculated. The
obtained a-Se models contained 162 Selenium atoms in chain and ring formations
and coordination defects. Two different methods were applied to determine the
charge accumulation in the Selenium configurations, Density Functional Theory
(DFT) and Tight-Binding model. Figure 5.1. displays the charge distributions of
a-Se models calculated with DFT method using the gradient-corrected correlation functional of Perdew, Burke and Ernzerhof (PBE) [91] and STO-3G basis set
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[65, 66]. The calculations were carried out using GAUSSIAN 03 program package
[64]. Basically, the absolute values of charge accumulations on the twofold coordinated atoms are less than 0.1 electron units. Furthermore some larger charge
accumulations can be observed in both directions as the two insets show. The
larger positive charge accumulation belongs to the threefold coordinated atoms,
while the negatively charged atoms are onefold coordinated. Similar effect was

Figure 5.1: Charge distribution in a-Se calculated by DFT method. Two insets
display the atomic charges on onefold and threefold coordinated atoms
observed using TB model. The only difference between charges calculated by TB
and DFT are the values, because in the TB case the charges are a little bit larger
(see Figs. 5.1. and 5.2).

Figure 5.2: Charge distribution in a-Se calculated by TB method. Two insets
display the atomic charges on onefold and threefold coordinated atoms.
No electron spin resonance signal has been observed in a-Se in dark [92].
This experimental finding indicates the absence of unpaired electrons. This originates from that the coordination defects in the a-Se are not neutral: onefold
coordinated atoms are negatively charged and threefold coordinated atoms are
positively charged. The presence of charged coordination defects is presumed
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to originate from the electron-phonon coupling [93]. My calculations performed
on completely static, ground state configurations, which do not contain phononelectron interaction suggest that the threefold coordinated atoms lost electron and
these electrons are transferred to the end of chains causing negatively charged
end.

5.3

Charge distribution inside a-Se chains

Continuing my interest on the electronic structure of amorphous Selenium the
charge distribution inside the defect free bulk have been investigated. Charge
accumulation has an important influence on electron energy distribution and
it plays an important role for the chemical shift in Nuclear Magnetic Resonance
(NMR) measurements but it has only a secondary influence on hole pairing model
leading to photodarkening and volume expansion (see Singh and Tanaka’s work
[94]) because our model does not contains excited state.
Lets consider an elementary triad of three Selenium atoms (i, j, and k ) as
it is displayed in Fig. 5.3. They form two sigma bonds between ij and ik atoms

Figure 5.3: Elementary triad of Selenium atoms
with a jik bond angle denoted by ϕ. Let my suppose that the net charge on
these atoms depends only on the deviation of ∆ϕ from the ideal Se–Se–Se bond
(∆ϕ = ϕ − ϕ0 ). The relationship is the following simple function:
qi = 2(A∆ϕ + B∆ϕ2 ),

(5.1)

qj = qk = −(A∆ϕ + B∆ϕ2 ),

(5.2)

where A and B are two fitting parameters. The total charge of this triad is
equal to zero. The charge accumulation on atom i inside a chain is a sum of
contributions originating from all combinations of this triad containing atom i.
Since in a Selenium chain each atom appears only once at the center and at the
end of two triads twice (see Fig 5.4.) the total charge accumulation on Selenium
atom i is
Qi = 2(A∆ϕi + B∆ϕ2i ) − A(∆ϕi−1 + ∆ϕi+1 ) − B(∆ϕ2i−1 + ∆ϕ2i+1 ).

(5.3)
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Figure 5.4: Selenium chain model

To test the quality of our local model I calculated the charge accumulation in amorphous Selenium chains applying the full HF ab initio scheme. Next,
the angles present in the model structures were inserted into Eq. (5.3) and the
resulting charges were plotted against that of the full calculation. As a mixture
of long chain molecules and rings forms the atomic configurations in amorphous
Selenium four different chain models containing 19-41 Selenium atoms with varying lengths were constructed. At the two ends of the chains Hydrogen atoms
saturated dangling bonds. Furthermore, in order to avoid any boundary effects
a ring of 50 Selenium atoms was also built up. In these structural models bond
angles turned out to vary between 70 and 110 degrees. Based on these models single-point restricted Hartree-Fock (HF) ab initio calculations with simple
STO-3G [65, 66] basis set have been performed using the GAUSSIAN 03 program package [64]. A linear correlation was found between the calculated charge
accumulations (HF ab initio) and the charge accumulation from our bond angle
model (calculated with Eq. (5.3)) displayed on Fig 5.5. I concluded that the
charge accumulation on Selenium atoms in long chains can be traced back to a
local effect in the following sense. It is based on a three-atom effect and it can
be described by bond-angle distortions which reflect changes in hybridisation.
In the present case as the best fit was observed A and B to be equal to - 0.45
me/degrees and -0.0089 me/degrees2 , respectively (see Fig 5.5.). In this fitting
the ideal bond angle was chosen to be ϕ0 = 101 degrees. Only the quadratic term
is sensitive to ϕ0 but it has two orders of magnitude smaller prefactor compared
to the linear term. Obviously, already the linear term in the triad model provides
a quite satisfactory fit. The quadratic term slightly improves the fit. Finally, to
estimate charge fluctuation in a-Se I used my previously constructed defect free
atomic configurations [41, 46, 95]. Applying Eq. (5.3) I obtained a distribution
of charge accumulations in a-Se as displayed in Fig. 5.6. It is close to a Gaussian distribution with full width at half maximum of 0.02 electrons. The charge
distribution inside the a-Se chains is smaller with an order of magnitude then in
the defect containing models. It is understandable as I considered only defect
free models, where the end effects were also reduced by neglecting the last four
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Figure 5.5: Comparison of net atomic charges calculated by HF ab initio method
and by Eq. (5.3) (symbols).
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Figure 5.6: Distribution of atomic charge accumulations in model amorphous
Selenium
It was demonstrated that the total charge accumulation in amorphous
Selenium primarily depends on the bond angle deviation from the ideal value.
It is thus a local effect. In addition, it does not depend on the bond length.
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The dependence on the ideal bond angle is quite small, since it only enters the
quadratic term in Eq. (5.3), which has a prefactor that is two orders of magnitude
smaller compared to the linear term. This latter term does not depend on the
ideal bond angle. This simple local model presented here provides a useful method
for the estimation of charge accumulation in amorphous Selenium chains. Any
large-scale computer calculations are not necessary.

5.4

Conclusions

In this chapter the electronic structure of amorphous Selenium has been investigated. The calculations of atomic charge accumulation provide a direct evidence
of existences of positively charged (C3+ ) and negatively charged (C1− ) atomic sites
in a-Se network. Methods used for this purpose do not contain phonon-electron
interaction.
A simple local model has been proposed for the calculation of charge accumulation in amorphous Selenium chains. The model demonstrates that the
total charge accumulation in amorphous Selenium chains depends mostly of the
bond angle deviation from the ideal value.

Chapter 6

Summary

In the introduction of this thesis I have presented the experiment of K. Shimakawa
et. al. a the study of photoinduced volume changes in flatly and obliquely
deposited amorphous Selenium thin films. Their controversial results lead me to
start this work. The flatly deposited films expanded and the obliquely deposited
ones contracted. This behaviour give rase to some questions: What is the origin of
the different phenomena? Are there structural differences between the flatly and
obliquely deposited thin films? If yes how do they influence the photoinduced
changes of the films? What kind of photoinduced microscopic changes appear
during photo induced volume change of a-Se? What kind of kinetic follows the
photoinduced volume change? During the course of my study new questions arise:
How can I show experimentally the microscopic photoinduced bond breaking?
How is the electronic structure inside the amorphous Selenium chains and near
coordination defects? In my study I could get answers on these questions. The
results of my work are summarised by the following thesis points:
1. I prepared several amorphous Selenium samples with average angles of
0°, 20°, 45°, 60° between the normal to the substrate and the direction of the randomly directed incidence atoms using Molecular Dynamics simulations. I found
decreasing density in function of the increasing angle of incidence. Applying the
Voronoy-Delaunay method I have shown that in the obliquely deposited samples
appear more and large voids causing decrease in density [1].
2. Using Tight Binding Molecular Dynamics simulations I have studied
the photoinduced volume changes in obliquely deposited amorphous Selenium
samples. I established that the obliquely deposited samples containing voids show
a wider spectrum of photoinduced structural changes than in the flatly deposited
ones, like: covalent and inter-chain bond breakings and formations, chain slips,
ring formations, reversible and irreversible photo contraction and expansion. I
pointed out that the photoinduced volume contraction is caused by the void size
54
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reduction [1-3].
3. With Hartree-Fock ab initio method I calculated the Raman spectrum
of amorphous Selenium. I found linear correlation between the Se–Se covalent
bond length and their vibrational mode wavenumbers. I have pointed out that
to longer bond lengths correspond smaller vibrational mode wavenumbers [4].
4. I measured and compared the Raman spectra of illuminated and nonilluminated amorphous Selenium samples. I observed that the intensity of the
spectra is varying due to illumination. I concluded that during illumination a part
of the covalent bonds break and in the absence of the illumination the covalent
bonds are restored causing intensity variation in the spectra [4].
5. I proposed a phenomenological model to describe the dynamics of
the photoinduced volume change in chalcogenide glasses. Applying this model
I describe both the kinetics of the photoinduced volume expansion due to illumination and the kinetics of relaxation following the switch off the illumination.
I give a quantitative estimation for the local conversion rate of structural units
responsible for the effect into the expanded states [5].
6. I created a simple model for the calculation of charge accumulation in
amorphous Selenium chains depending only on bond angles. I tested the quality
of the model by Hartree-Fock ab initio calculations [6].
7. I calculated the charge accumulation on coordination defects of amorphous Selenium by Tight-Binding and Density Functional Theory methods. On
Selenium atoms with coordination number 3 I found positive charge accumulation
and on Se atoms at the ends of the chains appeared negative charge accumulation
[7].
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