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Preface

This monograph deals with metastable states in amorphous semiconductors – mate-
rials which lack long-range periodicity in the atoms’ positions, which are in ther-
modynamic nonequilibrium and which, in addition, have several metastable states.
These states give rise to various properties and effects – namely a wide range of pho-
toinduced changes and high photosensitivity and X-ray sensitivity – that are unique
among solid-state semiconductors. Historically, amorphous selenium and selenium-
based materials have played an important role in physics and technology, and they
continue to do so. In these materials there exist inherent intermediate (metastable)
states, structural and electronic in origin, which lead to interesting properties and
effects different from those of their crystalline counterparts.

In this volume, the metastable states and related effects are investigated in depth
against the background of a detailed consideration of local atomic and electronic
structure, and taking into account a wide range of light-induced effects.

Although the first publications on amorphous semiconductors date back to the
early 1970s, studies of metastable states in these materials had not been analyzed
systematically up to now, which led to erroneous ideas, even among specialists. In
the present book, experimental investigations of metastable states are reported in
detail for elemental selenium and selenium-based materials.

This monograph thus represents a complete course on metastable states in sele-
nium and selenium-based materials, which may be of interest to different groups
of readers. On the other hand, it is also intended as a reference book for scien-
tists and engineers who are actively involved in amorphous semiconductor material
characterization and defect engineering in research institutes and industrial labo-
ratories. Chapter summaries and tables compiling the theoretical, methodological
and experimental results allow quick access to the major results and simple location
of detailed information in the text. The data evaluation technique presented here
provides insight into the analytical potential of the various techniques, for example
Raman scattering, thermally stimulated depolarization currents, and time-of-flight
xerographic spectroscopy.
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Chapter 1
Introduction

Investigation of noncrystalline semiconductors is one of the most interesting and
attractive disciplines of condensed matter physics. In fact, these investigations are
strongly stimulated by both scientific and technological factors. Such materials are
free of limitations inherent to their crystalline counterparts with long-range order of
the positions of the atoms. They have a wide range of applications as given below.

The intellectual attractiveness of noncrystalline semiconductors is explained by
new approaches. The latter are not connected with the terminology of the Brillouin
zone, selection rules and steric arguments, which are not applicable to disordered
(noncrystalline) systems. Another reason that makes new approaches necessary is
connected with the absence of long-range order. In fact, most conventional tech-
niques typically used for classical crystalline semiconductors are complicated to
realize at conditions in which the carrier range is of the order of interatomic
distances and/or when the interpretation of experimental data is ambiguous. In addi-
tion, conventional spectroscopic techniques give structureless spectra without clear
features that would help in understanding fundamental properties.

Amorphous (vitreous) chalcogenides are materials containing one or more
chalcogenide elements (group VI in the periodic table, e.g. sulfur, selenium or tel-
lurium) as a substantial constituent. They are covalently bonded materials and may
be classified as a molecular solid. It is important to emphasise that they behave like
semiconductors.

The unique properties of this class of materials are explained by structural disor-
der, thermodynamic nonequilibrium and metastability. The designation metastable
state is reserved for states whose lifetimes are relatively long. Metastability is a
general scientific concept that describes states of delicate equilibrium. A system
is in a metastable state when it is in equilibrium but is susceptible to fall into a
lower-energy state with only slight interaction. This may be bandgap illumination,
and/or annealing. A metastable state is thus considered a somewhat stable interme-
diate stage of a system, the energy of which may be lost in discrete amounts. For
example, many chalcogenides exhibit a light-driven metastability called photodark-
ening. Photodarkening is a reduction in bandgap on exposure to light. The physical
origin of the process, which takes place during various structural transformations
induced by bandgap light and thermal annealing, remains unclear. It is necessary
to note that quasi-stationary states – the initial and final, after the corresponding

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 1, c� Springer-Verlag Berlin Heidelberg 2010
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2 1 Introduction

transformation – are the preferentially studied ones. At the same time, metastable
states, inherent to transition processes in the system, are poorly studied. Metastable
states may be preferentially structural (on the atomic and molecular scale) or elec-
tronic. Here it is necessary to note that transitions between metastable states is
difficult to avoid (in other words entirely “pure” experiments are unrealistic). At
the same time, the presence of metastable states causes unique effects and gives rise
to very interesting physical properties. Questions about the structure of amorphous
chalcogenides on the scale of medium-range order and possible modification of this
structure by variation of composition, technological factors and subsequent treat-
ment (bandgap irradiation or annealing) remain unanswered. It is also necessary to
obtain a deeper insight into the electronic structure of states in the mobility gap, as
well as the possibility of controlling these states.

Even amorphous materials have some short-range order at the atomic length scale
owing to the nature of chemical bonding. Furthermore, in very small crystals a large
fraction of the atoms are located at or near the surface of the crystal; relaxation of the
surface and interfacial effects distort the atomic positions, decreasing the structural
order. Even the most advanced structural characterization techniques, such as X-ray
diffraction and transmission electron microscopy, have difficulty in distinguishing
between amorphous and crystalline structures on these length scales. The only help-
ful and very informative technique in this context is, to the authors’ knowledge,
light scattering (Raman) spectroscopy. This technique is powerful and probes struc-
tural metastable states. Electronic metastable states are “visualized” by means of
thermally stimulated depolarization currents, time-of-flight and electrophotographic
(xerographic) measurements.

Raman scattering is the inelastic scattering of photons. When light is scattered
from an atom or molecule, most photons are elastically scattered, such that the scat-
tered photons have the same energy (frequency) and wavelength as the incident
photons. However, a small fraction of the scattered light is scattered by an exci-
tation, with the scattered photons having a frequency different from the frequency
of the incident photons. Raman scattering is a significant tool for analyzing the
molecular structure of amorphous semiconductors.

Thermally stimulated depolarization allows the shallow metastable electronic
states in the mobility gap of amorphous materials to be accessed. In this method
the semiconductor sample is previously polarized at low temperature, then, in the
process of heating, nonequilibrium carriers are liberated from metastable states.

In general, time-of-flight (TOF) describes a method in which the time that it takes
for a particle (e.g. charge carrier) to reach a detector is measured when the particle
travels a known distance (in solids, the sample thickness).

Xerographic spectroscopy is based on several stages of the well-known xero-
graphic process. In this technique a metallic plate coated with, for example, amor-
phous selenium is used. Amorphous selenium will hold an electrostatic charge in
darkness and will conduct away such a charge under light. There are two impor-
tant steps in xerographic measurements. The first step is charging. An electrostatic
charge is uniformly distributed over the surface of the photosensor (selenium layer)
by a corona discharge. The next step is illuminating the charged photosensor. In this
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step the charge will be dissipated. From the corresponding discharge characteristics
the states in the mobility gap may be extracted.

Detailed descriptions of the above techniques are given in the corresponding
chapters.

Chalcogenide glasses have great potential for applications in photonics. Four
kinds of applications are commercially available or used practically [1]. These
rely upon the unique features of chalcogenide glasses: quasistability (metastability),
photoconductive properties, infrared transparency and ionic conduction.

The first is the phase-change phenomenon used in erasable high-density opti-
cal memories [2]. These use semiconductor lasers and chalcogenide films such as
GeSbTe with a thickness of approximately 15 nm. The reflectivity change between
amorphous and crystalline phases is monitored with a weak light beam. The present
memory capacity is about 5 GB/disk and is still increasing.

The second category is photoconductive applications such as photoreceptors in
copying machines and X-ray imaging plates [3]. In the photoconductive target in
vidicons (type of video camera), avalanche multiplication in amorphous selenium
films is employed, which substantially enhances the light sensitivity so that star
images can be taken.

The third application is purely optical [4]. That is, since the chalcogenide glass
is transparent in the IR region, it can be utilized for IR optical components such as
lenses and windows. It can also be utilized for IR-transmitting optical fibers. Fibers
have also been employed as a matrix to incorporate rare-earth ions. Such rare-earth
ion doped chalcogenide glasses are promising for the preparation functional fibers
such as optical amplifiers.

Lastly, chalcogenide glasses containing group I elements such as silver are used
as high-sensitivity ionic sensors [4]. Some lithium-containing glasses have also been
utilized as solid-state electrolytes in all-solid batteries.

It is important to note that more effective application of noncrystalline mate-
rials for optical data storage, in holography, xerography and radiography depends
strongly on our knowledge of molecular and electronic structure. All of the argu-
ments mentioned are reasons for the current importance of experimental studies of
metastable states and relaxation effects in amorphous chalcogenide semiconductors.

Selenium is one of the most important and intriguing representatives of a wide
class of noncrystalline chalcogenide semiconductors. It is a very promising material
as a nearly “ideal” model object for fundamental studies. The structure of amor-
phous selenium (a-Se) is formed preferentially by chain fragments. Intra-atomic
bonding is stronger than interatomic bonding. Therefore, semiconducting amor-
phous selenium appears to be a molecular material and may be considered in some
sense a polymer. Addition of arsenic or antimony to amorphous selenium makes it
possible to observe the influence of these additives on the specific photophysical
properties. At the same time, one can observe the transition from one-dimensional
(chain-like) structure to two-dimensional (layer-like) structure. In this book elemen-
tal selenium and As .Sb/x Se1�x alloys are chosen as model objects because the
experimental results obtained are common to a wide range of noncrystalline chalco-
genide semiconductors. The physical origin of all of the unique properties observed,
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the authors believe, lies in the fact that amorphous semiconductors are structurally
disordered, thermodynamically nonequilibrium and kinetically unstable materials.
It should be pointed out also that in this book the conventional approach dealing
with structure, fundamental electronic properties and their explanation in terms of
defects is not followed. The authors have tried to emphasise only intriguing struc-
tural and electronic metastable states in the mobility gap of amorphous chalcogenide
semiconductors. The authors leave it to the reader to decide to what extent such an
approach is successful.

References

1. K. Tanaka, Chalcogenide Glasses, in Encyclopedia of Materials: Science and Technology
(Elsevier, Oxford, 2001), pp. 1123–1131

2. A. Madan, M.P. Shaw, The Physics and Applications of Amorphous Semiconductors (Academic,
Boston, MA, 1988)

3. S.O. Kasap, J.A. Rowlands, J. Mater. Sci. Mater. Electron. 11, 179 (2000)
4. A. Feltz, Amorphous Inorganic Materials and Glasses (VCH, Weinheim, Germany, 1993)



Chapter 2
Effect of Thermal Evaporation Conditions
on Structure and Structural Changes
in Amorphous Arsenic Sulfides

In this first chapter we consider, using a powerful technique such as Raman
scattering, structural changes induced by light and heat treatment in vacuum-
deposited amorphous chalcogenide films prepared by thermal evaporation at dif-
ferent rates. The changes in the Raman spectra of thermally evaporated amorphous
As2S3 films after light treatment are interpreted in terms of rearrangement of bond-
ing configurations of molecular species that exist just after evaporation. As the
evaporation temperature or deposition rate is increased, irradiation with bandgap
light, As-enriching and/or further annealing of the films induces the formation of
microcrystallites. At the same time, the reversible photoinduced changes in annealed
films involve negligibly small changes in bonding statistics. Discernable change
occurs in the medium-range order.

2.1 Introduction to Amorphous Solids

An amorphous solid is a solid in which there is no long-range order of the positions
of the atoms. Solids in which there is long-range atomic order are called crystalline.
Most classes of solid materials can be prepared in an amorphous form. For instance,
chalcogenide glasses are amorphous materials.

In principle, given a sufficiently high cooling rate, any liquid (melt) can be made
into an amorphous solid. If the cooling rate is faster than the rate at which molecules
can organise into a more thermodynamically favourable crystalline state, an amor-
phous solid will be formed. In contrast, if molecules have sufficient time to organise
into a structure with two- or three-dimensional (2D or 3D) order, a crystalline solid
will be formed.

Some materials, such as metals, are difficult to prepare in an amorphous state.
Unless a material has a high melting temperature or a low crystallisation energy,
cooling must be done extremely rapidly. As cooling is performed, the material
changes from a supercooled liquid, with properties one would expect from a liquid-
state material, to a solid. The temperature at which this transition occurs is called
the glass transition temperature Tg.

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 2, c� Springer-Verlag Berlin Heidelberg 2010
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An amorphous solid, such as a chalcogenide glass, is a rigid material whose
structure lacks crystalline periodicity. Thus the pattern of its constituent atoms or
molecules does not repeat periodically in three dimensions. In the present terminol-
ogy amorphous and noncrystalline are synonymous. A solid is distinguished from
its other amorphous counterparts, that is, liquids and gases, by its viscosity.

The structural, optical and photophysical properties of chalcogenide glasses have
been the subject of permanent systematic interest for more than 30 years [1–4]. The
interest has been stimulated both by unresolved fundamental scientific problems
(their structure and electronic properties, to mention just two) of noncrystalline
materials and the need to assess their potential as optical memory elements, for
image formation and other useful applications.

The structural and physical properties of amorphous chalcogenides depend on the
preparation conditions and subsequent sample treatments, although in a less sensi-
tive manner than their crystalline counterparts. In many cases the initial structures
of amorphous films differ from those of well-annealed films or their bulk glasses,
and they undergo significant irreversible structural changes in response to band-gap
illumination or annealing (so-called photo- and thermo-induced changes). Although
the induced effects mentioned above have been reviewed many times, their origin
remains disputable.

In the following we attempt to present our experience in examining the influence
of preparation conditions (e.g. thermal evaporation rates) and of various treatments
(irradiation or annealing) on the structure of fresh (as-evaporated) AsxS1�x amor-
phous films. The latter are particularly suitable objects for such a study because the
irreversible changes in the optical properties of these materials, especially in As2S3,
are much more pronounced than those in other chalcogenide glasses, e.g. AsxSe1�x .

2.2 Experimental Investigation of the Influence of Thermal
Evaporation Conditions

Usually the samples used in these studies were amorphous films, typically 5–20�m
thick. The films were prepared in conventional manner, by thermal vacuum evapo-
ration of glassy AsxS1�x alloys (high-purity elements were alloyed by melting in
evacuated and sealed quartz ampoules) from a molybdenum boat onto glass and
quartz substrates. The evaporation was performed under two different conditions:
evaporation onto a substrate with deposition rate ca. 20 Å s�1 (conventional mode)
and evaporation onto a substrate with deposition rate ca. 1; 000 Å s�1 (flash evap-
oration). The deposition rate was varied by changing the source (evaporation boat)
temperature while the substrate temperature was held constant at T D 300K. Chem-
ical compositions of the films, e.g. As2S3, were found to be As39:7S40:3 on the basis
of electron microprobe analysis. The lack of crystallinity in the film samples was
systematically verified by X-ray diffraction measurements.

Raman spectra were measured by conventional and Fourier transform IR (FTIR)
Raman spectrometry (Bruker, model IFS 55). Laser irradiation of wavelengths
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647.1 and 1,064 nm from Kr-ion and neodymium-doped yttrium aluminium garnet
(Nd:YAG) lasers were used for the excitation of the Raman spectra. Such a low
energy, especially in the latter case, is well below the values of the optical bandgaps
for the glassy alloys under study. Thus, no detectable photostructural transforma-
tion took place under data collection. It is quite natural that the amplitudes of
some Raman lines from AsxS1�x films were often low (compared to that in bulk
glass); the spectra were usually “noisy” and not smooth. The backscattering method
was used with a resolution of 1 cm�1. Raman spectra of the amorphous films were
recorded at sufficiently low incident laser-beam power density (3–5 mW) to avoid
possible photostructural changes in the case of the 647 nm excitation line. A KrC
-ion laser was used as an exposure source and the films were exposed at an intensity
of 30mW cm�2. Although structural transformations in AsxS1�x films have been
the subject of several articles [5–17], some important aspects of them are not still
fully understood.

First of all we consider the results obtained for conventionally prepared amor-
phous films. Figure 2.1 shows the Raman spectra for the as-deposited (1), exposed
(2), annealed film (3), and bulk-glass (4) forms of As2S3.

Qualitatively similar results for irreversible thermostructural transformation have
been firstly reported by Solin and Papatheodorou [5], Nemanich et al. [6], Mikla
et al. [7], and Frumar [8, 9]. The spectrum of the as-deposited film consists of rel-
atively sharp peaks on the background, typical of bulk As2S3 glass. These sharp
features, characteristic of the as-deposited film, broaden, decrease in intensity or
even disappear irreversibly after annealing or on illumination. Such a behaviour
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Fig. 2.1 Raman spectra of as-deposited (1), photodarkened (2), and annealed (3) As2S3 amor-
phous films. For comparison, the spectrum (4) of bulk glass is also shown
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indicates that significant (in the sense of amorphous semiconductors) structural
modification has taken place. Note that in bulk glass and amorphous film form with
As content exceeding 40 at% all the relatively sharp features mentioned above are
also observed. The data analysis [7–11] indicates that the sharp spectral features
(except for the 490 cm�1 band) originate from “wrong” (like-atom or homopolar)
As–As bonds in As4S4 molecular units. The presence of As4S4 molecules in the
as-deposited As2S3 films is strongly supported by IR [12], EXAFS [13] and recent
Raman scattering [7–9] measurements. Taking this into account, as-deposited films
of As2S3 possess AsS3 pyramidal units, which form a glassy matrix of As2S3 and,
in addition to them, a partially polymerised mixture of As4S4 (realgar-type) and Sn

molecular species.
After annealing, the spectrum of the as-deposited film becomes very similar

to that of bulk glass. However, some broad features – the maxima at 187 and
230 cm�1 – remain. This indicates that some “wrong” bonds of the type As–As
and S–S exist even in well-annealed As2S3 films. During this treatment the bond
breaking and switching due to an increased mobility of atoms is accompanied (to a
considerable extent) by structure polymerisation. This is manifested in the S–As–S
stretching mode (120–170 cm�1) frequency spreading and vibration band broaden-
ing typical of the bulk glass. Similar behaviour in the valence mode region of the
As–S and As–As vibration bands takes place if we illuminate the as-deposited film.
Consequently, we can say that the structure of illuminated films remains close to
that of as-deposited films.

In most studies on arsenic chalcogenide films, including those examined in
the work discussed here, the investigators deposited amorphous layers at fairly
low deposition rates ranging maximally from 10 to 100 Å s�1. The reaction of
these samples to bandgap illumination is seen as an absorption edge shift to lower
energies (red shift or photodarkening, PD). In contrast, setting the evaporator at
Tevap D 800ıC to 900ıC and deposition rates of � 300 Å s�1 lead to a structural
modification, which in turn results in a decrease in the optical bandgap. The exposed
samples behave like “positive” photosensitive layers (in contrast to materials with
negative image formation), that is, they exhibit a blue shift of the absorption edge.
In Fig. 2.2, a typical Raman spectrum of a film deposited at a higher rate is shown.

In general, it is clear that on raising the evaporation temperature and deposition
rate the spectral bands sharpen and the smooth background disappears. The high-
frequency component at 490 cm�1, which represents S–S bonds polymerised in the
glass network, disappears. This is paralleled by the appearance of additional features
at 120, 150, 200, 233 and 273 cm�1. Note that the strongest peak (273 cm�1) in the
Raman spectrum of the film deposited at high deposition rate is absent in those
of As2S3 crystals, and ’; “-As4S4 polymorphs. Recall that this line was observed
[14] in the Raman spectrum of the sample of crystalline As4S3 obtained by vacuum
sublimation of melted As4S3.

As the deposition rate increased, the films were found to become sulfur-deficient.
This is the case even for sulfur-rich compositions (see Fig. 2.3). One of the reasons
for such As-enriching of the samples may be the partial fragmentation of As2S3

into As2S2 and sulfur during the deposition. Note that the increase in quenching
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Fig. 2.2 Raman spectra of a fast-deposited As2S3 film. Spectrum 1 was taken before annealing
and spectrum 2 after annealing

temperature has a similar effect on the structure of melt-quenched As2S3, as was
demonstrated by Yang et al. [13], Mikla et al. [7] and Zitkovsky and Boolchand [15].

Only a slight change in the Raman spectrum was observed after irradiation of
such films. In contrast, annealing resulted in further narrowing of the bands, splitting
and intensity redistribution. The low-frequency region of the spectra of annealed
films exhibits a distinct shoulder at 60 cm�1, which probably corresponds to the
lattice (intermolecular) line in the spectra of the crystals ’; “-As4S4 [11].

It is important to point out here that the transformation of the Raman spectrum
with increasing As content (above stoichiometric As0:4S0:6 composition) is similar
to that observed for As2S3 with the increase in deposition rate (compare Figs. 2.2
and 2.4). Results suggest that the high deposition rate induces the formation of
microcrystallites. Annealing further enhances the crystallisation processes and the
films become polycrystalline. Such a radical structural transformation, observed in
the films deposited at high rates, was found to be irreversible – the initial struc-
ture (and the corresponding absorption edge position) could not be restored even by
annealing near Tg. Moreover, the films deposited at higher rates always appeared
smooth, but took on a “dusty” appearance after light and, especially, heat treatment.
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Fig. 2.3 Raman spectra of As0:30S0:70 films. Curve 1 is the spectrum of the film prepared in
conventional manner (slow deposition); curve 2 corresponds to the fast-deposited film
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Fig. 2.4 Raman spectra of As0:44S0:56 films prepared by slow (1) and fast (2) evaporation

Returning to the films prepared in conventional mode (slow-deposition films),
we next examine how PD of well-annealed films and bulk samples influences their
structure. In this case, the irreversible changes are much less developed, principally
because the magnitude of the reversible PD is small. Structural changes detected by
means of direct structural probes (e.g. X-ray diffraction [16]) were subtle. Regret-
tably, indirect probes of local structure by means of Raman spectroscopy, even in
the case of Fourier transform Raman spectroscopy, which is believed to be more
sensitive than conventional Raman spectroscopy, also shows only negligibly small
changes between annealed and irradiated amorphous films, as shown by the data pre-
sented here. At the same time, it should be noted that Raman scattering is sensitive
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Fig. 2.5 The dependence of the low-frequency peak position and relative intensity on exposure
time. Imax denotes the peak intensity for a nondarkened sample

to medium-range order and can provide some structural information in terms of
correlation length. In [8] Frumar et al. reported an increase in the intensity of the
231 cm�1 Raman band characteristic of As–As bonds in a-As2S3 with PD. In con-
trast, in the present experiments not even a slight change in Raman spectra in the
frequency range 100–500 cm�1 could be detected. Only low-frequency regions of
the Raman spectra show discernible changes under illumination.

Figure 2.5 summarises the low-frequency Raman spectra measurements at room
temperature. As2S3 glassy samples were illuminated for different times from 1 to
240 min. It may be observed that the peak position of the spectrum gradually shifts
to higher frequencies as the illumination time is increased. The reversible PD in
As2S3 annealed thin films and bulk glasses are also accompanied by changes in the
intensity of the low-frequency peak. It is clear that the PD has appreciably reduced
the intensity of the boson peak.

The irreversible structural changes that occur in the conventionally prepared
(slowly deposited) thin films upon optical illumination can be understood in terms
of the mechanism described in [5–12,17]. These changes are associated with a pho-
topolymerisation of As4S4 and Sn molecular species. The resultant structure after
such a transformation is 2D, layer-like, with nearly restored chemical ordering.

Rapid deposition, as observed in the Raman data, significantly enhances compo-
sitional as well as structural disorder in amorphous samples compared with that of
the stoichiometric composition. An increase in As concentration leads to a conden-
sation of As4S3 and some other As-rich molecular species; a disordered molecular
solid is obtained. These As-rich compositions are unstable and presumably phase
separation occurs upon thermal annealing and light irradiation. Without going fur-
ther into the details of these irreversible effects in fast-deposition films, it may be
suggested that irreversible photoinduced structural changes in conventionally pre-
pared amorphous films are quite different from a phenomenological point of view
and also with respect to their origin.

On the basis of the Raman results presented here, one can conclude that, in con-
trast to the irreversible structural changes, no changes in local structure appear to
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accompany the reversible photoinduced changes observed in well-annealed amor-
phous films. This means that covalent (intramolecular) bond breaking is unlikely
to be the dominant mechanism responsible for reversible photoinduced effects in
amorphous chalcogenides.

The most significant photostructural change observed using Raman scattering
was in the region of the low-frequency or boson peak at a wavelength of 25 cm�1.
This Raman peak is accounted for as signifying certain medium-range order in the
amorphous structure [18–20]. The position and the intensity of the peak can be used
to estimate the structural correlation length Rc � .!max=V /

�1, where !max is the
frequency of the peak maximum and V the velocity of sound, and to characterise
the degree of structural ordering. The structural correlation length is generally asso-
ciated with the dimensions of some cluster-like structure. For a-As2S3, theRc value
is � 7:6 Å. The clusters may exist in the form of linked pyramids. In spite of the
absence of definite conclusions on the nature of low-energy excitations in disordered
solids, it is obvious that differences between the boson peak in the annealed and pho-
todarkened states are due to changes in medium-range order. A decrease in the peak
height and a shift to higher ! values may be attributed to an increase in structural
randomness. This is consistent with an increase in structural disorder under illu-
mination detected by EXAFS spectra [13, 21]. In spite of our experimental results
on Raman scattering, PD is a photostructural change and is the result of changes
in medium-range order (i.e. weakly linked AsS3 pyramids move with respect to
each other, as proposed in [22]). This mechanism does not involve the breaking of
covalent bonds. At the same time, some authors (see the corresponding chapters
of books and reviews [22–26]) suggest, on the basis of data obtained by indirect
probes of local atomic structure, modification of short-range order accompanying
reversible photoinduced changes. Clearly, unique, diffraction-like experiments are
needed; probably they are the only ones that can give unambiguous evidence on
the changes in short- or medium-range order accompanying reversible photoin-
duced changes. Although the former often is believed to be answered, Raman data
presented in this chapter show that the main problems remain unresolved.

2.3 Summary

In this chapter the influence of thermal evaporation conditions and subsequent light
and heat treatment on the atomic structure was studied. The major experimental
findings of these studies may be summarised as follows.

The pronounced irreversible change observed in the Raman spectra of slowly
deposited films on illumination is direct evidence for gross structural changes
caused by optical irradiation. Such behaviour has been interpreted in terms of a
photopolymerisation mechanism.

The films were found to become sulphur deficient as the deposition (evaporation)
rate increased, because of partial fragmentation of As2S3 into As3S2 and sulfur



References 13

during the deposition. Fast-deposited films are unstable and phase separation occurs
upon light irradiation.

The reversible photoinduced effects in well-annealed amorphous films involve
structural modifications in the medium-range order.
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Chapter 3
Optical Absorption and Structural
Transformations in Arsenic Selenide Films

Optical absorption has been studied as a function of composition and temperature
for poorly investigated Se-rich AsxSe1�x noncrystalline alloys. The samples were
thin amorphous films and bulk glasses. It was shown for the first time that the
absorption above the fundamental (Urbach) edge follows the Tauc law. The only
exception to this law is pure selenium, for which a linear dependence of absorption
coefficient on photon energy holds. The Tauc law is valid over a substantial range
of absorption.

Although several reviews have appeared on various properties and applications
of chalcogenide glasses, there is no thorough study of local atomic structure and
its modification for Se-rich amorphous AsxSe1�x (a-AsxSe1�x). This chapter is
concerned with this problem. Structural transformations are examined by Raman
scattering measurements of amorphous Se-rich AsxSe1�x (0 � x � 0:2) alloys.
It is found that the molecular structure of amorphous Se (a-Se) on the scale
of medium-range order differs from the structure of most inorganic glasses and
may be placed between three-dimensional (3D) network glasses and polymeric
ones. Further experiments show the existence of successive phases in laser-induced
glass–crystalline transition with pronounced threshold behaviour. By comparing
peak width, peak location and Raman intensity in the range of bond modes, it is
derived that the changes occur non-monotonically with increasing As content. The
composition-induced changes of the spectra are explained by crosslinking of Se
chains. Under laser irradiation, the changes in the optical transmission, holographic
recording properties and Raman spectra of a-AsxSe1�x films with 0 < x � 0:2

have been examined. The dependence of the transmissivity and diffraction efficiency
on the irradiation energy density shows two qualitatively different regions. Below
the energy density threshold Eth only small changes in the local structure of the
system can be detected. In the low-energy region, transient changes in transmis-
sivity are observed. This behaviour may be explained qualitatively by associating
such changes with alternation of deep defect states. Above Eth, the changes were
attributed to crystallisation transformation. The corresponding Raman spectra reveal
transformation of the system from amorphous phase to the crystalline phase under
laser irradiation.

In physics, absorption of electromagnetic radiation is the way by which the
energy of a photon is taken up by matter, typically the electrons of an atom. Thus, the

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 3, c� Springer-Verlag Berlin Heidelberg 2010
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electromagnetic energy is transformed to other forms of energy. Usually, the absorp-
tion of waves does not depend on their intensity (linear absorption). The analysis
of optical absorption is one of the most useful tools for understanding the elec-
tronic structure of amorphous semiconductors. The electronic absorption edge of
amorphous semiconductors consists [1,2] of three spectral curves. In the absorption
region higher than 103 cm�1, the absorption spectrum ˛ (h �) follows the func-
tional dependence .˛h �/1=2 / h �–Eg

T, and the optical bandgap energy is defined
conventionally using Eg

T, the so-called Tauc gap. For smaller absorption coeffi-
cients, a temperature-independent Urbach tail with the form ˛ / exp .h �=EU/ is
observed, where EU is the Urbach energy. In the spectral region ˛ � 100 cm�1,
a weak absorption tail with a dependence ˛ / exp .h �=Ew/ is observed, where
Ew � 300meV (in As2S3) [1–3]. This absorption tail is influenced by impurities,
but even in purified samples the tail still exists. It may be due to intrinsic mid-gap
states. Interpretation of these spectral dependences still remains ambiguous.

Amorphous chalcogenides exhibit various structural changes under the action of
light of photon energy comparable with their bandgap. These structural transforma-
tion cause changes preferentially in optical properties, but other physical properties
are also “sensitive” to illumination. Various structural transformations caused by
bandgap illumination are given in this section.

Considerable effort has been made by different research groups (see system-
atised data in [1–7] and references cited therein) to study the Urbach edge in
As–Se amorphous semiconductors. These experiments show the unusual tempera-
ture and compositional behaviour of this fundamental property in the As–Se system.
Such behaviour has been interpreted by specificity of microscopic structure and
increasing disorder with decreasing temperature.

The universal occurrence of an Urbach edge in noncrystalline semiconductors, as
is accepted in general, is preferentially caused by disorder, structural and thermal.
The reader may find theoretical calculations indicating that random electric fields
or a Gaussian site energy distribution both lead (Mott and Davis) to the exponential
dependence of absorption on photon energy.

It is necessary to note that the absorption region above the Urbach tail has histor-
ically received less attention and was studied poorly. This fact is surprising because
of the universal nature of the empirical Tauc law in amorphous solids. In the fol-
lowing we report a study of the Tauc region as a function of composition in Se-rich
AsxSe1�x glasses.

The optical absorption was determined from the transmission measurements

T D .1 � R/2 exp .�˛d/
1 �R2 exp .�2˛d/ : (3.1)

Here T is the transmission, R the reflectance, ˛ the absorption coefficient and d
the sample thickness. The value of R was taken corresponding to refractive index
n D 3:2, in accordance with the compositions and photon energies typical of the
present measurements.



3 Optical Absorption and Structural Transformations in Arsenic Selenide Films 17

It should be noted here that a-Se is a well-known exception to the Tauc law

˛h� D C.h� � ET/
2 (3.2)

and follows a linear law
˛h� D C1.h� �E1/ : (3.3)

The results obtained for Se amorphous films and bulk samples at room temperature
are in full agreement with that given in [7]. It was found that the Tauc law may be
applied to glassy samples of composition AsxSe1�x from 1 at% to 40 at%. This
is a general tendency of optical absorption in the above mentioned compositional
range. Pure a-Se samples obey the linear law from slightly above the extrapolated
gap to the highest measurable energies. The addition of less than 1 at% As causes a
transition from the anomalous linear behaviour to the universal Tauc law.

In recent years there has been enhanced interest in structural studies of chalco-
genide glasses owing to their actual and potential use in electrical and optical
devices. As-containing chalcogenides, especially Se-rich alloys, have usually been
studied in thin-film, bulk and fibre forms. Since a change in the structure can
influence photogeneration, charge-carrier transport, trapping and other important
fundamental properties, knowledge of the molecular structure of such materials is
needed for further improvement of their characteristics.

Undoubtedly, elemental semiconductors are useful and suitable model objects for
studying the influence of structure on physical properties. This is particularly true
with respect to selenium. In the past, the latter has been successfully used in pho-
tocells, rectifier diodes and solar cells. In its amorphous form, selenium has a good
application as a photoreceptor in copying machines and X-ray imaging plates [4,5].
It is necessary to note that this material differs from other amorphous chalcogenides
in several respects:

� Selenium is the only one that vitrifies as an elemental glass and is fairly stable at
room temperature

� Compositional (chemical) disorder is absent
� Charge carriers of both polarities are mobile at room temperature
� The spectral dependence of the optical absorption in the region above the Urbach

tail is unusual
� There exists a so-called “non-photoconductive gap”
� And the gap state density in the mobility gap is relatively low compared to other

amorphous materials

Despite the increasing commercial using of a-Se in various applications (see [3]
and references therein), for example as a promising X-ray flat panel detector for
medical purposes [4, 5], its structure is not fully understood.

On the other hand, binary noncrystalline semiconductors of the As–Se system
are also of continued scientific and practical interest because of real opportunities
for their technological use (e.g. as functional elements of multilayer photoreceptors
in xerography). Among them the stoichiometric composition As2Se3 and composi-
tions in the range 30–50 at% As are perhaps the most studied ones [2–4]. As for most
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stable binary glasses in the As–Se system, which are also the subject of this book,
atomic ratios can be varied in a wide range. Although the information about the
various physical properties of Se-rich alloys is not so extensive [2–11], their com-
positional dependence manifests extrema or thresholds also in the range 6–12 at%
As. It is necessary to accentuate that the As–Se amorphous alloy system displays
main extrema of various properties at the composition where the valence require-
ments appear to be satisfied, that is, at the stoichiometric composition. It seems to
be reasonable to connect the mentioned non-monotonic behaviour with a specific
character of local structure changes.

Another prominent feature of the materials studied consists in the following. Cer-
tain types of glasses, whose common feature is the presence of the chalcogen atoms
sulfur, selenium, and tellurium, exhibit various photoinduced phenomena (the reader
may refer to [12]). Among these are photostructural transformations and photocrys-
tallisation phenomena: a change in optical, electrical and other physical properties is
observed. The phase transformation of selenium and its alloys can also be induced
relatively simply by laser illumination [2, 13–15]. Reasonably, this unique prop-
erty makes them attractive for optical data storage and holographic recording. Many
experimental results using selenium and its alloys have been reported [4], but few
cases of phase transformation properties were mentioned.

Raman scattering is a very powerful experimental technique for providing infor-
mation on the constituent structural units in a given material [16]. In the present
chapter, Raman scattering in pure a-Se and Se-rich As–Se amorphous films is stud-
ied. Below we attempt to clarify the structural transformations induced by light
treatment and compositional changes. We focus our attention mainly on photocrys-
tallisation transformations, although photostructural changes are also considered.
In addition, the composition-induced structural modifications in a-AsxSe1�x are
also analyzed. As the detailed analysis of Raman data shows, some discontinuity of
atomic arrangement with rising As content exists.

3.1 Sample Preparation and Measurement Technique

The samples used in these studies were amorphous films, about 10�m thick, pre-
pared by vacuum thermal evaporation of the powdered AsxSe1�x melt-quenched
material at a rate of 1�m min�1 onto quartz substrates held at room temperature as
well as polished mirror-like parallelepipeds of vitreous AsxSe1�x . The AsxSe1�x

bulk glasses were prepared according to the conventional melt-quenching method.
Annealing of the films was carried out in air at ambient pressure and at temperatures
below the glass transition temperature. Thin-film samples were kept in complete
darkness until measured to minimise exposure to light sources, which could lead
to changes in the properties and structure of the films. It is important accentuate
that after annealing their Raman spectra become indistinguishable from the cor-
responding spectra of melt-quenched glassy samples. It should be noted that for
Se-rich compositions studied the difference in the spectra of melt-quenched and
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as-deposited samples is not so “dramatic” as in the case of the As–S system, which
is considered in Chap. 2, and as reported also by Nemanich et al. [17] (see also [18]).

Right-angle Raman spectra were measured using a RAMANOR U-1000 spec-
trometer. The spectral slit width was ca. 1 cm�1 and the excitation wavelength
676 nm. Raman spectra of the amorphous films were recorded with sufficiently
low incident laser-beam power densities, P D 3–5mW, to avoid photostructural
changes. The latter is known to transform the Raman spectra in a manner similar to
that reported in [19] for a-Se. The identity of the experimental spectra obtained from
different points of the sample and the good reproducibility of the spectra in repeated
scans (the time required to scan one spectrum in the spectral range 100–300 cm�1

is about 5 min) show that photodarkening (PD) did not play a role in the subsequent
Raman measurements.

In the transmission PD experiments, the samples were illuminated at near-normal
incidence by argon–ion and helium–neon lasers, operating, respectively, at 514 nm
and 633 nm. These wavelengths were convenient because they correspond to near
maximum photoresponse. The transmission of the sample was probed using a por-
tion of the He–Ne output and detected by a photomultiplier. The intensity of the
probe beam was kept low (P � 0:01W cm�2) and had no measurable effect on
the sample, in either producing or erasing the PD. The sample transmission was
measured at 633 nm, during and after PD.

The structure of photocrystallised films was investigated using X-ray diffraction
(XRD).

The holographic gratings were recorded on thin-film samples of AsxSe1�x . The
present grating technique is the conventional method, in which a grating having a
pitch � D �= .2 sin .�=2/ ] is produced by two interfering beams of wavelength
� .633 nm/ intersecting at a sample surface with an angle � .ca: 40ı/. The diffrac-
tion efficiency � D I=I0, where I0 and I are the corresponding intensities of the
reading beam and of the first-order diffracted beam, is measured as a function of the
exposure time.

3.2 Raman Scattering in Amorphous Selenium

In Fig. 3.1, a typical Raman spectrum of a-Se measured at low incident radiation
power density, ca. 3 mW, is shown. The stable level of the scattered light intensity
and the good reproducibility of the spectrum in the repetitive cycles clearly indi-
cate the absence of any structural changes in a-Se induced by laser irradiation of
such power density. On the high-frequency side

�
! D 100–300 cm�1

�
the spectrum

contains an intense peak at 255 cm�1 and a feature (shoulder) at 237 cm�1.
The above features are in good agreement with previously reported data [20–23].

In the low-frequency region one can observe a broad peak with !max at 16–20 cm�1.
This so-called boson peak occurs in the low-frequency region of the Raman spectra
of all amorphous and vitreous solids. An analysis of the spectral form of the boson
peak is given in Fig. 3.2.
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Fig. 3.1 Raman spectra of (1) amorphous and (2), (3) photocrystallised selenium. Experimental
details: (2) after 5 min exposure of the sample to 10 mW, (3) after 30 min exposure to 10 mW.
Asterisks indicate laser plasma lines

Fig. 3.2 Low-frequency Raman spectra of different glasses on a scale !n D !=!max. (1) Se
(!max D 17 cm�1 at T D 100K), (2) Se (!max D 17 cm�1 at T D 300K), (3) As2Se3 (!max D
26 cm�1, T D 300K [24]), (4) poly(methylmethacrylate) (PMMA) (!max D 17 cm�1 [25]); see
also [26–30] for the structural characterisation of amorphous chalcogenides

Normalised Raman spectra In D I= Œ! .n .!/C 1/ for a-Se and a series of
samples of other compositions are given on the same energy scale !n D !=!max,
where n .!/ C 1 D 1=.exp.„ !=kT / � 1/ C 1 is the boson factor for the Stokes
component.
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When we try to identify certain vibration bands observed in the Raman spec-
trum of a-Se, some difficulties arise. Initially it was proposed to interpret the a-Se
Raman spectrum in analogy with sulfur – on the basis of a molecular approach.
That is, the main vibration band was considered to be the superposition of the peaks
at 237 and 255 cm�1 characteristic of chains and rings, respectively [21]. How-
ever, further experimental data have caused some doubts to be cast. In such a case
one would expect to observe a discernible difference in the contributions of the
237 and 255 cm�1 modes to the main vibrational band in samples prepared under
different conditions (e.g. substrate temperature during deposition for amorphous
films or quenching rate for glassy samples). This may be caused by changes in the
rings-to-chains ratio. Therefore, it is clear that the spectral region 200–300 cm�1 is
unsuitable for ring diagnostics. This is consistent with the conclusions of [22].

The Se8 peak (112 cm�1) could not be detected in the present experiment. Prob-
ably, this is connected with its weakness. This fact evidently indicates the low
concentration of rings. Consequently, one can associate the spectral features in the
main vibration band, the 255 cm�1 peak and the shoulder at 237 cm�1, mainly with
chain vibrations.

The low-frequency region 0 < ! < 100 cm�1, in which the boson peak appears,
is of special interest. Note that such a low-frequency peak seems to be a universal
feature of all amorphous materials [24, 31]. It has been found that the spectral form
of the boson peak is the same for a wide range of oxides, chalcogenides, and low-
molecular-weight organic glasses, and coincides with that of As2S3 bulk glass [16,
17, 24]. The universal form of the low-frequency peak is due to the universality of
glassy material on the scale of medium-range order L � V=!max of 1–2 nm (V
is the sound velocity) [31]. For the case of a-Se, it is observed (Fig. 3.2) that the
spectral form of the boson peak essentially differs from that characteristic of the
majority of inorganic glasses. The spectral form of the boson peak in a-Se seems to
be intermediate between that in polymeric and low-molecular-weight glasses.

This result can be explained by a preferentially chain-like structure of a-Se. The
latter may form a structure similar to the structure of the linear polymer PMMA.
In other words, with regard to its structure on the scale of medium-range order,
a-Se may be placed between 3D network glasses and polymeric ones. Examples
of intermediate-range order in elemental and compound materials, including a-Se,
have been extensively discussed in [24, 31–33].

There exists another possible explanation. Se has its glass transition temperature
near room temperature. Therefore it is in a well-annealed state. It is known [31] that
the intensity of the boson peak relative to the main bond modes in the Raman spec-
trum significantly decreases as the structural order of the sample increases (e.g. in
“equilibrated” or annealed samples). This decrease may lead, in turn, to an increased
contribution from other modes to the high-frequency side (! � !max) of the boson
peak. This is clearly seen if we compare the shape of corresponding peaks in a-Se
and As2S3 (Fig. 3.2).
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3.3 Composition Dependence of Raman Bands in Amorphous
Se-Rich AsxSe1�x Alloys

In this section, experimental results on Raman scattering spectra for Se-rich amor-
phous semiconductors AsxSe1�x are discussed. In Fig. 3.3 typical Raman spectra
of a-Se and As–Se alloys with As content up to 5 at% are shown. The major spec-
tral feature in the high-frequency region is the 255 cm�1 band. Another prominent
spectral feature, which is not shown in this figure, is the broad peak with !max at
16–20 cm�1. As mentioned, the latter is characteristic for Raman scattering of all
amorphous solids and glasses.

In the following we consider only the high-frequency region. The weak feature
observed at 112 cm�1 in the a-Se spectrum diminishes with As addition and at 5 at%
completely disappears (see inset in Fig. 3.3). At the same time the difference in the
spectra in the region of the main vibration band is obvious. Thus, with increasing As
content the transformation of the Raman spectrum in this region is retraced (Fig.3.4).

The most important points are the following.

� Spectrum broadening with increasing As addition.
� Growth of scattered light intensity from the low-frequency side of the main

maximum (255 cm�1).
� Appearance of a broadened band at 220–230 cm�1 (this band is most intense

in the Raman spectrum of As0:4Se0:6). It should be noted also that the main
maximum is slightly shifted to higher frequency for a-AsxSe1�x with respect to
Se (255 cm�1).

Fig. 3.3 Comparison of the Raman spectra of a-Se (1) and AsxSe1�x : x D 0:02 (2), 0.04 (3),
and 0.05 at% (4). Each trace has been normalised to the same peak (255 cm�1) intensity. The inset
shows the bending mode region
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Fig. 3.4 Raman spectra of a-AsxSe1�x films: x D 0 (1, solid line), 0.05 (2, dashed line), 0.10 (3,
dashed-dotted line), 0.12 (4, dashed–double dotted line), 0.20 (5, dashes and large circles), and
0.40 (6, large dots). We have used unconventional notation for the Raman spectra to make them
distinguishable

� The intensity of the 220–230 cm�1 band in the As concentration interval 0–5
at% remains practically unchanged. Then, at 6 at% As, an increase of the band
intensity occurs. A gradual intensity rise is observed for the band at 220 cm�1 as
the As content is further increased. For As content exceeding 35 at% the band
dominates the Raman spectrum.

It seems to be reasonable to approximate the observed Raman spectra of
AsxSe1�x as a superposition of the spectra of a-Se and As0:4Se0:6. The correspond-
ing calculations have been performed. These calculations yield that a systematic
discrepancy between approximated and experimental spectra is observed. For the
latter, greater values of the main peak width are typical.

Figure 3.5 shows difference spectra obtained by subtracting the As0:4Se0:6 spec-
trum from experimental Raman spectra. The relative contribution of the As0:4Se0:6

spectrum was fitted to the region around 230 cm�1, where the contribution from
pure Se was negligibly small. It is obvious that after such a procedure some peak
remains, the width and position of which differs from that for a-Se. Based on the data
given in Fig. 3.5, values of the parameter A were estimated. This parameter repre-
sents the ratio of the integrated Raman intensity in the interval limited by the typical
frequencies of AsSe3=2 unit vibrations (205–230 cm�1) to the integrated intensity
of the whole spectrum of valence vibrations

A D
230 cm�1Z

205 cm�1

Id!

, 290 cm�1Z

205 cm�1

Id!; (3.4)

(here I is the intensity of the corresponding Raman band). Figure 3.6 shows that
the dependence of A on x, A D f .x/, is not smooth: parameter A increases
rapidly around 6 at% As. The change of scattered intensity with composition for
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Fig. 3.5 The difference spectra (for details see the text) for amorphous AsxSe1�x . x D 0:04, 0.05,
0.06, 0.08, 0.10 and 0.20 at% for curves 2–7, respectively. For comparison, the Raman spectra of
a-Se (1) and As0:4Se0:6 (8) are also shown

Fig. 3.6 Dependence of the parameters (1) A, (2) !max and (3) �!max on composition

the frequency range 240–270 cm�1 has a smoother character. In the same figure, the
dependence of the peak frequency !max and its width �!max on As content for
the corresponding spectra is displayed. It is important to note the similarity of the
composition dependence of A, !max and�!max.
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An attempt to simulate AsxSe1�x Raman spectra by a superposition of two con-
stant spectral forms, one belonging to a-Se, the other to As0:4Se0:6, failed. Onari
and coworkers [34, 35] were the first to use such an approach. On the other hand,
the experimental spectra could be approximated assuming a considerable broaden-
ing of chain vibrations and their frequency displacements. We consider that such an
approach is correct and that the difference spectra themselves are convincing argu-
ments in favour of it: the change of the Raman spectra with composition together
with parameters A, !max, and �!max (Figs. 3.5 and 3.6) support this suggestion.

Composition-dependent studies of the physical properties of binary and ternary
chalcogenide glasses give evidence for the existence of mechanical and chemical
thresholds at certain compositions of these materials [36–38]. The As–Se system
displays main extrema of various properties at the stoichiometric composition (the
mechanical and chemical thresholds coincide at x D 0:40). There seem to exist (see
experimental results published by Wagner and Kasap [39] and data presented here)
an additional threshold at 0:06 � x � 0:12. It can be argued that the non-smooth
behaviour observed in the concentration dependence of glass transition temperature,
density, etc. [6] in this range originates from changes in bond topology [37, 40].
We assume that in Se-rich glasses the network is dominated by Se atom chains
(quasi-1D network) and addition of As atoms lead to branching owing to three-
fold coordination of As atoms. Some publications [39, 41, 42] provide, we believe,
a new approach to the problem of local bonding in amorphous chalcogenides. The
anomalous behaviour near x � 0:06 is ascribed to the disappearance of Se8-like
segments. From the point of view of configuration, it is suggested that the num-
ber of cis configurations starts to decrease, so that intermediate-range correlation is
modified. The considerable reduction in the vibration mode at �112 cm�1, which
is associated with cis segments, strongly supports this suggestion. Changes in the
Raman spectrum with composition allow us to conclude that incorporation of As
leads to crosslinks between chain-like or ring-like segments of a-Se.

There are strong indications that the compositional dependence of physical and
chemical properties has no connection with chemical ordering. In fact, the binary
AsxSe1�x alloys exhibit extrema in compositional dependence of the density not
only at the As0:4Se0:6 composition, but also for the nonstoichiometric chalcogen-
rich As0:06Se0:94 and also for pnictogen-rich As0:6Se0:4 samples. This means that
the x dependence of the density originates from changes in bonding topology.

3.4 Laser-Induced Structural Transformation of AsxSe1�x

Amorphous Films

The PD phenomenon continues to attract extensive interest, since this is a simple,
at first sight, bulk phenomenon that is characteristic of chalcogenide glasses. That
is, it does not appear in the corresponding crystal. Although PD and related changes
have been extensively studied, the mechanism of this unique phenomenon is not yet
elucidated. Figure 3.7 illustrates the development of the PD effect (i.e. the change
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Fig. 3.7 Time dependence of photoinduced changes in transmissivity in AsxSe1�x films. x D 0,
0.02, 0.05, 0.08 and 0.12 for curves 1–5, respectively

in transmissivity) at room temperature as a function of time with the illumination
turned on and off.

During on-periods, the intensity of illumination remained constant. All AsxSe1�x

(0 � x � 0:2) films show a decrease in relative transmissivity Trel (i.e. the ratio
between the transmissivity Tir of irradiated AsxSe1�x films and the transmissivity
Tu of untreated films) with illumination. On illumination there is an initial decrease
with illumination time up to the constant value. For this rapid change to be observed,
an exposure of 10 J cm�2 is required. The degree of change increases with As con-
tent. When the illumination is interrupted, the transmissivity increases (bleaching).
The magnitude of bleaching decreases with addition of As. Note that a-Se and
AsxSe1�x (0 < x < 0:20) exhibit appreciable self-annealing effects if photostruc-
tural changes are induced near room temperature [12, 29, 40, 43–45]. The reason
for this is that the glass transition temperatures (Tg D 41 and 57ıC for Se and
As0:05Se0:95, respectively [6]) are close to the illumination temperature. A simi-
lar transient transmission change was observed for all samples, irrespective of their
composition or previous treatment, such as illumination or annealing in dark. These
changes in transmissivity in cycles of on–off illumination can be repeated repro-
ducibly many times. In that sense we consider them reversible. These reversible
changes appear to saturate after �100 J cm�2 integrated exposures at exciting light
intensities <0:5W cm�2.

Increasing exposure (in our case for intensities >0:6W cm�2) caused a signif-
icant irreversible change in transmissivity, which we attribute to a crystallisation
transformation as discussed below.

After an initial response corresponding to the transient transmission change, there
is a slowly varying response. The results, reflecting this situation, are shown in
Fig. 3.8. The slowly varying portion of the darkening curve is followed by a decrease
in transmission. The latter appear to indicate actual crystallisation (see the corre-
sponding Raman data). The transmission change completed by a saturation region.
The latter is intensity dependent.
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Fig. 3.8 Evolution of the relative transmissivity change in AsxSe1�x samples exposed to laser
illumination at 633 nm. Thickness is 1:2�m and intensity 1:3 � 102 W cm�2. x D 0, 0.05, 0.08
and 0.12 (curves 1–4, respectively). For a-As0:12Se0:88, the corresponding curve is also shown for
lower intensity (0:5 � 102 W cm�2)

Fig. 3.9 Change in the relative transmissivity in As0:05Se0:95 samples induced by laser irradiation
at 291 and 315 K. Inducing intensity was 1:2 � 102 W cm�2

The total change in transmission may attain �90% at such an exposure. The
addition of arsenic to a-Se and/or decreasing the temperature (Fig. 3.9) delays the
crystallisation onset, which starts at higher exposure times. It is necessary to note
that during laser exposure oxidation of films may take place. In Raman spectra of
AsxSe1�x samples only bands characteristic of this composition are present. We
believe that this is a strong argument that oxidation may be ruled out in this case.

When a sample of a-Se is exposed to the 490 nm light (I � 1:9W cm�2), the
transmission characteristics are similar to those induced by 633 nm light. This simi-
larity is the case for all compositions examined. The observed transient transmission
change is �8%. At the same time we cannot induce crystallisation-related effects
even for a total exposure of 104 J cm�2 at 102 W cm�2.
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Fig. 3.10 Diffraction efficiency � as a function of energy density for a-AsxSe1�x . x D 0, 0.05,
0.08 and 0.12 (curves 1–4, respectively). The inset shows the low-energy region for a-Se (10) and
a-As0:12Se0:88 (40). I D 0:6W cm�2

Holographic gratings were recorded on Se and AsxSe1�x thin films. Figure 3.10
shows a typical result for light intensities diffracted from gratings formed on
AsxSe1�x film. The low-energy region we attributed to transient effects, while the
high-energy region is reasonably connected to photocrystallisation-related perma-
nent changes.

The tail observed after � reached its maximum at higher exposure is due to the
fact that photocrystallisation increases the optical absorption for the probing light.

The light-scattering spectra recorded after irradiation with an intense laser beam
(the exposure conditions were chosen to be identical to those that cause the above
described transmission change) reveal well-defined changes in the structural organ-
isation of the films.

We may summarise the general features of the observed transformation of Raman
spectra in the range of bond bands for a-Se. (1) There is (Fig. 3.11) a certain thresh-
old energy Eth of the incident radiation. (2) Below Eth, no changes of Raman
spectrum are observed. Here we note that the only exception is the so-called boson
peak detected at around 17 cm�1, which is weakened by illumination. (3) Above
Eth, an increase of the incident energy density modifies the spectra.

The present experimental results permit us to distinguish three successive stages
of photocrystallisation in a-Se with regard to irradiation energy density. First of all
it is necessary to point out the absence of any significant structural transformations
in films and bulk samples at Eth � 4 J cm�2. This is strongly supported by the
identity of the Raman spectra recorded in repetitive cycles. At the first stage, which
is induced by irradiation with incident energy density �3:8 J cm�2, microcrystallite
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Fig. 3.11 Laser-induced Raman spectra transformation for a-Se. (1) Reference spectrum of amor-
phous state. (2–4) Spectra after exposure to E D 3:8, 11.4 and 19 � 103 J cm�2, respectively.
I D 1:3� 102 W cm�2

formation probably takes place. In such a case the 255 cm�1 peak dominates the
Raman spectra.

The second stage of photocrystallisation (�11 J cm�2) is characterised by an
enlargement of microcrystalline units. This is demonstrated by the growth of the
237 cm�1 peak. Finally, at �20 J cm�2, photocrystallisation practically takes place.
This stage is marked by a dramatic increase and narrowing of the peak at 237 cm�1

with irradiation time. At the same time, the 255 cm�1 peak becomes more and more
suppressed with respect to other Raman-active modes, and finally it completely dis-
appears. At this last stage of photocrystallisation the absence of the low-frequency
(17 cm�1) peak is also characteristic.

It seems to be reasonable to assume a thermal mechanism for the observed
structural transformation, caused by laser heating of the sample. This suggestion is
strongly confirmed by the clearly manifested threshold behaviour. Additional sup-
port comes from the fact that at low temperature the threshold power (e.g. 20 J cm�2

at T D 100K for a-Se) that is necessary for changes in Raman spectra to be observ-
able exceeds several times that for changes at T D 300K. Note that the changes
under examination differ qualitatively from the well-known PD phenomenon. The
latter takes place at any value of irradiation power; threshold behaviour is not char-
acteristic of it. The magnitude of PD depends mainly on the amount of absorbed
energy and significantly increases with temperature lowering.
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Table 3.1 Eth values as a function of As concentration in AsxSe1�x alloys
As concentration (at%) 0 5 8 12 20
Eth (kJ cm�2)a 2˙ 1 12˙ 3 7˙ 2 8˙ 2 45˙ 5
aThe Eth values are given for the case I D 1:3� 102 W cm�2

The greater efficiency in films in comparison with bulk samples is an established
feature of PD. In contrast, in our case, the threshold power densities for a-Se films
are found to be higher than for bulk samples. According to some results [29, 30],
discernible, reversible PD in a-Se at T D 100K occurs at photon energy h � �
2:0 eV with maximum efficiency at �2:4 eV. The exciting irradiation energy h � D
1:84 eV seems to be too low to induce significant PD at T D 100K. At the same
time the probability of transient PD effects relaxing when the irradiation stops at
T D 300K for E � 3:8 J cm�2 cannot be definitively ruled out.

With regard to AsxSe1�x Raman data, the principal results are the following:

� The spectra of the AsxSe1�x amorphous alloy samples before irradiation were
the same as those reported in [8, 17, 20, 22, 23, 34, 35, 45].

� The value of Eth necessary for changes in Raman spectra to be observable vary
with addition of As (see Table 3.1).

� Under irradiation with E > Eth the recorded spectra clearly show a narrowing
and increase in the intensity of the 237 cm�1 Raman band.

� In AsxSe1�x samples with x � 0:05, no additional (to that recorded for pure
Se) photoinduced changes in the Raman spectra are observed (see Fig. 3.12 and
compare it with the results for a-Se). It should be accentuated that, on introducing
such a relatively large quantity of As additives, there is no appreciable influence
on the photocrystallisation product. It is well known that Se is likely to be pho-
tocrystallised at �350K [6, 13]. Reasonably, XRD patterns of the samples have
been measured. Since the illumination region is of �3mm in radius, the pattern
is noisy. However, we can clearly see four crystalline peaks located at 2� D 24ı,
30ı, 41ı and 45ı. The peaks can be indexed, respectively, as 100, 101, 110 and
111 of the trigonal (hexagonal) Se crystal [46].

� For As content > 15 at%, the main result of this study is the appearance and
disappearance of new Raman bands typical of As0:4Se0:6. For example, Fig. 3.12
shows the appearance of an additional peak (�264 cm�1) superimposed on the
amorphous peak (�255 cm�1). With a further increase of the irradiation energy
density, crystallisation starts immediately. Here we should note an evolution
qualitatively similar to that shown for pure Se and As0:05Se0:95 in the shape
of spectra over the concentration range 0–20 at%. In the final stage of photocrys-
tallisation, the spectra of AsxSe1�x alloys are free of key crystalline features that
occur [47] in the spectra of crystalline As2Se3. It is of particular significance
that only the 237 cm�1 band of trigonal selenium contributes to the spectra of
photocrystallised AsxSe1�x (0 < x < 20) films.

In order to discuss further the changes in the optical transmissivity and diffraction
efficiency with irradiation energy density, we will divide the Trel and � versusE data
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Fig. 3.12 Development of the photocrystallisation effect in As0:05Se0:95 as a function of exposure:
(1) Reference spectrum of the amorphous state. (2,3) After exposure to 15 and 25 � 103 J cm�2,
respectively. I D 1:3� 102 W cm�2

into two qualitatively different regions with a separation at Eth. We define Eth (e.g.
Eth D 2�103 J cm�2 at I D 1:3�102 W cm�2 in the case of pure Se) as the energy
density for which the system is not yet perturbed structurally (on the scale of short-
range order) by laser irradiation. The absence of any significant bonding changes
in films is supported by the identity of the Raman spectra recorded in repetitive
cycles. This result holds for both pure a-Se and Se-rich AsxSe1�x alloys. For ener-
gies less than Eth reversible PD and transient transmission changes are observed.
These effects are characteristic of the amorphous phase and the system remains in
the amorphous phase under or even after irradiation. The lack of any noticeable vari-
ation in the transient behaviour Trel for samples of different substrate material and
film thickness excludes the possibility of the effect being due to small changes in
sample temperature during and after illumination, that is, to photoinduced heating.

We have recently reported similar dynamical photoinduced changes in some
photoelectronic properties detected by time-of-flight and xerographic techniques
[40, 48]. These experiments may provide the first evidence that deep defects can
be altered temporarily by room-temperature irradiation. Note that there is a close
correlation between the recovery of optical parameters and photoelectronic char-
acteristics in exposed samples. Although a complete correlation of microscopic
structural modifications with macroscopic PD phenomena must await further exper-
imental measurements, it is only natural that we relate the transient changes in
the transmissivity with changes in deep defect states. We identify such centres as
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arising from native (thermodynamic) structural defects (e.g. C3
C and C1

� in a-Se).
Bandgap light can probably initiate conversion of traps of small cross section to
those of larger cross section [4, 33].

In contrast, above Eth, all the observed irreversible changes may be attributed
to optical-constant variations and modifications in the kinetics of light-induced
crystallisation. The present experimental results resolve successive stages of pho-
tocrystallisation in a-Se (these were mentioned above). In such a photocrystallisa-
tion process, a-Se undergoes a transformation to trigonal selenium, which is the
most stable modification. Raman scattering studies together with XRD data gave an
unambiguous indication of trigonal selenium.

On the basis of the present Raman data, we conclude that the features of the
photocrystallisation effects in AsxSe1�x alloys with x < 0:15 are qualitatively the
same as those in a-Se. Some deviation in pre-crystallisation behaviour of As0:2Se0:8,
namely the appearance and disappearance of the weak quasi-crystalline peak at
264 cm�1, probably indicates As2Se3-like cluster creation and annihilation. The
latter could be clusters with a more ordered structure than that existing in the amor-
phous phase. At the same time, they are not yet microcrystallites with inherent
Raman peaks. It seems to be reasonable that the environment of the clusters pre-
vents their growth and transformation into microcrystallites. Other Se clusters reach
the critical size required for microcrystallite formation. After that, sample exposure
to E > Eth crystallised selenium, while the As-containing clusters remained in the
amorphous phase. The above explanation is in agreement with the results of a study
of laser-induced structural transformations in glassy As2Se3 [33] and also with the
mechanism proposed by Phillips [49].

It is known [6] that As is an effective additive to decrease the tendency to crys-
tallise. Our experimental results, namely the greater value of Eth for a-AsxSe1�x

films, indicate that the addition of As effects the suppression of the crystal nucle-
ation and growth in a-Se. The long Se chains in a-Se branch at the site of As atoms.
The length of Se chains becomes short [35,45] and the a-Se cannot easily crystallise
with increasing As concentration.

At the same time, it is necessary to note that the changes in optical transmissivity
and diffraction efficiency that occur are not smooth with increasing As content.
It seems to be reasonable to connect such behaviour with some discontinuity of
atomic arrangement with increasing As content. Our recent study of composition
dependence of Raman bands in a-AsxSe1�x supports this suggestion.

3.5 Summary

The molecular structure of a-Se differs from that of the majority of inorganic glasses
on the scale of medium-range order. Apparently, Se chains form a structure sim-
ilar to the structure of linear polymers on a scale of �1 nm. The dependence of
the transmissivity and diffraction efficiency on the irradiation energy density shows
two qualitatively different regions. Below the energy density threshold Eth, only
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small changes in the local structure of the system can be detected. In the low-
energy region, the transmissivity varies reversibly (transient changes) with exposure.
The observed behaviour may be explained qualitatively by associating this with
alternation of deep defect states. Above Eth, the changes were attributed to crys-
tallisation transformation. In addition, we have detected the successive phases in
such a transition which is a threshold phenomenon.

It has been shown that Raman scattering spectra of a-AsxSe1�x alloys change
non-smoothly with composition in the region of bond-stretching modes. Certain
extrema in various physical properties exist at composition range 6–12 at% As.
The presence of this topological threshold is established by direct evidence, such
as peculiarities in the compositional dependence of the Raman vibration modes
of glasses. These peculiarities are caused by the transition from a chain-ring-like
structure to chain-like structure with increasing degree of crosslinking.

By correlating the changes observed in optical properties under increasing irradi-
ation energy density with insights into molecular structure gained from Raman scat-
tering studies, we have shown how the structure transforms with time in a-AsxSe1�x

recording media.
Laser-induced optical changes at room temperature involve two phenomena

essentially different in their origin: transient reversible changes (PD) and irreversible
changes (photocrystallisation) with gross structural reorganisation. For high val-
ues of energy density, the Raman spectrum has pronounced crystallisation-related
changes. Our explanations are based on the assumption that the radiation pumps the
material from an amorphous state towards the crystalline state through the formation
of small clusters, which coalesce to form large clusters, attaining microcrystallite
size at high energy density levels.
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Chapter 4
Trap Level Spectroscopy in Amorphous
Selenium-Based Semiconductors

An informative and relatively simple spectroscopic technique, namely measurement
of thermally stimulated depolarisation currents, is considered in this chapter for the
study of defect states in the mobility gap of amorphous Se-based semiconductors.

Thermally stimulated conductivity (TSC) and thermally stimulated depolarisa-
tion currents (TSDCs) are well-known techniques for obtaining data on the trapping
levels of crystalline semiconductors, and the techniques have also been successfully
applied to amorphous semiconductors [6–18]. TSDC provides researchers today
with an active arena of technological as well as fundamental study. On the funda-
mental front, TSDC provides a powerful framework for understanding the bandgap
structure and properties of amorphous materials. The main attraction of TSDC as an
experimental method for the study of defects in high-resistance solids was, for many
years, their apparent simplicity. Trapping levels in the bandgap determine the fun-
damental electronic properties of both phases. In conventional TSC measurements
difficulties arise if the thermal excitation of equilibrium carriers becomes compara-
ble with the excitation of trapped nonequilibrium carriers. In this situation the TSC
signal appears in the best case only as a shoulder on the dark current–temperature
curve. One of the main difficulties in observing TSC in amorphous semiconductors
is the small magnitude of the TSC currents [11,14–18]. In most chalcogenide mate-
rials – and this may be considered a universal property – the TSC measurements
yield no peak. As for the amorphous ones, it is important to note that presently no
universal method is known to detect the entire spectrum of trapping levels in the
mobility gap. This is why investigators employ several complementary methods.
Among these, those that are convenient for the study of shallow and deep trapping
levels, respectively, should be distinguished. For the former, nonisothermal relax-
ation techniques and time-of-flight measurements seem to be “suitable,” whereas
for the latter xerographic spectroscopy is most frequently employed. Each method
has its advantages and disadvantages and often it may be useful to apply several of
the methods listed above to the same specimen. TSDCs allow a relaxation processes
attributed to relatively shallow trapping levels to be studied. The disadvantage in
measuring TSDCs is the fact that the signals detected are very small and, some-
times, can be observed only in a relatively narrow temperature interval. At the same
time, the advantage is that the TSDC method is inherently more sensitive than other
methods and the resolution is usually much better. In addition, these measurements
may be classified as nondestructive.

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 4, c� Springer-Verlag Berlin Heidelberg 2010
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In the present section we review the results of the extensive studies of defect
states in the mobility gap of amorphous As- and Sb-containing chalcogenide semi-
conductors by relaxation techniques. To extract typical features, elemental selenium
and simple compositions with relatively low contents of arsenic and antimony
are taken as examples where possible. We will try to attribute TSDC peaks to
charge-carrier release from the respective trapping levels in the bandgap of these
materials.

Usually, two basic types of relaxation techniques are used:

� Isothermal relaxation: the perturbation is implemented at a constant temperature.
� Nonisothermal relaxation: the system is perturbed at a sufficiently low tempera-

ture to reduce the probability of a new statistical equilibrium being established.
Subsequently, the temperature is increased according to a well-controlled heating
program T .t/ and the relaxation of the system can be monitored as a function of
temperature and time.

In the following the emphasis is on nonisothermal relaxation.
The occurrence of TSDC during a thermal scan of a previously excited

(perturbed) material is probably the most direct evidence we have for the existence
of electronic trap levels in the bandgap of these materials. The main attraction of
TSDC and related techniques as experimental methods for studying the trapping
levels in high-resistance semiconductors is their apparent simplicity. A TSDC spec-
trum (for historical reasons frequently referred to as a “glow curve”) usually consists
of a number of more or less resolved peaks a plot of current versus temperature,
which, in most cases, may be attributed to a species of traps.

Since the probability of escape of carriers from trapping states is proportional to
T , the location of a glow peak on the temperature scale provides information on the
value of the thermal activation energyEt. Hence, a glow curve represents a spectrum
of energy required for carriers to be released from various traps in the material.

4.1 Thermally Stimulated Depolarisation Currents
in Amorphous Chalcogenides: Background

At the very beginning, as far as amorphous materials are concerned, it must be
remembered that the validity of a pure trapping model is still a moot point. In such
nonperiodic structures the immobilisation of charge carriers for long periods does
not necessarily indicate the presence of traps; a simple alternative explanation is
that the carriers are slowly moving by an inherently low-mobility process, such as
hopping. At the same time, it should be noted that although chalcogenide glasses
may have traps distributed throughout the mobility gap, it appears justifiable to use
the single-trap approach to calculate the trapping parameters (especially activation
energy) of the materials under study. In addition, such a model based on a simplified
version of the relaxation kinetics will be the commonly employed procedure in other
complicated cases.
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Consider first a single trap level with energy in the mobility gap of a p-type
semiconductor. We assume that initially the sample is at a uniform temperature, low
enough to prevent thermal emission of holes from their traps. Increasing the tem-
perature according to a heating program leads to release of trapped carriers until
thermodynamic equilibrium is reached again at some higher temperature. Further,
we assume the density of equilibrium carriers is less than that of those released
from traps and, neglecting diffusion and carrier recombination or generation, the
excess charges can be considered as uniformly distributed and concentrated in
narrow layers close to the electrodes (barrier-type polarisation), if at least one of
the semiconductor–electrode interfaces can be considered as fully blocking (insu-
lated electrode). The discharge of a photoelectret, that is, an amorphous material
previously polarised by the photoelectret effect, may be expressed in the form

Q.T / D Q0 exp

2
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4
4πe	

�vT

TZ

T0

p.T /dT

3

7
5 ; (4.1)

where Q0 is the initial charge, 	 the microscopic mobility, ¦ the permittivity of
the material, p the concentration of free holes in the valence band and �T the heat-
ing rate. The current induced in the measuring circuit by the internal field of the
photoelectret during heating (irreversible scan) is described by
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We may write
p.T / D p0.T /C pT.t/ (4.3)

with

p0.T / D C exp

�
��E

2kT

�
; (4.4)

where p0 is the pre-exponential factor of the dark conductivity and k is the
Boltzmann constant.

For states distributed in energy or for N discrete states very close to each other,
(4.3) transforms to

P .T / D C exp

�
�E

kT

�
C

NX

iD1

pt i .T /: (4.5)

The ratio of p0 to pT in (4.3) determines which of two factors, namely equilibrium
or nonequilibrium (due to emission from traps) carriers, dominate in the relax-
ation process. That is, the depolarisation current has two maxima: one is related
to release of carriers from traps, while the origin of the other lies in the change of
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conductivity with temperature [14–18]. Although only one of the peaks contains
information about trap parameters, it is possible to discriminate between simulta-
neously occurring processes, for example thermally stimulated depolarisation and
thermally stimulated dielectric relaxation.

For trap depth to be defined, it is necessary to solve the rate equations [19]

d .mC p/

dt
D p .t/

�
(4.6)

and
dm.t/

dt
D �˛ .t/m .t/C � ŒM �m.t/ p .t/ ; (4.7)

where
˛ D �Nv exp Œ�Et=kT  : (4.8)

The expressions (1–5) are similar to those describing TSC processes obeying
first-order kinetics and represent an asymmetrical glow curve, the amplitude of
which is a function of heating rate.

Detailed solutions have not been discussed in the literature so far. The time
dependence of the rate equations (4.4) and (4.5) is replaced by the temperature
dependence via the heating program, which is taken to be linear T .t/ D T0 C vTt ,
where vT is the heating rate. Re-trapping can be neglected in a sample at high electric
fields. From (4.4) and (4.5) we have

dp

dT
D dm

dT
C p

vT�
(4.9)

dm

dT
D ˛ .T /m .T /

vT
(4.10)

pt .T / D �m .T / �Nv exp Œ�Et=kT  ; (4.11)

where � D hV iS , V is the average thermal velocity of charge carriers, S the cap-
ture cross section (for neutral, attractive or repulsive centres), and Nv the density of
states in the valence band. It is obvious that the only parameters markedly affecting
the peak amplitude and position will be the heating rate in combination with the
characteristic frequency factor and the activation energy.

Equation (4.2) is solved numerically. It was found to be a good approximation
for a wide range of physically reasonable trapping and other parameters, typical of
a wide range of amorphous semiconductors:

1:0 eV � �E � 2:0 eV;

1023 cm�3 � C � 1030 cm�3;

ca: 10�5 cm2 V�1 s�1 � 	 � ca: 10�3 cm2 V�1 s�1;

0:2 eV � Et � 0:8 eV;

107 s�1 � �Nv � 1013 s�1:
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Fig. 4.1 Numerical solutions of (4.2) for the case Et D 0:4 eV and �Nv D 107 and 109 s�1

(curves 1–4 and 10–40, respectively). Heating rates are 0.1, 0.3, 0.5 and 1:0K s�1 (curves 1–4,
respectively). Also shown are the dielectric relaxation currents (maximum M2) for the same heating
rates (curves 100–400, respectively)

The capture cross section of a trap is largely determined by its charge state.
Values reported in the literature ([3.1] and references therein) span the range
10�15–10�12 cm2 for Coulomb-attractive centres, 10�17–10�15 cm2 for neutral
centres and down to 10�22 cm2 for Coulomb-repulsive centres.

Some examples of numerical solutions of (4.2) are shown in Fig. 4.1. It should be
emphasised here that numerical solutions of (4.2) exhibit a greater variety of shapes,
peak positions and magnitudes than shown.

Although two peaks of comparable amplitude are presented (Fig. 4.1), only the
first, denoted M1, is actually related to the carriers’ release from the trap; the second,
denoted M2, is connected with dark conductivity variation with temperature (dc
conductivity-determined).

Rate equations predict the influence of the heating rate on the amplitude as well
as on the position of the peak: when the heating rate increases, the initial polarisation
has to be released in a shorter time. As a result, the peak increases and shifts to a
higher temperature. In fact, both M1 and M2 change with heating rate in a similar
manner, but only for M1 does the temperature location depend on the values of m
and Et at a given heating rate (Fig. 4.2).

Such behaviour of the TSDC peak is the basic condition for the activation
energy of a trap to be determined correctly. On the other hand, the dc conductivity-
determined relaxation peak shifts to lower temperatures with the bandgap and/or
pre-exponential factor decreasing (Fig. 4.3).
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Fig. 4.2 TSDC maximum dependence on energy location of trapping level Ei (�Nv D 109 s�1,
C D 1025 cm�3)

Fig. 4.3 Dependence of dielectric relaxation maximum on activation energy E
 [eV] of the dc
conductivity. (a) and (b) denote various activation energy values of the dc conductivity

Thus, the variation of the conductivity value, mobility gap and activation energy
of the trap let us establish the range where TSDC peaks directly related to traps can
be observed “for sure.” For example, one can detect traps with Et � 0:6 eV only if
the dielectric relaxation peak is located close to room temperature.
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Table 4.1 Values of E¢ and Ea
TSDC for Cux .As2Se3/1�x glasses

Composition E¢ [eV] ETSDC [eV]

As2Se3 0.91 0.89
Cu0:05 .As2Se3/0:95 0.60 0.60
Cu0:10 .As2Se3/0:90 0.45 0.40
Cu0:15 .As2Se3/0:85 0.33 0.30
aE¢ and ETSDC were determined from the temperature dependence of the dc
conductivity and TSDC curves, respectively

Very illustrative of this statement are TSDC experimental results on
Cux .As2Se3/1�x glasses. Significant increase of dark conductivity and decrease
of activation energy with Cu content is characteristic of these glasses. Accordingly,
the conductivity-determined depolarisation maximum shifts to lower temperatures
(Table 4.1). As for the peak associated with traps, this can be observed only in
Cu0:05 .As2Se3/0:95. In Cux .As2Se3/1�x glasses with x > 0:05 the TSDC maxi-
mum observed is simply the result of two peaks overlapping – that determined by
the equilibrium (dark) conductivity and that associated with trapping levels.

The presence of a maximum in the TSDC curve that is caused by dc conduc-
tivity was also confirmed in the extensive article by Agarwal [14], in particular for
chalcogenide glasses. Moreover, it was shown that the TSDC curves may contain
more than one peak, the position and amplitude of which depends on the size and
relative geometrical arrangement of the electrodes with respect one to another.

The model presented by us has been found to fit the experimental data satis-
factorily in many cases, particularly for high-resistance amorphous chalcogenide
semiconductors. We have compared calculated and experimentally observed depo-
larisation currents for As0:5Se0:5. Two relatively broad maxima of comparable
amplitude, curve shape, temperature location and similar behaviour with variation
of the heating rate were present in the TSDC plot. The former (peak temperature
TM1) is attributed to trapping levels while the latter (peak temperature TM2, such
that TM2 > TM1) is caused by dielectric relaxation current. In fact, one of the major
problems of thermally stimulated current measurements is to unequivocally deter-
mine the physical origin of the observed current peaks. This is not an easy task and
a great deal of controversy still surrounds the interpretation of TSDC experimental
data for most of the materials tested. In our case the origin of the second peak on the
depolarisation curve is strongly supported by the appearance of single peak, close to
room temperature, in the thermally stimulated capacitor discharge experiment. This
involves filling the states located near the Fermi level at some temperature (e.g.,
room temperature) by applying a strong field and subsequent cooling to a lower
temperature with the field applied. Then the field is removed and the sample heated
in the usual manner. The current, measured during heating, is the dielectric relax-
ation current. This contains information only on electronic states giving rise to dark
(equilibrium) conductivity.
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4.2 Thermally Stimulated Depolarisation Currents in Se-Based
Amorphous Semiconductors:
Experimental Details

4.2.1 Sample Preparation

The sample preparation is always the same, independent of the concrete measuring
technique applied. Usually, the particular geometry of the sample may be adapted to
the circumstances desired. Especial attention was paid to homogeneous field distri-
bution in the sample. This allows an unambiguous interpretation of the experimental
results. To avoid any leakage currents, the sample surfaces were carefully cleaned.
Blocking electrodes were formed simply by pressing small metal lamellae (or foil)
onto well-polished bulk samples (amorphous film). Highly insulating spacers were
put under the lamellae. Thin lead wires were attached to the electrodes, which allow
a good electrical contact. The experiments are carried out with different electrode
materials and structures with insulated electrodes. In the latter case, insulating layers
are inserted between the sample and the measuring electrodes. TSDC measurements
were carried out on bulk glass (sample thickness 0.5 mm) and amorphous films
(thickness 1–10�m) samples. The heating rate was varied by application of differ-
ent voltages across the heater. Typical heating rates were in the range 0:1–1:0K s�1.
At lower heating rates the current signal becomes very small, while at higher heating
rates the temperature gradient inside the bulk sample causes signal distortion.

4.2.2 Experimental Arrangement

As a general rule, the detection efficiency expected in conventional TSC exper-
iments will be no more than 0–15% for carrier drift. It is possible, however, to
significantly increase the efficiency of TSDC by using an insulating electrode adja-
cent to one side of the sample (insulating foil). Since the insulating electrode blocks
any charge exchange, all image charges previously induced at the noncontacting
electrode (due to carriers de-trapping from gap states) will be released during the
TSDC run; it will be possible also to observe the current resulting from dc conduc-
tion. We initially assumed a well-defined sandwich-cell configuration consisting of
a sample that is insulated from the metallic electrodes. The experimental appara-
tus used for recording TSDC is classical; it is essentially composed of a cryostat
with sample holder, voltage supply, heater and a current detector. Standard metal–
glass cryostats are used in low temperature studies of TSDC. The temperature of
the films is controlled by mounting a heater inside the sample holder, and measured
with a thoroughly calibrated copper–constantan thermocouple. Electrical leads and
feed-throughs are designed for minimal leakage currents and stray capacitance. The
sample was provided with a digitally controlled voltage supply of extreme stability
and low noise level.
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TSDC experiments are customarily analyzed assuming the sample behaves
“ohmically,” that is, the contacts do not introduce an inhomogeneous distribution
of the electric field or carrier density and a uniform bulk density of carriers extends
throughout the entire sample. Experiments were carried out in such a way to as
minimise injection effects. The contact configuration was typical for TSDC exper-
iments. Because the currents through the sample are in almost all cases extremely
small, we used a sensitive dc ammeter (model U1-15, detection limit � 10�15 A)
with linear output signal. The simplest way to obtain a record of TSDC is an X–Y
recorder, which displays current and temperature. The equipment for the extraction
of trap-spectroscopic information may be connected with devices for electronic data
processing. The experimental errors in determinationEt are less than 2%.

In the TSDC experiment considered here, a sample is cooled to a low temperature
(100 K) and illuminated with 3� 103 lx light for a time tp (4 min) in the presence of
an applied DC field

�
E D 5 � 104 V cm�1

�
. Then the light and voltage are switched

off, the structure is “short-circuited” and after a delay period, necessary for sam-
ple relaxation (to reach equilibrium between the free and the trapped carriers), the
sample is heated in the darkness at a constant rate while the TSDC is measured.
We preferred TSDC experiments because of the absence of noise due to a voltage
source, and the strongly reduced influence of the intrinsic conductivity.

4.3 Thermally Stimulated Depolarisation Currents
in Se-Based Amorphous Semiconductors: Results

4.3.1 TSDC in Pure Selenium

Conventional TSC in glassy selenium exhibits monotonic temperature dependence
without distinct “structure,” which is characteristic for the crystalline analogues.
The characteristic peaks attributed to traps are usually absent in TSC versus tem-
perature plots. Such behaviour is typical for chalcogenide glassy semiconductors.
Although TSC exceeds the dark conductivity, the absence of a well-defined struc-
ture of the TSC does not allow the corresponding trapping levels to be identified
[17–19]. Therefore, other methods of thermal activation spectroscopy are needed,
for example measurement of TSDC.

The TSDC in glassy selenium samples starts from the “photoelectret” state. The
latter is most strongly expressed at blocking electrodes. Thus, and in order to sep-
arate the TSDC peak from the dc conduction, we placed a highly insulating layer
between the glass specimen and metal electrodes in the measuring cell. Two differ-
ent materials were used as the dielectric insulator: cleaved mica sheet and Teflon
(polytetrafluoroethylene). The two dielectric materials gave essentially the same
results.

TSDC measurements on glassy selenium samples display a well-shaped, nearly
symmetrical, peak at 150 K. It is a general fact in chalcogenide glasses (amorphous
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Fig. 4.4 Variation in the TSDC for various heating rates in amorphous selenium. Heating rates
0:0800:17, 0.23 and 0:44K s�1 (curves 1–4, respectively). The inset shows the Arrhenius plot of
TSDC for curve 1

materials) that the peaks extend over a wide temperature range compared to their
crystalline analogues. In addition, the peaks are flatter and more symmetrical than
expected from the simple expressions (Sect. 4.1). At lower heating rates, the peak
shifts to lower temperatures and is reduced in height, as expected (Fig. 4.4).

The principal trap parameter, the activation energy, can be easily calculated from
a single TSDC experiment by means of some characteristic elements of the peak,
such as its half-width, inflection point or initial current rise. The most useful one,
and in fact the most frequently exploited, is undoubtedly the initial rise method
(Garlick and Gibson) [20], which is always easily applicable to a previously cleaned
peak.

The initial rise method of Garlick and Gibson (for details see [9]) is based on the
fact that, because the integral term in the JD .T / function is negligible at T � TM,
where TM is the temperature of the maximum, the first exponential dominates the
temperature rise of the initial current, so that

ln JD � const: � E

kT
.Arrhenius shift/ : (4.12)

The activation energy can be determined by plotting ln JD against 1=T . In this
approximation, a straight line is obtained, the slope of which gives –E=k.

Indeed, this method has several advantages, as it necessitates neither a linear
heating rate nor a precise knowledge of the absolute temperature (it is readily seen,
for example, that a thermal gradient of 5 K in a sample leads to a relative error
less than 3% at 300 K). It is, however, somewhat limited because use of only the
initial part of the curve is permitted, which may force one into the region where the
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uncertainty in background current is important. On the other hand, the method is
still applicable for overlapping relaxation, even if the relaxation modes cannot be
isolated by cleaning, provided that a series of partial heating runs, each separated by
rapid cooling, are performed up to gradually increasing temperatures that span the
whole temperature range of the spectrum.

The activation energy associated with the peak at 150 K has been calculated by
the above method, that is, by plotting lnJD against 1=T . Such a plot is shown in the
inset (Fig. 4.4). The activation energy obtained by this method is 0.22 eV.

An independent check of the correctness of the activation energy can be obtained
by measuring the TSDC at different heating rates [21]. The so-called varying heating
rate methods are based on the shift of the TSDC maximum with heating rate [22].
Various ways of plotting the results have been proposed. From the equation for the
temperature of the peak maximum

TM D
�
E

k
vT �0 exp

�
E

kTM

��1=2

(4.13)

it is readily seen that the activation energy for an Arrhenius shift can be determined
by using two heating rates vT1 and vT2 and measuring the corresponding values TM1

and TM2 of the maximum

E D kTM1TM2

TM1 � TM2

ln

�
vT1T

2
M2

vT 2T
2

M1

�
: (4.14)

A better procedure is that proposed by Hoogenstraaten. A number of heating
rates are used and TM is determined as a function of vT. A plot of ln

�
T 2

M=vT
�

against
1=TM should yield a straight line, from the slope of which the activation energy can
be calculated. The success of these methods for the analysis of TSDC curves will
thus depend on how much the position of a given peak can be shifted. They will,
therefore, be applicable only when the activation energies are small.

Finally, simplified expressions for the current density can be used to calculate a
family of theoretical TSDC curves – nomograms – which are then compared to the
experimental data.

When no information is available on the distribution in Et, and this is nearly
always the case, only the step-heating technique and, to a lesser degree, the varying
heating rate methods can be expected to be used with some success.

It is necessary to note that the measurement of the carrier density by TSDC exper-
iments is not a simple matter and inhomogeneities in both the carrier and the electric
field distributions along the sample may seriously affect the validity of the results
obtained. In most cases these undesirable effects can be minimised.

Note also that the systematic variation of specimen thickness (between 50�m
and 500�m) and using different materials as the dielectric insulator yielded nearly
the same peak position and activation energy. This suggests strongly that disturbing
contact effects were absent. Moreover, no difference was observed between spec-
imens open-circuited or short-circuited during cooling, nor did the time interval
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between irradiation and subsequent heating appear to have any affect on the observa-
tions. Therefore, it appears that the TSDCs considered here are the true TSDCs asso-
ciated with thermal release of nonequilibrium carriers from localised gap states. The
trap of activation energy 0.22–0.24 eV acts as a shallow trap.

In addition to the low-temperature peak a peak at ca. 270 K (not shown in
Fig. 4.4) is also present in the TSDC curve. The ratio of amplitudes of these two
peaks is about 5. It is important to note here that a dielectric relaxation current
peak (in the depolarisation of thermoelectret state experiments) at ca. 270 K is also
observed. The activation energy determined for this peak is ca. 0.60 eV. Importantly,
this parameter depends on electrode configuration and sample thickness. Therefore,
a peak at ca. 270 K may be attributed simply to the change in dark conductivity with
temperature.

4.3.2 TSDC in As .Sb/x Se1�x alloys

Arsenic addition to amorphous selenium, even in relatively low amounts (ca. 1 at%)
as for glassy compounds, causes a change in the shape of the TSDC curve. The
transition from pure amorphous Se to As0:01Se0:99 is accompanied by a broadening
of the corresponding TSDC curve and the appearance of an additional maximum
(Fig. 4.5).

The main maximum on the depolarisation curve is shifted with respect to those
observed in a-Se and is located in the range 190–200 K. This maximum is the result
of overlapping of two maxima with TM � 191K and TM � 203K. In addition,
a shoulder is observed at 160 K. The shoulder and the peak position observed in
pure selenium correlate. For the separation of the overlapping maxima, the method
of partial thermal cleaning was used. This method is based on release of carriers
from traps by sequences heating to temperatures higher then TM of the correspond-
ing maximum, rapid cooling and heating again. The result obtained after applying
such a procedure to As0:01Se0:99 is shown in Fig. 4.6. Values of activation energy

Fig. 4.5 TSDCs in glassy Se (1), As0:01Se0:99 (2) and As0:15Se0:85 (3)
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Fig. 4.6 Application of the thermal cleaning method of TSDC peaks to As0:01Se0:99. (1) Initial
TSDC curve. The temperature in successive heating cycles is 166 K (2), 180 K (3) and 199 K (4)

Fig. 4.7 TSDC curves of As0:15Se0:85 samples (1). Curves 2–5: Polarised samples were heated
under applied dc voltage to the temperatures shown by the arrows

calculated by the initial rise method are in the range 0.25–0.45 eV. Continuous
distribution of localised states in this range was confirmed by increasing activation
energy in the sequence in curves 2–4 (Fig. 4.6.). Further increase of As addition (up
to 6 at%) does not change the shape of the TSDC curve: the latter remains similar
to that observed in As0:01Se0:99.

In Fig. 4.7, the TSDCs observed in AsxSe1�x for As content 8–15 at% is shown.
A peak at TM � 210K dominates in the depolarisation curve. In addition, a peak
at 244 K and a shoulder at 197 K are discernable. Release of carriers from shallow
states and subsequent trapping on deeper ones transforms the TSDC into curves
3 and 4 (Fig. 4.7). Activation energy determined for peaks with TM � 210K
and 244 K is Et2 D 0:35 eV and Et3 D 0:45 eV. These states are energetically
distributed:�Et2 D 0:05 eV and �Et3 D 0:1 eV.



48 4 Trap Level Spectroscopy in Amorphous Selenium-Based Semiconductors

Fig. 4.8 TSDC spectra of SbxSe1�x , x D 0 (1), 0.01 (2), 0.05 (3)

For TSDC in SbxSe1�x alloys, we have three peaks M1, M2 and M3, whose
temperatures TM1, TM2 and TM3 (145, 175 and 195 K, respectively) are close enough
to each other that the peaks overlap (Fig. 4.8). The TSDC method allows quick and
easy resolution of the overall spectrum, in our case peaks 1, 2 and 3. There are two
ways in which this can be done.

The first method, which can be used with all nonisothermal techniques, was
developed by Greswell and Perlman [22]. Suppose, for example, we have two peaks
1 and 2, whose temperatures are close enough to each other as to overlap. After the
whole TSDC curve has been obtained, a second thermal cycle is started. However,
instead of recording the discharge at one time, we first discharge the lower temper-
ature peak 1 by heating to T � TM2, then we cool the sample again and finally
obtain the discharge of peak 2, which is “pure” or nearly “pure.”

The second cleaning method, specific to TSDC measurements and which may
be applied in our case, is due to Bucci et al. [23]. It consists of first polaris-
ing the material at a temperature Ta .TM < Ta/ for a sufficient interval of time:
the resulting TSDC curve will then show only peak 1. This is repeated at tem-
perature Tb .TM < Ta < Tb/, allowing peak 2 to be isolated in a similar way.
Such an effective way of separating the above-mentioned peaks is illustrated in
Fig. 4.9. The activation energies determined by these methods were Et1 D 0:22 eV,
Et2 D 0:34 eV, and Et3 D 0:45 eV. Note that some of the above traps in
the materials studied were “visible” in time-of-flight and xerographic experiments
[5, 17, 19].
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Fig. 4.9 Thermal cleaning procedure (for TSDC) applied to Sb0:01Se0:99. Curve 1: The whole
TSDC curve. For curves 2 and 3, Ta D 165K and Tb D 195K (see the text)

4.4 Summary

The results taken as a whole reveal the existence of at least three different trap
species in the bandgap of Sb .As/x Se1�x noncrystalline semiconductors. These
species are located at 0.22, 0.34, and 0.45 eV below the conduction band edge and
control the electron transport properties of the material. It seems that Sb and As
introduce a new set of detectable charge carrier traps. Space considerations preclude
a detailed discussion of similar trapping levels in other high-resistance amorphous
chalcogenides.

Finally, we are convinced that the future development of TSC and TSDC meth-
ods as tools to investigate the electronic properties of amorphous semiconductors
will benefit from similar careful studies by means of time-of-flight and xerographic
measurements.

References

1. M. Popescu, J. Non-Cryst. Solids 352, 887 (2006)
2. V. Kolobov (ed.), Photoinduced Metastability in Amorphous Semiconductors (Wiley-VCH,

Weinheim, Germany, 2003)
3. J. Singh, K. Shimakawa, Advances in Amorphous Semiconductors (Taylor and Francis,

London, 2003)
4. G. Lucovsky, M. Popescu, Non-Crystalline Materials for Optoelectronics (INOE, Bucharest,

2004)
5. S.O. Kasap, Handbook of Imaging Materials, 2nd ed., ed. by A.S. Diamond, D.S. Weiss

(Marcel Dekker, New York, 2002)
6. D. Kumar, S. Kumar, Chalcogenide Lett. 1, 49 (2004)
7. E. Skordeva, J. Optoelectron Adv. Mater. 3, 437 (2001)
8. V.F. Zolotaryov, D.G. Semak, D.V. Chepur, Phys. Status Solidi 21, 437 (1967)
9. P. Braunlich, P. Kelly, J.P. Fillard, Thermally Stimulated Relaxation in Solids, ed. by

P.Braunlich, Top. Appl. Phys. 37 (Springer, Berlin, 1979)
10. Yu. Gorokhovatsky, G. Bordovskij, Thermally Activated Current Spectroscopy of High-

Resistance Semiconductors and Dielectrics (Nauka, Moscow, 1991) (in Russion)



50 4 Trap Level Spectroscopy in Amorphous Selenium-Based Semiconductors

11. R.A. Street, A.D. Yoffe, Thin Solid Films 11, 161 (1972)
12. B.T. Kolomiets, V.M. Lyubin, V.L. Averjanov, Mater. Res. Bull. 5, 655 (1970)
13. T. Botila, H.K. Henish, Phys. Status Solidi A 36, 331 (1976)
14. S.C. Agarwal, Phys. Rev. B 10, 4340 (1974)
15. S.C. Agarwal, H. Fritzsche, Phys. Rev. B 10, 4351 (1974)
16. P. Muller, Phys. Status Solidi A 67, 11 (1981)
17. V.I. Mikla, Thesis, Institute of Physics, National Academy of Sciences, Kiev (1998)
18. A.A. Kikineshi, V.I. Mikla, I.P. Mikhalko, Sov. Phys. – Semicond. 11, 1010 (1977)
19. V.I. Mikla, I.P. Mikhalko, Yu.Yu. Nagy, J. Phys. Condens. Matter 6, 8269 (1994)
20. G.F. Garlick, A.F. Gibson, Proc. Phys. Soc. London 60, 574 (1948)
21. A.H. Bohun, Can. J. Chem. 32, 214 (1954)
22. R.A. Greswell, M.M. Perlman, J. Appl. Phys. 41, 2365 (1970)
23. C. Bucci, R. Fieschi, G. Guidy, Phys. Rev. 148, 816 (1966)



Chapter 5
Photoinduced Effects on Electronic Metastable
States

The effect of pre-excitation with light of bandgap energy on trapping and thermal
generation have been examined in selenium and selenium-rich As–Se alloy films
by several techniques. Results suggest that excess-carrier trapping and dark-carrier
generation are controlled by deep defect centres whose population can temporarily
be altered by photoexcitation.

5.1 Steady-State Photocurrents

There is a strong evidence to suggest that most of the reported photoinduced opti-
cal and structural changes affect the bandgap states. Several research groups have
devoted considerable efforts to experiments that probe the gap states near mobil-
ity edges and within the mobility gap (see, e.g. [1] and references therein). This is
not a simple matter; no single experiment gives complete and unequivocal infor-
mation and obviously it is necessary to bring together data from a wide range of
measurements, stationary as well as transient.

First of all we consider the associated changes in the photoelectronic proper-
ties of the samples. The spectral characteristics of photoconductivity of the samples
display a red shift after irradiation. Such behaviour of the photoconductivity is not
surprising, as it is in full agreement with the shift in the absorption edge. Addition-
ally, the photoconductivity decreases after photodarkening (PD) [2]. The decrease
may be attributed to the creation of new defect states or alteration of the existing
localised states.

Illuminance–current (lux–ampere) characteristics of annealed films are char-
acterised by a sublinear dependence Iph /En, where Iph is photocurrent, in a
wide light intensity range, n being approximately equal to 0.6 for As2Se3. After
darkening, the index n increases.

The temperature dependence of the steady-state photocurrent is generally quite
similar to those observed widely in chalcogenides [3]. Figure 5.1 shows that pho-
toconductivity is an activated process and varies exponentially with 1=T . The
activation energy from the plot of log Iph versus 103=T turns out to be 0.31 eV. Also
plotted in the figure is the variation in dark conductivity with temperature, which

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 5, c� Springer-Verlag Berlin Heidelberg 2010

51



52 5 Photoinduced Effects on Electronic Metastable States

Fig. 5.1 Steady-state photocurrent in a-As2Se3 sample at 700 nm illumination with approximate
intensity of 1014 photons cm�2 s�1 as a function of inverse temperature (curve 1). Also shown is
the effect induced by laser irradiation (� D 633 nm) at T D 100K (curve 2)

is also an activated process. Since it is generally accepted [3] that in chalcogenide
semiconductors recombination will be mediated by the charge defect states, we may
analyze the temperature dependence of the steady-state photocurrent in terms of
an energy scheme involving acceptor-like levels in the gap. The low-temperature
“bimolecular” slope �Eb, we believe, represents half the distance between the
valence band and acceptor-like level. The observed differences in �Eb with expo-
sure (�Eb � 0:22 eV in irradiated samples) therefore indicate that illumination
influences the gap-state density in the lower half of the bandgap.

The above changes in the photocurrent of amorphous chalcogenides may be
related to specific changes in electronic gap states, which act as trapping and
recombination centres and which therefore limit the photoconductivity.

5.2 Light-Induced Effects on Photocurrent Transients

The most unique and intriguing features of chalcogenide vitreous semiconductors
are the photoinduced changes appearing as a nearly parallel shift of the opti-
cal absorption edge to lower energy (PD effect) after irradiation with bandgap
light. Such irradiation also causes changes in a wide variety of other properties —
mechanical, physicochemical, photoelectronic, etc. [4]. The latter provides a valu-
able opportunity for the evaluation of light-induced changes of the gap states.
However, during the last few years there has been very limited systematic study of
photoinduced effects on states, especially of deep-lying states in the bandgap. Most
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PD studies have focused upon binary and ternary chalcogenide alloys and relatively
little is known about the characteristics of elemental and chalcogen-rich glasses. On
the other hand, elemental and chalcogen-rich amorphous semiconductors serve as
useful model systems for studying the influence of PD on physical properties. We
consider in the following photoinduced changes of deep levels in selenium layers
with arsenic additions up to 20%.

Currently two classes of transient photocurrent experiments can be distinguished.
On the one hand, there are the unipolar methods. The most common is the time-of-
flight (TOF) experiment developed by Spear [5]. In the TOF method the carriers are
created near one electrode of sandwich configuration. This configuration makes it
possible to distinguish electron and hole motion. The carrier mobility is determined
by the position of the break in the current pulse. Therefore, precise knowledge of
the concentration of the transiting carriers is not necessary. To observe the transit
pulse in the TOF experiment, the electrode must form a blocking contact, that is, it
must be able to inject carriers. To prevent distortion of the field, the excess charge
introduced should be less than CV, where C is the capacitance of the sample and V
is the voltage across the sample.

On the other hand, there is the bipolar measurement of transient photocurrent
(due to electrons and holes) performed in the gap-cell configuration (see, e.g. [6,7]).
In these experiments the sample is illuminated uniformly in the direction transverse
to the electrodes, creating an excess conductance G. Injecting contacts supply the
excess current Iph D GV for a bias voltage V . There is no build-up of charge at
the electrodes. As a result, signal averaging with repetitive pulses is easy. When
analyzing coplanar transient photocurrents, the different drift mobility of electrons
and holes, together with recombination, must be taken into account.

First of all we consider results of TOF measurements on Se-rich amorphous
chalcogenides [8]. The sample films used in all TOF studies were typically 5–50�m
thick. These were prepared by vacuum evaporation of AsxSe1�x alloys at a fixed
rate of ca. 1�m min�1 onto glass substrates. The substrates were coated with
SnO2 or Al blocking contacts. All samples were annealed at room temperature for
ca. 100 h and stored in the dark for at least ca. 48 h before measurement. Where
sandwich geometry was required (photocurrent transients), semitransparent gold
contacts were slowly evaporated onto the free surface of the specimens. Bandgap
illumination was provided by a mercury lamp and a He-Ne laser. The transient
transport measurements were performed using a conventional (small signal) TOF
technique. The drift of the sheet of carriers initially photoexcited at the Au contact
by a nitrogen laser pulse (5 ns duration, 337.1 nm wavelength) is time-resolved in
a uniform applied field. All measurements were performed in the current mode, in
which the time constant of the external circuit iss kept short compared to the transit
time to ensure constant voltage across the sample during the carrier drift. When dis-
persion entirely masks the transit time cusp we define a statistical transit time from
a double-logarithmic plot of the algebraically decaying current.

Two types of xerographic measurements will be discussed, namely dark decay
and cycled-up xerographic residual voltage [1, 9]. The former experiments are car-
ried out by charging the surface of the sample from a corotron device and measuring
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Fig. 5.2 A typical oscilloscope trace of the TOF photocurrent electron signal in (1) dark-rested
and (2) exposed a-Se (d D 4:2�m, E D 14V�m�1, T D 293K, 0:5�s div�1/

the surface potential under an electrostatic probe. In the latter experiments (cycled-
up residual voltage) the surface voltage following photodischarge in the xerographic
cycle is monitored as a function of the number of cycles.

At room temperature, the amorphous Se (a-Se) films exhibit very slight but defi-
nite PD. The effect consists of a decrease of transmission (�2% in magnitude) after
illumination, which was spontaneously restored when excitation was switched off.
It was found that the restoration period increases with As concentration. In other
words, the photoinduced changes are transient (dynamic) and not permanent.

In order to observe the effect of pre-illumination (exposure conditions were cho-
sen identical to those that cause transmission changes) on microscopic parameters
of states, measurements of the transport characteristics were performed. We con-
sider first the carrier drift and space charge as it develops in AsxSe100�x alloy
films with 0�x� 15 at%, in which transport of holes and electrons is observable
[3, 8]. Figure 5.2 shows a typical nondispersive trace of the transient electron cur-
rent in dark-rested and pre-exposed pure selenium. The room temperature value of
the drift mobility, 	e � 6 � 10�3 cm2 V�1 s�1, is in remarkably good agreement
with reported values and seems to be unaffected by irradiation. We observe only a
small decrease of the current and a slightly changed shape of the signal. There is
a close correlation between the recovery of optical parameters and the current in
exposed samples. For example, the transmission of irradiated a-Se approaches its
virgin value after ca. 7 min. The same time is necessary for relaxation of the elec-
tron drift transient. Note that in the case of the hole photocurrent transients about
2 min is sufficient to restore the original signal.

Arsenic alloying results in a decrease of both the electron and hole mobilities
	e and 	h and substantially changes the shape of the hole transients. At low As
concentrations (0–2 at%) the hole transit pulses are well defined and retain the
shape of pure Se. In the range 2 at% �x� 6 at% As the hole response is absent and
only a lifetime-limited signal is observed, in accordance with the reported [8, 10]
behaviour. On raising the As concentration above 6 at%, the hole signal reappears,
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Fig. 5.3 Oscilloscope trace of the TOF photocurrent hole signal in (1) dark-rested and (2) exposed
a-As0:10Se0:90 (d D 4:2�m, E D 14V�m�1, T D 293K, 0:5�s div�1/

Fig. 5.4 The relaxation function for hole (circled plus signs) and electron (circled minus signs)
metastable traps

but now it consists of an initial fast response, a quasi-stationary region (plateau),
and a long featureless tail typical of current transients observed in As2Se3. Bandgap
irradiation of the sample leads essentially to a decrease of the current level, whereas
the transit time tT remains unchanged. If after light exposure the sample is allowed
to rest in the dark, signal recovery takes place [2, 8] (Fig. 5.3).

Figure 5.4 shows the relaxation function  (�) of irradiated AsxSe100�x alloy
films, which is determined as follows. The sample irradiated with light of photon
energy h� � Eopt for a fixed time was allowed to rest in the dark for a time �
(experimental variable). The current signal I D f .t/ was recorded as a function of
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 .�/, where  .�/ was determined as

 .�/ D ŒIr–I�  =
�
Ir–Ip

	
(5.1)

where Ir and Ip are the current values of dark-rested and exposed samples, respec-
tively, immediately after illumination (current traces were chosen at t D tT /. Results
for the relaxation function .�/were fully analogous to those obtained from charge
collection experiments.

The increase of As content and/or lowering of the temperature delay the relax-
ation of both electron and hole transit pulses in photosensitised samples. At the
same time, asymmetry of the relaxation functions for electrons and holes was
clearly detected. From the data presented it is obvious that the transit time remains
unchanged by PD for all investigated compositions. Consequently, shallow states,
which control charge transport and define the activation energyE� (Ee

� � 0:33 eV,

Eh
� � 0:25 eV in a-Se, Eh

� � 0:4 to 0.6 eV in As2Se3) of the mobility, should
not undergo photoinduced changes. At the same time, the observed change of the
current shape, the appearance of a long tail, and the decreasing signal height indi-
cate photoinduced change of deep (Et > E�) centres. Such behaviour is possibly
related to enhanced carrier trapping by deep levels after photosensitisation. Fig-
ure 4.5 supports this suggestion. It is apparent from the figure that pre-illumination
leads not only to a decreasing magnitude of the photocurrent transient (in this
case for electrons in an As10Se90 alloy film), but also to an abrupt transforma-
tion of the signal character: from a pulse with well-defined transit time (curve 1,
Fig. 5.5) to a featureless lifetime-limited pulse (curve 2, Fig. 5.5). The considerable
decrease of transit pulse height was accompanied by a significant alteration of the

Fig. 5.5 Transient electron current in As0:10Se0:90 samples (d D 4:4�m, E D 3:7V�m�1,
T D 293K): (1) dark rested; (2) exposed; (3–6) exposed and then dark rested for 5, 10, 50, and
160 min, respectively
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current-versus-time shape: the absolute value of the initial (pretransit) current slope
I / t�.1�˛/ in double-logarithmic representation (see the corresponding curves in
Fig. 5.5). If, after pre-illumination, the film is allowed to relax in the dark, the pre-
vious (dark-rested) shape of the transient current is fully recovered, that is, pulse
height and shape return to values characteristic of the unexposed specimen. It is
thus found that charge-carrier lifetime with respect to deep trapping �L decreases
by approximately one order of magnitude. For example, �L is less than 0.5 ms for
electrons in the previously illuminated sample As0:10Se0:90.

In an earlier study of transport in annealed As2Se3 films we observed similar
behaviour of photoinjected carrier transients under conditions of PD [4.2]. The main
difference to the results presented here is that, in As2Se3 films, once changed by
irradiation the optical and transport parameters never relax spontaneously to the
equilibrium state. Restoration is possible only by annealing near the glass transition
temperature. Further investigations show that bandgap light leads to a pronounced
variation of the space charge developing in the sample. Figure 5.6 shows typical
transient hole photocurrents induced in As2Se3 films before and after PD. When
transit measurements are repeated, the current level diminishes progressively (cur-
rent traces 1 and 2,3 and 4, Fig. 5.6). It is obvious that after PD the space charge
build-up is significantly intensified.

Drift mobility experiments may be affected by two kinds of space charge effect.
First, the presence of deep centres in the gap [5]. These centres gradually accumu-
late charge with each drift pulse, especially near the surfaces of a specimen, which
leads to a decreasing internal field. As a result the transient current decreases in
magnitude. Second, at high photoinjection levels (Q > CV , where C is the sample

Fig. 5.6 Transient hole current in a � As2Se3. (1,2) Annealed sample; (3,4) photodarkened sam-
ple. The areas between (1) and (2) and (3) and (4) indicate space-charge accumulation during a
ten-transit sequence with repetition frequency 10 Hz (d D 3:4�m,E D 5:3V�m�1, T D 293K)
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capacitance and V the applied field) space charge may be formed by the drifting
packet itself. In our case the latter can be excluded because of the small value of
injected charge (Q � 0:1CV ).

Bulk space-charge creation is shown in Fig. 5.6 by the areas between curves 1
and 2 and 3 and 4. The estimated amount of charge accumulated by deep traps
during a ten-transit sequence is about 1.3 to 2 times that at PD and approaches ca.
1014 cm�3.

Consequently, shallow states, which control charge transport and define the acti-
vation energy Eh

� (about 0.4 eV for As2Se3/ of the mobility, should not undergo
photoinduced changes. At the same time it should be stressed that the observed
change in the current transient (namely its increased dispersion and decreased mag-
nitude) indicate photoinduced changes of deep states withEi > E

h
�. Such behaviour

is probably related to enhanced carrier trapping by deep levels in photodarkened
samples.
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Chapter 6
Deep Level Spectroscopy in Selenium-Rich
Amorphous Semiconductors

Mobility measurements by the time-of-flight (TOF) method (Chap. 5) are partic-
ularly important but they must be augmented by others. Xerographic techniques,
initially developed to characterise electrophotographic receptors, are widely appli-
cable to the study of amorphous thin films and photoconductive insulator thin films.
The high field (105–106 V cm�1) caused by corona charging is applied to sample
films, and the decay of the open-circuit surface potential is measured. The xero-
graphic probe technique is a unique means of characterising electronic gap states.
In particular, a map of states near mid-gap is determined by time-resolved analysis
of the xerographic surface potential.

6.1 Xerographic Dark Decay and Photoinduced Effects

Analysis of the time- and temperature-dependent decay of the surface voltage on
an amorphous film after charging but prior to exposure (xerographic dark decay)
and of residual decay after exposure can (in combination) be used to map the den-
sity of states. The procedure is illustrated for a-AsxSe1�x , where residual charge
can be measured. Amorphous AsxSe1�x is found to be characterised by a rel-
atively discrete gap state structure. These measurements readily discern photo-
and thermostructural effects on gap state population. Thus during these structural
transformations systematic variation in the number of localised states distributed
throughout the mobility gap is observed. This observation is consistent with the
view that native defects play a key role in photoelectronic behaviour of amorphous
chalcogenides.

The illumination of amorphous AsxSe1�x films by light with energy near the
optical gap also causes changes in basic electrophotographic parameters: dark dis-
charge rate, initial charging potential, residual potential, and its dark decay rate.
Typical dark discharge curves for film composition As0:2Se0:8 are shown in Fig. 6.1.

It is apparent that the initial charging voltage U0 becomes smaller and the sur-
face potential decay rate dU=dt increases after previous photoexcitation. It must
be emphasised that, depending on composition, ordinary (changes of either U0 or
dU=dt) or complex (simultaneous changes of U0 and dU=dt) photoinduced effects
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Fig. 6.1 Dark decay of surface potential in a-As0:2Se0:8: (1) Dark-rested sample; (2) after white
light exposure 5,000 lx for 60 s

may be observable. The former take place in the range 2–6 at% As, whereas for the
latter concentrations above 8 at% As are needed.

In pure selenium the photoinduced change of discharge rate is comparatively
small (� � 1:06). As the As concentration increases, � initially becomes progres-
sively larger, then for x > 20 at% it begins to fall, possibly because of the rising
dark discharge rate in dark-rested samples. The parameters of dark discharge in
dark-rested and photosensitised films are summarised in Table 6.1. Here tU0=2 is
the decay half-life and �U=U0 D �

U0–U �
0

�
=U0 the relative change of the initial

charging potential. It is of interest to point out that the “memory” effect (the time
interval during which the changes in pre-excited film parameters may be observ-
able) is appreciably extended with increasing As content: from ca. 40 min in pure
selenium to ca. 10 h in As0:2Se0:8.

Figure 6.2 shows the time evolution of the dark decay kinetics of the surface
potential after photoexcitation. An increasing dark adaptation time, that is, the
dark-resting time of an exposed film before it is charged to a certain potential
and the potential decay recorded, causes a diminishing of the observable photoin-
duced changes. On the basis of the data in Fig. 6.2, by analogy to the photocurrent
transients, the relaxation functions

� .�/ D U0 � U �
0

U0 � U0	 (6.1)
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Table 6.1 Surface potential dark decay parameters and their photoinduced changes in AsxSe1�x

filmsa

As content [at%] dU=dt
�
V s�1

	
tU0=2 [s] �b �U=U0

0 6.7 �10�2 276 1.06 0.30
2 9.7 �10�2 150 1.20 –
5 1.4 �10�1 138 1.33 –
8 9.3 �10�1 19 1.61 –
10 1.22 17 2.3 –
15 1.12 18 3.5 0.50
20 1.4 15 1.9 0.51
aU0 D 37V, d D 10�m, T D 293K, white light exposure 2,000 lx for 120 s.
bThe ratio ” D .dU �=dt / = .dU=dt / (parameters of irradiated samples are marked by asterisks) is
composition dependent

Fig. 6.2 Dark discharge rate varying with a-As0:15Se0:85 sample dark-resting time � and the cor-
responding relaxation functions ' .�/ and � .�/ (inset). � D 0, 2, 5, 10, and 90 min for (1)–(5),
respectively

and

� .�/ D .dU 	 =dt/ � .dU �=dt/

.dU 	 =dt/ � .dU=dt/
; (6.2)

characterising the initial charging potential and the dark decay rate recovery, were
estimated (see inset in Fig. 6.2).

It is of particular significance that “memory” effects are influenced not only by
variation of composition, but also by electric fields. For example, Fig. 6.3 clearly
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Fig. 6.3 Surface potential dark decay in a-As0:1Se0:9 films (d D 10�m). (a) (1) Dark-rested sam-
ple, (2) exposed sample, (3)–(5) exposed and then dark-rested for 5, 20, and 30 min, respectively.
(b) (1) Dark-rested sample, (2) exposed sample, (3)–(6) exposed and dark-rested for 30 min in the
presence of a surface potential of 115, 170, 215, and 520 V, respectively

Fig. 6.4 Dependence of residual voltage on As content [at%] after (1) one and (2) five complete
xerographic cycles

illustrates that the photoinduced change of the dark discharge rate may be success-
fully “frozen-in” by applying an electric field E � 3 � 105V cm�1 immediately
after light exposure (compare curve 5 in Fig. 6.3a with curve 6 in Fig. 6.3b).

Dark decay curves of the surface potential in double-logarithmic representation
display two distinct rate processes, dU=dt / t�.1�K/ and dU=dt / t�.1CK/,
with cross-over from one regime to the other at t D td. Detailed analysis of the
discharge process shows that td shifts to smaller values with increasing As content
and after exposure (Fig. 6.4). Note that under low charging voltages U0 the surface
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potential at time td was approximately half the initial value and that td increased
with U0. The features observed in the dark decay study of AsxSe1�x alloy films
can be completely accounted for by a depletion discharge model [1–3]. So, the bulk
process driving dark decay is emission and sweep-out of holes from states near
mid-gap, leading to progressive formation of negative space charge. The rise in dark
discharge rate and the shift of td with arsenic concentration and photoexcitation
may be due to enhanced thermal generation of holes from deep centres. From the
temperature dependence of td it is estimated that the emitting sites are located at
0.8–0.9 eV above the valence band mobility edge.

6.2 Residual Voltage in Se-Rich Photoreceptors

For the films under examination the residual voltageUr increases with exposure. For
example, previous photoexcitation leads to an increase in Ur1 (first cycle residual
voltage) for Se up to 3.7 V caused by a decrease in 	�L to 1:3�10�7 cm2 V�1. Tak-
ing into account the invariance of electron mobility 	e D 4:9 � 10�3 cm2 V�1 s�1

with light exposure, it is obvious that the lifetime reduction (from 5:4 � 10�5 to
2:6 � 10�5 s) is the only reason for photoinduced change.

During the continuous repetition of xerographic cycles, the residual voltage Urn

at the nth cycle was found to have the typical behaviour shown in Fig. 6.5.
The saturation residual potential Urs provides [4, 5] a measure of the density of

uniformly trapped carriers:
Urs D Ned 2=2"; (6.3)

where " is the dielectric constant. An increase in Urs in pre-exposed films indicates
photoenhanced accumulation of charge at deep centres. We obtain N � 1015 cm�3

Fig. 6.5 The build-up in the residual voltage with (a) number of xerographic cycles and (b)
isothermal room-temperature relaxation of saturated residual voltage in (1) dark-rested and (2)
photoexcited a-As0:02Se0:98 films
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and N � � 4 � 1015 cm�3 for dark-rested and pre-exposed As0:1Se0:9 films,
respectively [6].

The residual potential decays to zero. This process is controlled by the spec-
trum of trap release times. The trap energies can be deduced from an analysis of
isothermal residual potential decay curves using

Urs D
X

Ci exp .�t=�i / ; (6.4)

where 1=�i D �i exp .–Ei=kT / is the release time from the i th trap, �i is the
frequency factor, and Ei is the trap depth. We find that deep levels in amorphous
selenium reside at Eh

i D 0:85 eV and Ee
i D 1:0 eV for holes and electrons, respec-

tively. Their depth becomes somewhat shallower with addition of As, for example,
Eh

i D 0:80 eV and Ee
i D 0:90 eV in As0:1Se0:9. The more rapid decay of the

residual voltage Urs in pre-illuminated films relative to dark-rested film (Fig. 6.5b)
indicates a slight decrease in the depth of those states. A comparison of room-
temperature recovery in TOF and xerographic measurements demonstrates that
relaxation of deep metastable centres in exposed films occurs on the same time
scale. In other words, the deep gap centres that control the xerographic dark decay
and residual voltage are, like the trapping centres discussed in TOF experiments,
characteristically metastable.

Bandgap light can, in principle, have two distinct effects on the electronic struc-
ture of the mobility gap. Bandgap light can either introduce (generate) new localised
states or initiate conversion of traps of small cross section to traps of larger cross
section [5,6]. Consequently, the latter become accessible in deep-level spectroscopy
only after irradiation. In that sense we may also consider such converted localised
states as “new” localised states (created by irradiation).
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Chapter 7
Recombination Process and Non-Isothermal
Relaxation of Low-Temperature Photoinduced
Effects

Several complementary experimental techniques, including measurements of the
transient response, steady-state photoconductivity and xerographic effect, have been
employed to investigate photoinduced effects in amorphous arsenic selenide alloys.
Results suggest that metastable deep defect centres can be altered by irradiation.

7.1 Recombination Process as it Appears in the Photocurrent
Transients

Next, we turn our attention to the monomolecular recombination process, which
appears in the photocurrent transients in Fig. 7.1.

This current–time plot (log I vs log t) compares the transients for non-
photodarkened and photodarkened samples. The behaviour of the photocurrent is
seen to be very similar to that of the current in the time-of-flight (TOF) experi-
ment. In both cases the photocurrent makes a sharp transition from a power law
with exponent less than one to a power law with exponent greater than one. Clearly,
the monomolecular recombination time �MR plays the same role in the photocurrent
experiment that the transit time tT plays in the TOF experiment. In fact, Orenstein
et al. [1] assumed that the photocurrent would decay this way.

As is clear from Fig. 7.1, �MR is slightly dependent on the light treatment. In
principle, the carrier lifetimes are given by

�MR / 1

v0

�
btNL

brNth

�1=˛

; (7.1)

where �0 is the prefactor of the release rate from localised states (typically of the
order of 1012–1013s�1/, bt the trapping coefficient, NL the factor of density of
localised states, br the recombination coefficient, Nth the thermal equilibrium con-
centration (of recombination centres), and ˛ the dispersion parameter characteristic
of anomalous charge transport. There are two factors that both tend to make �MR

greater as the sample is photodarkened. The first is the trap-limited mobility and the
second is the concentration of recombination centres. From TOF data, the mobility
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Fig. 7.1 The transient photocurrent from fully annealed (1) and photodarkened (2) a-As2Se3
gap cells after flash excitation (�e D 690 nm) (a.u., arbitrary units). The change in slope of the
photocurrent transients is identified as �MR

remains unchanged with photodarkening. We speculate that the change in �MR can
be explained by the second factor alone.

7.2 Non-Isothermal Relaxation of Low-Temperature
Photoinduced Effects

A durable (permanent) photoinduced change known as photodarkening (PD) is
retained unless the sample is annealed. In addition to this permanent change, tran-
sient (dynamical) photoinduced changes have also been observed in chalcogenide
glasses. There are some indications that the dynamical changes are probably due
to an alteration of metastable defects, which act as shallow traps for carriers gener-
ated by bandgap light. Reasonably, one can expect that the non-equilibrium carriers
become immobilised for a long time in these states if the irradiation temperature
is essentially lowered. It is assumed that the magnitude of PD is increased at low
temperatures due to the additional (with respect to room temperature) component.
The latter manifests itself as dynamical changes in transmissivity and refractive
index at room temperature whereas it is transformed to a permanent change at
T D 100K. That is why it seemed plausible to study the non-isothermal relaxation
of the low-temperature photoinduced effects.

Several transient and/or stationary methods are suitable for studying electronic
and atomic relaxation. For this purpose, thermally stimulated currents (TSCs) and
holographic grating techniques have been used. The latter can monitor even small
changes in refractive index.

In the present investigation, a grating having a pitch � D �e= Œ2 sin .�=2/ is
produced at T D 100K by two interfering beams of wavelength �e (633 nm),
intersecting at a sample surface with an angle � .�40ı/. The diffraction efficiency
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Fig. 7.2 The diffracted light intensity from gratings formed on an As0:5Se0:5 thin film at T D 100 K
(circles). Also shown is the � vs T dependence after annealing at T D 300K (crosses) (a.u.,
arbitrary units). Note that transmissivity of a fully annealed film is nearly temperature independent
at � D 900 nm (filled circles)

� D I=I0, where I0 and I are the corresponding intensities of the reading beam
and of the first-order diffracted beam, is measured as a function of rising temper-
ature. The reading beam of wavelength �r (900 nm) emitted by a 10 mW GaAs
laser appears to be little affected by a change in absorption coefficient with rising
temperature.

Figure 7.2 shows the typical response of light intensities diffracted from gratings
formed on As0:5Se0:5 film. The � vs T data exhibit several stages: an initial invari-
ance followed by a rapid rise at T D 200K and then fall to values of �=�max D 0:3

at T D 300K. Finally, at T � 420K (this high-temperature region is not shown in
Fig. 7.2), � falls to zero, and the grating is completely erased. Note that the relative
increase in � observed is about 50% with respect to its value at T D 100K. This
effect (namely “self-enhancement of holographic recording”) may be of practical
importance because it permits the diffraction efficiency to be essentially increased
without additional treatment such as substrate metallisation and chemical etching.
There are, however, factors limiting its applicability. Among them are the low-
temperature holographic recording itself and inconveniences connected with such
a procedure, which is a vanishingly small effect in a more suitable (T � 300K)
temperature range.

Now we turn our attention to data on TSCs. In order to be able to find the
correspondence to data gratings, TSC measurements were performed on identi-
cal samples. The latter were illuminated at T D 100K; the total exposure used
was approximately the same as in the grating experiment. Figure 7.3 shows a well-
shaped TSC peak with Tmax D 275K. The activation energy Ei associated with the
peak has been calculated by the initial rise method. The Ei obtained by this method
is about 0.4 eV.
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Fig. 7.3 Thermally stimulated current (TSC) curve in a-As0:5Se0:5 (1). The sample was cooled
to 100 K and then exposed to laser illumination at 633 nm. After the whole TSC curve had been
obtained, a second thermal cycle for an unexcited sample was started (2). As for Fig. 7.2, the
heating rate is 0:1Ks�1

With regard to � versus T and ITSC versus T dependence, note only that
there is a certain correspondence; when the trapped carriers in the gap states of
Ei .Ei D 0:4 eV/ were emitted with a temperature rise the diffraction efficiency dis-
tinctly decreased. At the same time, the thermal decays of the two effects differ at
higher temperatures. The TSC indicates almost complete annealing but a substantial
fraction of �, induced at T D 100K, is still present even at 300 K.

7.3 Possible Mechanism of Photoinduced Changes

The irreversible structural changes that occur in the conventionally prepared (slowly
deposited) thin films upon optical illumination can be understood in terms of
the same mechanism as described in [2–7]. These changes are associated with
a photopolymerisation of As4S4 and Sn molecular species. The resultant struc-
ture formed after such transformation is a three-dimensional network with nearly
restored chemical ordering.

Rapid deposition, as indicated from the present Raman data, significantly
enhances compositional as well as structural disorder in amorphous samples com-
pared with samples with stoichiometric composition. An increase in As concen-
tration leads to condensation of As4S3 and some other As-rich molecular species;
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a disordered molecular solid is obtained. These As-rich compositions are unstable,
and presumably phase separation occurs upon thermal annealing and light irra-
diation. Without going into further details of these irreversible effects in rapidly
deposited films, it can be said that irreversible photoinduced structural changes in
conventionally prepared amorphous films are quite different from a phenomenolog-
ical point of view and also with respect to their origin.

We next discuss experimental investigations on reversible photoinduced effects in
previously annealed films. Two sensitive experimental techniques, namely nuclear
quadruple resonance spectroscopy [8] and Raman spectroscopy (see the Raman data
presented in this volume), failed to detect any gross changes in the local bond-
ing configuration. However, other structural probes, namely infrared absorption [9]
and differential anomalous X-ray scattering [10], show that small changes do occur
under illumination. A mechanism proposed by Elliott [11] to account for the light-
induced changes in the structure describes PD in chalcogenide glasses in terms of
intra-molecular and inter-molecular bond breaking and bond weakening. According
to this model, the increase in homopolar bonding would have to be substantially
larger (about 7% for As2S3) than measured (1.5–2.0%) to account for the observed
changes. Our principal conclusions are similar to those of Elliott [11], Yang et al.
[12], and Zhou et al. [10]. We agree that, although some local configurations may
contribute to PD, the phenomenon cannot be explained in terms of these local
changes alone.

The most significant photostructural change observed using the Raman scatter-
ing technique is in the region of the low-frequency or Boson peak at a wavelength
of about 25 cm�1. This Raman peak is accounted for as signifying certain medium-
range order in the amorphous structure [13–15]. The position and the intensity of
the peak can be used to estimate the structural correlation lengthRc � .!max=V /

�1,
where !max is the frequency of the peak maximum and V is the sound velocity, and
to characterise the degree of structural ordering. The structural correlation length
has generally been associated with the dimensions of some cluster-like structures.
For a-As2S3, the Rc value is about 7.6 Å. The clusters are possibly in the form of
linked pyramids. In spite of the absence of final conclusions on the nature of the low-
energy excitations in disordered solids, it is obvious that differences between the
boson peak in the annealed and photodarkened state are due to changes in medium-
range order. A decrease in the peak height and a shift to higher !-values may be
attributed to an increase in structural randomness. This is consistent with an increase
in structural disorder under illumination detected in extended X-ray absorption fine
structure (XAFS) spectra [12,16] and in X-ray scattering [17]. Thus our experimen-
tal results on Raman scattering agree qualitatively with the hypothesis that PD is
a photostructural change and is the result of changes in medium-range order (e.g.
weakly linked AsS3 pyramids move with respect to each other as proposed in [18]).
This mechanism does not involve covalent bond breaking.

Let us consider the role played by electronic gap states in photoinduced changes.
We speculate that the mechanism of PD consists of the following. Bandgap radiation
initially causes excitation of the electron subsystem. The incident photon creates
electron–hole pairs. These photogenerated electrons and holes may be assumed to
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be initially in free (mobile) states in the bands. Part of the excess carrier energy
is transformed into heat. In the first place, the photogenerated electrons and holes
are both rapidly trapped at the defect states. These defects cause local levels in the
energy gap and affect the physical properties (i.e. optical, dielectric, and electrical).
We identify such gap centres as arising from charged native defects such as CC

3 and
C�

1 in pure selenium. After trapping, the lattice surrounding the defect distorts. The
resulting local relaxation evidently stabilises the trapped carriers, which must then
produce excess defect centres. The latter efficiently affect the photoconductivity
and transport properties of amorphous chalcogenides (e.g. enhance carrier trapping
as shown by our TOF and xerographic experiments). Since the metastable states are
local potential minima after the relaxations, a potential barrier must exist, retarding
the transition to the initial state. Annealing of the material removes the new defects
and restores the original balance. Therefore, the picture that we used is that normally
empty precursor states (in other words, states that exist in quasi-equilibrium before
the system is illuminated) become filled during illumination. As a result of the non-
equilibrium occupation of electronic gap states, the physical properties (optical and
photoelectronic) are altered.

With regard to the low-temperature data, we suggest that there exists a kind of
defect that is closely related to this component of PD. Indeed, the TSC truly reflects
the release from some localised states. TSC and grating experiments provide strong
evidence that carrier trapping at these states is the primary effect whereas the struc-
tural change (and concomitant change in the absorption coefficient and refractive
index) is the secondary effect. In a-As0:5Se0:5, the corresponding activation energy
is about 0.4 eV. Since the TOF measurements show that the only mobile carriers in
As0:5Se0:5 are positive holes, the above trapping centres are most likely to act as
hole traps.

At room temperature, deep trapping of injected carriers (of both signs) is
enhanced in photodarkened samples. Such illumination can cause an increase in
deeply trapped space-charge density induced by repetitive TOF cycling but has no
appreciable effect on drift mobility value. These observations support the conclusion
that the main influence of bandgap illumination on AsxSe1�x alloys is the genera-
tion of deep states, which act as efficient hole (0:8 � Eh

i � 0:9 eV) and electron
(0:9 � Ee

i � 1:0 eV) traps.
It is of interest to point out that the “memory” effect (the persistence of light-

induced metastabilities) becomes appreciably prolonged with increasing As content.
These investigations show the importance of arsenic-related defects in photoinduced
changes. Even without a detailed understanding of the microscopic mechanism, the
relationship between the metastable trap lifetime and chemical composition can be
interpreted in terms of As-induced deep centres. We suggest that the addition of As
to a-Se increases the total number of deep traps, which are predisposed to become
photodarkened states. TOF experiments, that is, the absence of electron drift as the
As content becomes appreciable (x > 0:2), indicate that As introduces a sufficient
concentration of deep electron traps to eliminate electron transport. The network
modifications (induced by threefold-coordinated As atoms) and the change in the
mobility gap structure may, of course, be related.
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Finally, the results tempt us to assume that the observed photoenhanced deep
trapping is a universal property in amorphous chalcogenides subjected to bandgap
light.
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Chapter 8
Electronic Properties of Materials with Gross
Permanent Photoinduced Changes: Cu–As–Se
Glasses

Fundamental physical properties of Cu–As–Se glasses along Cu–As2Se3 tie lines
have been investigated in order to obtain information on the electronic structure.
Progressive addition of Cu to As2Se3 induces a gradual red shift of the absorp-
tion edge and significantly reduces the value of dark conductivity and its activation
energy. The latter is also confirmed by thermally stimulated depolarisation current
experiments. Taken together, all of the data, including steady-state photoconductiv-
ity measurements, indicate that the “electrical” and “optical” band gaps gradually
narrow with Cu addition. It is established that Cu addition in As–Se glasses causes a
significant change in the dark conductivity value and its activation energy. Cu–As–
Se glasses are photoconductive and the temperature dependence is normal, showing
the expected slope in the low-temperature region below the maximum. Thermally
stimulated currents were also present in these materials. On the basis of these obser-
vations, the electronic structure of Cu–As–Se is considered from the point of view
of localised states.

Although the physical properties and electronic structure of elemental Se and
Se-based binary glasses have been investigated extensively, little is known about
the electronic structure of ternary chalcogenides. This is especially true for the case
of Cu alloyed with As2Se3; knowledge of the fundamental properties of ternary
Cu–As–Se glasses is fragmentary [1–10]. At the same time, Cu–As–Se glasses can
be used for optical data storage and in various technical devices [11].

In the present chapter, some fundamental investigations (e.g. dc conductivity,
photoconductivity, thermally stimulated currents (TSCs) and direct structural prob-
ing by X-ray diffraction (XRD)) are reported to improve our knowledge of the
electronic structure of Cu–As2Se3 glasses. Based on the experimental results, we
propose a simple model for the influence of copper addition on the electronic states
localised in the bandgap of As2Se3.

Bulk samples were made by mixing pure elements and loading them into clean
quartz ampoules (inner diameter 8 mm). The ampoules were then sealed under a vac-
uum of 10�6 Torr. The Cux .AsxSe1�x/100�x ingots were kept at 950ıC for about
80 h in a rocking furnace, and then cooled down to 850ıC, followed by quenching
in air (compositions 0 � x � 30 at%) to room temperature. Note that these compo-
sitions were from the glass-forming region reported by Borisova [9]. Powder XRD
spectra were taken to ensure that there were no crystalline inclusions in the samples.

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 8, c� Springer-Verlag Berlin Heidelberg 2010
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The bulk samples were obtained in the usual manner and then polished with
diamond powder and pastes. For measurements of dc conductivity, the samples
were platelets of typically 2 � 2 � 0:5mm3 size. As electrodes, vacuum thermally
evaporated gold electrodes were used. Experimental details of dc conductivity,
photoconductivity and other electrical measurements can be found in our earlier
publication [4].

The optical absorption coefficients of the glasses were obtained by measuring the
spectral dependence of the optical transmittance Top. The sample thickness d was
varied from 100�m to 1 mm. The absorption coefficient ˛ was calculated using

Top D .1 �R/2 exp .�˛ d/ ; (8.1)

whereR is the reflectivity, which is evaluated from the transmittance (�60%) in the
near-infrared region.

For Urbach tails to be investigated quantitatively, the absorption coefficient ˛ in
these regions is described by an exponential function, ˛ / exp .h!=kTu/, where Tu

is the characteristic temperature in the Urbach region.

8.1 Structure

Typical XRD patterns in Cux .AsxSe1�x/100�x glasses are shown in Fig. 8.1. We
start with As2Se3. Three halo peaks are clearly seen in the patterns of As2Se3,
namely the characteristic first sharp diffraction peak (FSDP) located at 2� � 17ı,
which is attributed to medium range structural order [12], and the second and the
third peaks, located at 2� � 30ı and 52ı, respectively. The latter peaks are due
to the correlations between the second nearest neighbors and between the nearest

Fig. 8.1 X-ray diffraction patterns obtained for Cu–As–Se glasses. The intensities are normalised
by the peaks at 2� �� 30ı. Cu content is shown for each curve
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Fig. 8.2 X-ray diffraction patterns of glassy and crystalline Cu–As–Se

neighbors. On alloying As2Se3 with Cu, we observe the following effects: (a) the
FSDP weakens and even disappears at x > 15; (b) additionally, the peaks at 2� �
30ı and 52ı shift to lower angles when Cu content increases. Here we note that
these changes are in accordance with studies by Liang et al. [7] and Itoh [5].

It is well established that amorphous chalcogenide semiconductors have short-
range order very close to their crystalline analogues [7, 13]. Thus, it seems rea-
sonable to compare their diffraction patterns. Figure 8.2 shows the result of such a
comparison between the diffraction patterns of g–As2Se3 and g–Cu30As28Se42 with
powder diffraction patterns of their crystalline analogues c–As2Se3, c–CuAsSe2 and
c–Cu3AsSe3.

As can be clearly seen, all three of the halo peaks in g–As2Se3 are located at posi-
tions where intense diffraction peaks in c–As2Se3 are observed (this experimental
fact was reported first by Vaipolin and Porai-Koshits [10]). In addition, one can see
that the positions of the halo peaks in Cu–As–Se ternary glasses are close to diffrac-
tion peaks in the Cu–As–Se crystals [7, 13]. It is important to note that Cu–As–Se
alloys, being in crystalline or noncrystalline forms, exhibit no diffraction peak at
2� � 17ı, which is the FSDP of glassy As2Se3.

Summarising the above diffraction experimental results and taking into account
diffraction data on the corresponding crystals, we may deduce remarkable features
of Cu–As–Se glasses structure depending on the Cu content: (a) Cu–As–Se ternary
glasses with Cu content less then 15 at% exhibit three halo diffraction peaks simi-
lar to that in As2Se3, and this means the preservation of short- and medium-range
order; (b) at the same time, for x > 15 at%, two halo peaks in the diffraction pat-
terns of Cu–As–Se glasses undoubtedly indicate the presence of crystalline phase
in short-range order; (c) structural units at short- and medium-range intervals differ
for x < 15 at% and x > 15 at%.
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8.2 Electronic Properties

The temperature dependence of dc (dark) conductivity for Cux .AsxSe1�x/100�x

glasses plotted as I .T / D f
�
l03=T

�
is shown in Fig. 8.3. It is clearly seen that the

dc conductivity 
 can be written in the form


 D 
0 exp .�E�=kT / : (8.2)

Here 
0 is the so-called pre-exponential factor and E� the activation energy. The
value of ¢0 is approximately 102��1 cm�1 and suggests conductivity determined
by the transport states.

The dc conductivity 
 and its activation energy E� in Cux .AsxSe1�x/100�x

glasses gradually decreases with Cu content. The dependence of E� (together with
other parameters) on copper content is compiled in Table 8.1.

Fig. 8.3 Temperature dependence of DC dc conductivity of Cux .As2Se3/1�x glasses. Cu content
is 5, 10, and 15 at% (curves 1–3, respectively). Also shown are the temperature dependen-
cies of photocurrent for samples under illumination with power density 0:06Pmax .3

0/ and
Pmax .3

00/
�
Pmax � 4� 10�2 W cm2

�

Table 8.1 Activation energies of dc conductivity E
 , thermally stimulated depolarisation current
ETSDC, photoconductivity Eph, and trapping states depth Et in Cux .As2Se3/1�x glasses

Cu content [at%] E
 [eV] ETSDC [eV] Eph [eV] Et [eV]

0 0.90 0.90 0.31 0.40
5 0.60 0.60 0.29 0.40
10 0.45 0.41 0.24 0.36
15 0.33 0.33 0.30 0.30
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8.3 Thermally Stimulated Currents

Conventional thermally stimulated currents (TSCs) and thermally stimulated depo-
larisation currents (TSDCs) are shown in Figs. 8.4 and 8.5.

From the slope of the initial part of corresponding curves the activation energies
Et and ETSDC were determined. Here we note that E¢ and ETSDC correlate, indi-
cating that the charge carrier transitions in both cases were identical. This means,
as we have shown earlier [12], that in the process of measuring TSDC one simply
observes only the capacitor discharge due to dc conductivity increasing with tem-
perature. The reader can find the detailed explanation of this problem in an excellent
review by Agarwal [14]. The capacitor under consideration consists of the metallic
electrodes, insulating sheets and the sample (sandwich-like configuration). At the

Fig. 8.4 Temperature dependencies of photocurrent for Cux .As2Se3/1�x , x D 0:10 at%, at
P D Pmax. (1) Virgin sample, (2) sample pre-irradiated sample during for ti D 30 min with
Pmax at T D 100K. In the inset the initial part of TSC is shown: (1) irradiation at T D 100K
with Pmax, ti D 1 min; (2) irradiation at T D 100K with Pmax, ti D 30 min; (3) irradiation during
coolingwhile the sample is cooled from T D 300K to T D 100K

Fig. 8.5 Thermally stimulated depolarisation in Cux .As2Se3/1�x . Cu content: 5 at% (1), 10 at%
(2), 15 at% (3). Also shown is the depolarisation curve (4) for the sample photopolarised at
T D 100K
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same time, even in this case, the TSDC can give information about E� � ETSDC,
especially when it is difficult to realise satisfactory contact. The TSDC maximum
shifts to lower temperatures, corresponding to E� decreasing (Fig. 8.5). Therefore,
TSDC may be used as a contact-free method for determining the conductivity acti-
vation energy E� . Only in the case where one is faced with filling of the traps with
nonequilibrium charge carriers does the TSDC contain information on localised
bandgap states.

From the study of TSC (in conventional mode and at conditions of persistent
internal polarisation), it is seen that, near the valence band tail, states exist at energy
Et with respect to the mobility edge. Comparison of the corresponding activation
energy values is possible for glasses containing less then 5 at% Cu – only these
compositions exhibit a distinct maximum in the depolarisation curve (see Fig. 8.5).
In contrast, in Cux .As2Se3/1�x glasses with Cu content greater than 5 at%, due to
increased influence of equilibrium (dark) conductivity, difficulties arise in measur-
ing depolarisation curves in previously photopolarised samples. In addition, we have
observed some light-induced effects on electronic properties. For example, activa-
tion energiesEa determined from TSC and TSDC curves for samples illuminated by
bandgap light at 100 K were found to be lower in comparison withEt (Fig. 8.4, inset)
when thermo-stimulated curves were measured with the standard procedure. Similar
changes were observed when investigating the temperature dependence of the pho-
toconductivity. The temperature dependence of the photocurrent in the glasses under
study consists of three regions: (1) the pre-exponential region at low-temperature;
(2) an exponential rise

Iph D A exp
��Eph=kT

�
; (8.3)

whereA is a constant andEph the activation energy of photoconductivity determined
from the slope of the corresponding dependence; and (3) the maximum at “high”
temperatures.

As expected, the absorption edge has a shape typical for chalcogenide glasses
and the absorption coefficient can be described by the dependence

˛ / exp .h!=kTu/ ; (8.4)

where Tu is the reciprocal of the slope of the absorption coefficient. The addition
of Cu to As2Se3 or, in other words, alloying As2Se3 with Cu for the compositions
studied, is accompanied by three types of effects. The first is an increase in the
absorption coefficient value. Next, after an initial slight decrease in the slope of the
above dependence compared to As2Se3 this parameter remains unchanged, inde-
pendent of Cu content. That is Tu remains constant in the range 5–30 at%. Finally,
we observe a gradual shift of absorption edge to lower energies with increasing Cu
content. It is important to note that the rate of decrease of the activation energy E�

is larger than that of the optical gap Eg.
In Fig. 8.6 the energy differences between the Fermi level, on the one hand, and

trapping states and mobility edge, on the other hand, are shown. In the same figure
the parameter ı represents the range of localised tail states. In other words, it may
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Fig. 8.6 Gap-states distribution in As2Se3 and Cux .As2Se3/1�x glasses (the latter is exemplified
for by 5 at% Cu)

be regarded as a measure of the width of the valence band tail. In the Cu–As–Se
system, ı falls with introduction of Cu. This indicates that Cu addition narrows the
valence band tail.

Before discussing the experimental results presented, two essential facts should
be emphasised: (a) the decrease in bandgap energy with increasing Cu content in
the Cu–As–Se system; and (b) in the system considered, “optical” bandgap energies
were greater than estimated from conductivity measurements, Eg > 2E¢ .

In order to explain the experimental results, the modified Mott–Davis model
seems to be appropriate. The model is illustrated schematically in Fig. 8.6. In addi-
tion to the tails close to the mobility edges, the density of states contains several
peaks. These correspond to states localised in the mobility gap. The energy interval
between Ef, Et, etc. and Ev are clearly seen in Fig. 8.6. The activation energy of
the photoconductivity below the maximum in the model determines the width of the
region of states localised in the tails of the corresponding bands. Another possible
explanation is that Eph may be attributed to some defect states. The change in Eph

decreases with Cu content. In terms of the model we propose, this means that the
width of the tail states also decreases. It is important to note here the correlation in
Et andEph change with increasing Cu content in Cux .As2Se3/1�x glasses. In other
words, the peak in the density of states (traps) is the same for the range of copper
concentration studied. It is assumed that this peak will overlap with states localised
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near the Fermi level at increasing Cu concentration. Probably, this is why one can
observe only one set of shallow traps in glasses with E� < 0:7 eV. The influence
of pre-irradiation (photoinduced changes of physical parameters) on the spectrum
of localised states, we believe, is similar to the effect of Cu addition to As2Se3. The
width of the tail states decreases in both cases. The results of TSC measurements
and the temperature dependence of photoconductivity support this suggestion. Liu
and Taylor [8] have found that the magnitude of the photodarkening (PD) effect
decreases very rapidly with increasing Cu concentration and that the PD effect is
eliminated in Cux .As2Se3/1�x for x � 5 at.%. However, in the present chapter
we shall not consider the PD effect and the emphasis is on light-induced electronic
effects.

Amorphous As2Se3 containing Cu exhibits a much larger value of hole drift
mobility value than that of electrons (note that we cannot detect the electron tran-
sient signal even for 0.1 at% Cu). This may be a strong argument in favor of E�

reflecting the energy difference between the valence band mobility edge and the
Fermi level.

The fact that for the compositions studiedEg values are significantly greater than
2E� can be explained as follows: (a) copper addition shifts the Fermi level toward
the valence band; (b) the mobility edge of the valence band shifts to higher energies;
c) both of the above occur simultaneously, giving an “attractive” effect.

In the concentration region studied both E� and Eg decrease with increasing
Cu content but the more significant change occurs in E� . Such behaviour may be
explained by the appearance of acceptor-like states, which is induced by alloying.

In addition, the possibility of the valence band tail changing with Cu addition
should be mentioned. For this effect to be accounted for, we adopt here the mecha-
nism proposed by Itoh [5]. According to this mechanism, Cu atoms added to As–Se
may interact with the As–Se network, since the Cu atoms possess 3d orbitals that
effectively overlap with the Se 4p orbitals. Hence, if Cu–Se bonds are assumed to
be stronger than As–Se in Cu–As–Se, the Cu atoms may attract the Se atoms to
form optimum Cu–Se covalent configurations. Thus, structural randomness in the
Cu–Se bonding configurations may decrease with increasing structural randomness
in the As–Se network. This is probably why Cu introduction narrows the valence
band tail. Additional argument in favor of this effect is that Tu (in the expression for
the absorption coefficient), being the measure of the tail state width, decreases with
Cu addition. Note that in the present chapter we consider only the width of band tail
without appealing to its concrete shape, for example exponential.

We consider the band structure of Cu–As–Se glasses in the following way. Stud-
ies performed [5, 7] to clarify the local environment around Cu atoms in Cu–As–Se
glasses have shown it bonding to Se atoms with coordination numbers of 2–4. It
seems important to note that Cu 3d bands are energetically close to the Se 4p bands.
These constitute the top of the valence band in the “host” (As2Se3) material. In such
a case the d bands will interact with the Se 4p band, forming d–p bonding and
d–p antibonding states in the upper valence region. As a result, we have the situ-
ation where the top of the valence band will shift to the Fermi level (see Fig. 8.6).
Reasonably, bandgap energies as well as the energies of gap states (traps) decrease.
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In the frame of this model, we have supposed that the bottom of the conduction
bands in Cu–As–Se glasses consist of As–Se antibonding states.

Finally, the nature of the Cu–Se bonds in Cu–As–Se glasses may be regarding as
covalent [5]. In such a case the covalent nature of the Cu–Se probably explains the
absence of CuC ion migration reported [15].

8.4 Carrier Transport in Cu–As–Se Amorphous
Semiconductors

In the following we describe investigations of photocurrent transients in the time-
of-flight (TOF) regime in order to obtain information on charge carrier transport in
amorphous Cux .As2Se3/1�x films. Put briefly, the shape of photocurrent transients
in As2Se3 change with Cu addition. Drift mobility–temperature data indicate that
hole transport in a–Cux .As2Se3/1�x alloys is controlled by a set of shallow traps at
0.40 eV above the valence band edge. On the basis of these observations, the density
of gap states is considered from the point of view of multiple trapping.

As mentioned, various fundamental properties (including structure) of elemental
and binary chalcogenide glasses have been investigated extensively. On the other
hand, the electronic properties of ternary chalcogenides have been studied only
poorly. This is especially true for Cu–As–Se glasses. The latter are known to exhibit
pronounced photoinduced phenomena.

Significant PD effect in Cu–As–Se glasses and higher resolution in comparison
with other materials of this group, together with reversibility, makes them espe-
cially attractive objects for optical data storage. At present, despite more than three
decades of intensive study of this unique phenomenon, its origin remains unclear.
Reasonably, this essentially limits the possibility of materials fabrication with the
required properties, which determine the photoinduced changes of fundamental
physical parameters. This is especially true for the case of Cu–As–Se glasses.
There is no information in the literature, to the best of our knowledge, about the
drift mobility in these ternary chalcogenides. The present section deals with charge
carrier transport in a–Cux .As2Se3/1�x amorphous semiconductors.

For the TOF experiments amorphous Cu–As–Se thin samples were used. These
were prepared by flash thermal evaporation of bulk alloy Cu–As–Se from a molyb-
denum quasi-closed unit, using a standard vacuum system (Model VES-5) with
a base pressure of 2–3�Torr. The starting materials for pellets were Cu–As–Se
glasses prepared by the usual melt-quenching technique. Substrates were glass for
optical microscopic purposes with pre-deposited Au electrodes. The top electrodes
were semitransparent films of evaporated gold. Sample thickness ranged from 3
to 5�m, and was measured by a precision interference microscope (Model MII-4,
accuracy not better than 0:05 �m).

The deposition rate was � 1�m min�1. Film thickness ranged from 3 to 5�m.
Note that a shutter protection system was used at the initial and final stages to
establish steady evaporation and deposition conditions. The samples are relatively
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homogeneous as far as their charge transport properties are concerned. Some degree
of sample inhomogeneity is unavoidable in the preparation of films unless one uses
flash evaporation, but this is the case for very thin films. In addition, some sample-
to-sample variation in the exact compositions is also unavoidable. Because the hole
lifetime is sensitive to the relative amounts of Cu and As2Se3, we believe that the
samples were relatively homogeneous across both the film surface and the film
thickness. The total injected charge was kept constant. The latter was obtained by
integrating the TOF photocurrent transient. To preclude a possible contribution of
thickness variations of the sandwich structure to the resulting dispersion, differ-
ent regions of the semitransparent Au contact were illuminated and the obtained
photocurrent waveforms compared.

The details of the conventional TOF apparatus have been described in the exten-
sive articles by Spear, Pfister and Kasap [16–18], as mentioned in previous chapters.
All experiments were single-shot measurements, in which laser pulses are directed
at the sample and the corresponding photocurrent transient is captured on a single-
event storage oscilloscope. The oscilloscope (single-event bandwidth, 0:5 �s pulse
duration, S8–14 Model) captured the whole TOF signal to enable integration of the
photocurrent and hence the evaluation of the total injected charge. The spread in the
photocurrent tail can be precisely measured.

As usual, TOF measurements were carried out using a short light pulse from a
N2 laser (wavelength 337 nm, pulse duration 8 ns). The duration of the pulsed light
was sufficiently shorter than the carrier transit time. Between the measurements
samples were short-circuited and dark rested to avoid the space charge effects that
can cause a nonuniform field distribution within the bulk and a distorted TOF pho-
tocurrent signal. Prior to measurements the samples were rested for two weeks in
the dark at room temperature. This procedure allowed us to perform TOF measure-
ments on samples with stabilised structure and, accordingly, fundamental properties.
It is well known that the build-up of trapped charge within the chalcogenide sam-
ple during repetitive cycles in TOF measurements is a serious problem. The latter
may be overcome by using a single-shot mode of operation. There is no influence
of the light pulse intensity on the TOF shape. In other words, the small signal
approximation is valid. When examining the reproducibility of the TOF photocur-
rent shape, we observed the stability of this characteristic for successive light pulses.
Undoubtedly, this means that no space charge is accumulated during the photoin-
jection and transit. When dispersion entirely masked the transit time cusp (usually
determined by the position of the break in the current pulse), we defined a sta-
tistical transit time from a double-logarithmic plot of the algebraically decaying
current. Time-of-flight experiments were performed using a conventional measuring
circuit.

Figure 8.7 summarises the results of our TOF investigations. Only hole drift
mobility can be measured in a–Cux .As2Se3/1�x by the technique outlined above,
and at temperatures above 300 K a relatively well-defined transit pulse is observed.
The signal contained an initial decay in the form of a spike. We may consider three
possibilities for the origin of the photocurrent decay in the pretransit region. First, as
the method of excitation involves the creation of a charge sheet near the top surface
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Fig. 8.7 Hole TOF photocurrent measured at T D 325K (a), T D 314K (b) and T D 300K
(c) in Cux .As2Se3/1�x (x D 0:05Cu concentration 5 at%) amorphous films at applied electric
field – thickness ratio 0:25V�m�2

of the sample, it has been argued that the initial spike is due to movement of holes
towards the top surface. If this is the case, then, owing to the large difference in
electron and hole mobility in our samples, a large spike due to holes in the electron
response and a small spike due to electrons in the hole response should be observed.
Furthermore, the duration of the spike should be inversely proportional to the appro-
priate mobility. Second, the current spike may be caused by a high-field region in
the vicinity of the illuminated electrode. The initial current decay can be understood
in terms of the relaxation of charge photoinjected into a distribution of localised
states. A detailed analysis of transient signals in the Cu–As–Se system supports this
third explanation for the spike. For samples Cux .As2Se3/1�x with x � 0:05 at any
fields applied in this experiment, a shoulder is always clearly revealed in the current
decays, followed by a long tail; the transit time is still discernible.

Further characteristic features should also be noted. First, and most encourag-
ingly, TOF photocurrent shapes are very stable with respect to sample-to-sample
variations. Second, for any sample we do indeed observe the true TOF signal and
not any other (artefacts) – this fact is explained by experimental data for a relatively
large range (5�104–4�105 V m�1) of applied electric fields. The latter is illustrated
in Fig. 8.8.

As expected, the transit time shortened with increasing temperature. In anal-
ogy with the behaviour observed in pure Se, hole traces for a–Cux .As2Se3/1�x

show a progressive increase of transit time dispersion as the temperature is lowered
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Fig. 8.8 Current traces at applied electric field 5:2V�m�1 (1) and 4:3V�m�1 (2). T D 300K

Fig. 8.9 Normalised photocurrent transients at T D 348K (1), T D 338K (2) and T D 330K

(in our case from 325 K down to room temperature). It should be stressed that, as
in the case of As2Se3, it was not possible to detect any pulses associated with the
transit of electrons. Only lifetime-limited signals were observed for the case of pho-
toinjected electrons. For these signals the transit time cannot be extracted by using
even a double-logarithmic plotting. Transit pulses observed in a–Cux .As2Se3/1�x

films may be characterised to first order as involving two power-law regimes:

I1 / t�.1�˛1/; (8.5)

I2 / t�.1C˛2/: (8.6)

The values of ˛1 and ˛2 estimated from the signal slope of the initial and final
parts, respectively, are not equal to each other. As can be seen from the Fig. 8.7, the
values of ˛2, corresponding to the tail region of the TOF photocurrent transients,
exhibit a much more rapid temperature dependence than those of ˛1. It becomes
clear from examination of the transients that universality of the pulse shape (pre-
dicted by a stochastic transport model) with respect to temperature, applied electric
field (Figs. 8.7–8.9) and sample thickness is not observed in our case. The qualita-
tive observation is that for transients with relatively low magnitudes, which were
observed at low T , the dispersion increased as the sample temperature was reduced.
The same is also valid with respect to applied field, as well as for sample thickness.

The drift mobility 	 was estimated for well-defined transit time tT according
to the well-known equation 	 D d= .EtT/, where d is the thickness of the sam-
ple and E is the applied electric field. Here we note that, at room temperature, the
transit time scales linearly with the sample thickness, as expected for transient trans-
port with Gaussian dispersion. Drift mobility is relatively independent of applied
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electric field, as actually observed in the experiments, and thermally activated with
an activation energy E� � 0:4 eV.

In amorphous As2Se3, the shape of the transient hole current even in dark-rested
samples is typically dispersive and exhibits two distinct algebraic time dependences.
In such a case, the transit time is identified by the intercept of the respective straight
lines in the double-logarithmic plot.

Traditionally, charge carrier transport in pure and alloyed As2Se3 is considered
within the framework of the multiple trapping models (see previous sections) and the
density-of-states distribution in this material was determined from the temperature
dependence of the drift mobility (Fig. 8.10) and from the post-transit photocurrent
analysis. We can consider a short excitation pulse and infinitely strong absorption,
so that only a thin sheet of carriers is produced in the sample near the top electrode.
The injection levels are low, and we have neglected the effect of internal electric field
due to the drifting carrier packet, and trap filling effects. In the present study, namely
in a–Cux .As2Se3/1�x , the hole transit time was measured in under the regime of
equilibrium transport. This material has particularly long hole lifetimes so that deep
trapping effects do not obscure the data.

The dominant feature of the density-of-states distribution in the lower half of the
mobility gap is the peak at �0:4 eV aboveEv, introduced to explain the temperature
dependence of drift mobility. The presence of this peak in all of our samples, and the
relative stability of its value, imply that it may be connected with intrinsic defects
in a–Cux .As2Se3/1�x . Note that the peak mentioned is also present in host As2Se3

material.
In our experiments we have observed and examined the photoinduced effects

inherent to a–Cux .As2Se3/1�x amorphous layers. The influence of PD on the hole
TOF transient photocurrent is illustrated in Fig.8.11.

Fig. 8.10 Temperature dependence of drift mobility 	 for Cu–As–Se amorphous films

Fig. 8.11 TOF photocurrent in amorphous films either dark-rested (1) and or pre-illuminated with
band-gap light (2)



86 8 Electronic Properties of Materials with Gross Permanent Photoinduced Changes

Just after irradiation a drastic change in transient photocurrent was observed.
As can be seen from Fig. 8.11, the dispersion of the transit pulse tends to increase
with PD. In fact, the initial (pre-transit) current slope increased whereas the final
(post-transit) current slope decreased. The important result of this experiment is
the observation that the holes drift mobility E� are the same before and after light
exposure. We have observed a similar behaviour of drift mobility for a number of
other disordered chalcogenides. Note that, for samples photodarkened to saturation,
the log I vs log t plot yielded a straight line, from which no transit time could
be extracted. In such a case only a lifetime-limited signal is observed. Subsequent
annealing restores the initial TOF photocurrent shape. Furthermore, the “insensitiv-
ity” of transit time to PD means that the localised states that control the transport of
charge carriers and determine the activation energy of drift mobility are not respon-
sible for photoinduced changes in the shape of photocurrent transients. Substantial
changes in deep-state density, we believe, are the reason for the observed photoin-
duced effects. At the same time, it should be emphasised that this explanation does
not exclude other possibilities.

It is obvious that bandgap light leads to the development of the pronounced varia-
tion in the space charge in the sample. The estimated amount of charge accumulated
by deep traps during a ten-transit sequence doubles, at least, on PD and approaches
approximately 1014 cm�3. Consequently, shallow states, which control charge trans-
port and define the activation energy E� [for As2Se3 and Cux .As2Se3/1�x nearly
0.4 eV] of the mobility, should not undergo photoinduced changes. At the same
time it should be stressed that the observed change in the current transient (namely
its increased dispersion and decreased magnitude) indicate photoinduced changes of
deep states with Et > E�. Such behaviour is probably related to enhanced carrier
trapping by deep levels in photodarkened samples.

Finally, we will try to explain the effect of Cu alloying on transport properties
of As2Se3. The influence of Cu is complicated. On one hand, the addition of Cu
substantially reduces the transit time and increases the drift mobility value. On the
other, it seems to decrease the magnitude of the peak in the density of states at 0.4 eV
above Ev. A decrease in the concentration of these relatively shallow traps, in turn,
causes an increase the drift mobility.

Thus, from TOF studies on amorphous Cux .As2Se3/1�x films the following
conclusions have been drawn.

(1) Only hole transport is observed; in contrast, for electron transport lifetime-
limited photocurrent transients were inherent.

(2) The dispersion of transit time increased with temperature lowering.
(3) Drift mobility is thermally activated with E� � 0:4 eV; as for the case of

As2Se3, the peak in the density of states located at E� above the valence band
edge controls the hole transport.

(4) We have identified systematic photoinduced changes in hole transport with deep
traps.
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8.5 Concluding Remarks

Fundamental physical properties of Cu–As–Se glasses along Cu–As2Se3 tie lines
have been investigated in order to obtain information on bandgap structure. These
physical properties can be explained from the point of view that alloying As2Se3

with Cu leads to progressive reduction in both the “optical” and “electrical” bandgap.
The latter decreases more rapidly, indicating that the valence band edge shifts to the
Fermi level.

In the mobility gap of As2Se3 there exist a set of trapping levels located at 0.4 eV
that are insensitive to Cu addition. The width of the valence band localised tail
states is determined as the activation energy from the temperature dependence of
the photoconductivity. Experimental results show that the width of the valence band
tail states decreased with respect to that in As2Se3 with addition of Cu as well as
with pre-irradiation of the samples.
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Chapter 9
Carrier Transport in Selenium-Based
Amorphous Multilayer Structures

Time-of-flight experiments have been employed to determine the drift mobility of
charge carriers in various selenium-based amorphous multilayer photoreceptors.
The data illustrate the validity of the interpretations of the transient current sig-
nals. The addition of As to amorphous selenium progressively decreases both hole
and electron drift mobility in the photogeneration layer of these photoreceptors. The
results are interpreted in terms of As-induced shallow traps.

In recent years, there has been a lot of interest in amorphous Se-based multi-
layer photoreceptors for xerography and laser printing [1–4]. In these devices the
photogeneration of charge and subsequent transport of carriers is separated func-
tionally, that is, these processes occur in different layers. Multilayer structures are
very advantageous because the composition of different layers can be tailored inde-
pendently to meet specific requirements such as spectral sensitivity, good charge
transport properties, stabilisation and resistance against environmental interactions.
A typical double-layer photoreceptor structure consists of a relatively thin (a few
micrometres) Se-based layer for carrier generation, referred to as the photogener-
ation layer (PGL), and a thick (�50�m) pure selenium layer, referred to as the
charge transport layer (CTL). There are also triple-layer photoreceptors, consisting
of a transport layer, photogeneration layer and a third thin layer whose function is
to protect the PGL layer and improve the charge acceptance of the photoreceptor.

The current trend in photoreceptor design is to use multilayer structures of var-
ious Se-based compositions. In particular, certain additives, for example As, Te,
and Bi, have been shown to extend the spectral sensitivity of selenium to longer
wavelengths [1, 4, 5]. Arsenic has been particularly effective in providing increased
thermal stability and resistance to crystallisation.

In characterising the electrical properties of Se-based photoreceptors, the time-
of-flight (TOF) technique [6, 7] has proved to be a powerful tool in basic investi-
gations as well as for diagnostic purposes. Typical information obtained from TOF
studies are carrier mobility and number and/or depth of traps in the photorecep-
tor. The interpretation of TOF signals obtained from monolayer photoconductors
with nondispersive transport is relatively simple and straightforward. In the case
of As–Se and Se–Te alloys the carriers, which were initially localised in a narrow
sheet, spread out due to trapping as they traverse the photoconductor. This causes
a significant distortion of the TOF signal, which makes the evaluation much more

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 9, c� Springer-Verlag Berlin Heidelberg 2010
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difficult. Both the electron and hole drift mobility have been studied in amorphous
AsxSe1�x alloys of different compositions (for details the reader is referred to the
review articles [8,9]), but the investigations were restricted mostly to lower As con-
centrations. The shapes of transients have not been analyzed in more detail. Thus,
we discuss the evaluation of drift mobility of charge carriers in multilayer structures
and their dependence on the composition. The data show that the use of a double-
layer structure is the enabling tool to obtain information on dispersive transport. The
reasons for choosing a-Se for such a study in this case are the following. First, the
properties of a-Se are well documented [2, 4, 6–12] and as such it can serve as an
ideal test and model material for the comparison of various results on mono- and
multilayer structures. Second, the exact nature of traps (both shallow and deep) in
a-Se and in its technologically important alloyed forms such as AsxSe1�x has not
been conclusively determined. A further reason for using a-Se is that it can be read-
ily prepared by using conventional vacuum-deposition techniques with reproducible
properties so that the results presented herein will be typical for any pure or alloyed
a-Se film.

Single- and double-layer xerographic photoreceptors were fabricated by vacuum
evaporation of vitreous pellets from stainless steel boats onto SnO2-coated glass (or
oxidised aluminium) substrates held at room temperature. Bulk AsxSe1�x glasses
were prepared by a conventional melt-quenching method. To prepare a particular
composition, appropriate quantities of high-purity constituent elements sealed in an
evacuated quartz ampoule were rotated continuously to ensure thorough mixing of
the constituents. The ampoules were then quenched in ice water.

The coating chamber was equipped with a set of independently controlled
stainless steel boats and a shutter system to enable the fabrication of multilayer
structures. Pure selenium pellets were loaded into one boat and AsxSe1�x alloys
into another. The two sources were evaporated sequentially (without breaking the
vacuum) at boat temperatures of �450K. Typical coating rates were 1�m min�1.
After evaporation, the samples were allowed to anneal over several weeks in the
dark at room temperature. During this period, due to structural bulk relaxation, most
physical properties of the photoconductor film become stabilised. The compositions
of the deposited films were determined by electron probe microanalysis and the
compositions quoted (0 � x � 0:20) are accurate to within 0.5 at%. By shuttering
the beginning and the end of the evaporation, a uniform arsenic composition across
the film thickness can be obtained. In all experiments, a transparent gold electrode
(about 300�m thick) was used as the top contact.

Electroded TOF experiments have already been described previously [13]. They
were carried out under small-signal conditions to determine hole and electron drift
mobility. Carriers were generated by illuminating the sample through the semitrans-
parent Au electrode with a pulsed N2 laser at 337 nm wavelength. The duration of
the pulsed light was about 10 ns, which was sufficiently shorter than the carrier tran-
sit time. Because the photocarriers are generated at the sample surface, owing to
the light absorption coefficient of AsxSe1�x glasses at 337 nm (>104 cm�1), the
species of drifting carriers can be chosen by changing the polarity of the applied
voltage across the sample. The transient current was amplified and displayed on
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a storage oscilloscope. The transport of carriers in the corresponding layers was
evaluated by time-resolving the transit signal. To avoid cumulative bulk space
charge build-up, after each excitation the sample was discharged by successive nitro-
gen laser pulses and then allowed to rest in the dark for several minutes (so-called
single-shot mode of operation).

9.1 Monolayer Systems

Figure 9.1a shows a typical TOF electron signal of a space-charge-free amorphous
Se monolayer. We see that the transient profile for a well-rested (dark adapted) is
a quasi-rectangular pulse. The photocurrent remains constant up to 1�s, and then
decreases abruptly. The signal indicates essentially nondispersive transport at room
temperature. At the time when the carriers arrive at the substrate the signal decreases
quickly to zero. This is the transit time tT, which can be readily determined from the
break point. The drift mobility is then calculated from 	e D d 2= .tTVa/, where d is
the sample thickness and Va the applied voltage. This room temperature value of the
drift mobility, 	e � 5 � 10�3 cm2V�1 s�1, is in remarkably good agreement with
reported [8, 14] values.

Addition of As to Se causes the transport to become more dispersive. Figure 9.1b
shows the corresponding transient characteristic of a single layer AsxSe1�x struc-
ture. The signal contained an initial decay in the form of a spike. We may consider
three possibilities as the origin of the photocurrent decay in the pre-transit region.

Fig. 9.1 Typical TOF traces for monolayer structures. (a) Pure Se, 10 mA div�1, 0:2�s div�1,
9� 104 V cm�1, d D 3:2�m. (b) As0:08Se0:92, 5�A div�1, 20�s div�1, 1:4 � 105V cm�1, d D
3:3�m
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First, as the method of excitation involves the creation of a charge sheet near the
top surface of the sample, it has been argued [15] that the initial spike is due to
the movement of holes towards the top surface. If this is the case, then, due to the
larger difference in electron and hole mobility in our samples, a large spike due to
holes should be observed in the electron response, and vice versa. Furthermore, the
duration of the spike should be inversely proportional to the appropriate mobility.
Second, the current spike could be caused by a high-field region in the vicinity of the
illuminated electrode. Next, the initial current decay can be understood in terms of
relaxation of charge photoinjected into a distribution of localised states. A detailed
analysis of transient signals in the AsxSe1�x system supports this third explanation
of the spike. For samples AsxSe1�x with x < 0:10 at any fields applied in this exper-
iment, a shoulder is always clearly revealed in the current decays followed by a long
tail; the transit time is still discernible. As arsenic concentration increases further
the pronounced break point becomes progressively more difficult to identify. Tran-
sit pulse shapes have become highly dispersive, meaning that there is now a broad
statistical distribution in photoinjected carrier transit times. In these alloys, pho-
toinjected carrier transport is generally interpreted [4, 8] as shallow trap-controlled
transport, which involves multiple trapping of transiting carriers from the band into
shallow states. Thus, the increasing dispersion of TOF transients can be understood
in terms of a composition-induced broadening in the respective interactive shallow
trap manifolds.

9.2 Multilayer Systems

The transients corresponding to carrier movement across multilayer samples have
different profiles from those from monolayer samples. A step-like transient current
waveform is expected, owing to the difference in mobility between the two layers
(i.e. PGL and CTL). However, as is evident from Fig. 9.2, in actual photorecep-
tors this is not the case, rounded waveforms are observed. The signal consists of
two parts. The initial part represents the charge movement through the AsxSe1�x

photogeneration layer.
Because of the low mobility in this material the carriers move with relatively

low speed. The magnitude of the signal is small and decreases even further as car-
riers are trapped in the layer. At time t0 the fastest carriers arrive at the interface
between the PGL and CTL and enter the CTL. There they move with a much higher
speed, because of their large mobility in Se, and induce a much larger signal in the
measuring circuit. Note that the portion corresponding to transport in a-Se CTL is
now distorted in comparison with that observed for the a-Se single layer. The reason
for this is the spreading of the propagating carrier packet in the PGL. The signal
increases with increasing number of carriers entering the transport layer. After the
transit time through the CTL the carriers recombine with the charge at the substrate.
The signal becomes zero when the total charge has finished the transit through the
transport layer. Thus, the separate contributions from transport in the two layers are
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Fig. 9.2 Traces of transient electron currents in an a-As0:10Se0:90=Se double-layer as a function
of the layer thickness of As0:10Se0:90: d1 D 0:9 (1), 0.7 (2) and 0:5�m (3). The applied electric
field is 7:2 � 104 V cm�1. The inset shows schematically the spatial distribution of photocarriers
at different times

clearly in evidence. From the inflection points, the beginning and end of the transit
time, t0 and tT, were measured.

The assignment of the inflection points in the waveform to t0 and tT is supported
by the following arguments. First, t0 and tT scaled correctly with the thickness of
PGL and CTL in TOF experiments. Next, from the knowledge of transit times t0
and tT, applied voltage V0, thicknesses d1 and d2, the drift mobilities of the charge
carriers 	1 and 	2 in the two layers are calculated from [16]

	1 � d 1
2 .1 � "1="2/C d1d"1="2

t0V0

; (9.1)

	2 � d 2
2 .1 � "2="1/C d2d"2="1

tTV0

; (9.2)

where t0 and tT are transit times for the PGL and CTL, respectively, and d D d1Cd2

is the total thickness. Note that these data are in general agreement with those
obtained for monolayer samples of the same composition and thus support the
assignment of t0 and tT as transit times. Furthermore, t0 and tT are independent
of the substrate materials and top contacts.

In order to examine the contact effects on both 	1 and 	2, TOF was carried out
on similar samples with different top and bottom contacts (gold, aluminium, copper
and SnO2). From the results, it can be concluded that both 	1 and 	2 are indepen-
dent of the top and bottom contacts and also of the applied field. These observations
indicate clearly that 	1 and 	2 are meaningful parameters characteristic of bulk
transport in the PGL and CTL.
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Fig. 9.3 Temperature dependence of transient electron currents in an a-As0:10Se0:90=Se double
layer (d1 D 0:3�m, d2 D 5�m) at 8� 104 V cm�1. T D 290 (1), 283 (2), 270 (3), 265 (4), and
260 K (5). In the inset, the inverse of electron transit times t0 and tT is plotted against reciprocal
temperature

Figure 9.3 shows a series of waveforms of transient photocurrent for various
temperatures. We see that the transit signal does not change appreciably with tem-
perature. Also note that at the final stage (t > tT), the TOF signal exhibits a
power-law decay and appears to be dispersive. According to the Scher–Montroll
theory [17], in the case of a dispersive transport process, I .t/ should exhibit power-
law dependences t�.1�˛/ and t�.1C˛/ for t < tT and t > tT, respectively, where ˛
is the disorder parameter. The latter can be determined from both the initial (˛i) and
final (˛f) slopes. In our results the condition ˛i D ˛f predicted by Scher and Mon-
troll is generally not observed. The field and temperature dependences of ˛i and ˛f

are different. The inset in Fig. 9.3 shows the temperature dependence of the drift
parameters t0 and tT. The Arrhenius plot gives a good straight line in the temper-
ature range 250–300 K, showing an activation-type process of electron transport in
the present samples. The activation energy can be obtained from the slope. The val-
ues of E� in Fig. 9.3 are estimated to be 0.33 and 0.35 eV, which are close to those
of pure Se and As0:10Se0:90, respectively. The results above are taken as evidence
that electron transport in multilayer structures is still nondispersive.

The triple-layer device shows a transient characteristic with a more complicated
signature (Fig. 9.4). The photocurrent can roughly be divided into three time regions.
Transport in the thin top layer (a-Se) appears as a narrow pulse. An initial current
rises to a peak value and then decays to a smaller value. This is defined as a “spike”.
There follows a region of low signal amplitude (the “saddle region”), corresponding
to transport in the thin low-mobility middle layer. Finally, the growth of current ter-
minates in a broad rounded peak, which is then followed by a slowly decaying tail.
This broad portion of the signal (t > t2) represents transport in the high-mobility
bottom layer. As the applied field across the multilayer structure increases, t1, t2 and
t3 decrease.
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Fig. 9.4 A typical transient electron current waveform in an a-Se=As0:10Se0:90=Se triple-layer
sample (d1 D 0:81�m, d2 D 0:43�m, d3 D 8:40�m, E D 8 � 104 V cm�1/. The inset shows
the spatial distribution of photocarriers at different times

The assignment of t1, t2 and t3 (see inflection points in Fig. 9.4) to transit times in
the top, middle and bottom layers, respectively, is supported by the fact that the drift
mobility of charge carriers for the three layers were calculated to be similar to the
corresponding single layers. The general features of current waveforms described
above are common to both hole and electron response.

9.3 The Effect of the Interface

A potential barrier may be formed at the interface between the AsxSe1�x and Se
layers owing to the difference in the optical band gaps. Thus the transport can be
influenced by injection characteristics. We have calculated the carrier injection effi-
ciency for AsxSe1�x to a Se layer. For example, for double-layer photoreceptors,
this is achieved by calculating the charge that reaches the interface between PGL
and CTL and the total charge collected at the end of the transit time. Such calcu-
lations can be easily made by integrating the transient currents for each layer. The
injection efficiency is independent of the applied electric field in the range 4 � 104

to 1 � 105V cm�1. These results suggest that the charge accumulation at the inter-
face does not significantly affect the charge transport. The physics of the interface
states between different mobility gap amorphous layers have not been investigated
in detail, and as a result it is not possible to extend the experimental observation
here to amorphous semiconductors in general.
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9.4 Light-Induced Effects on Photocurrent Transients

It is well known that amorphous chalcogenide semiconducting materials exhibit
many kinds of photoinduced phenomena (photodarkening and photocrystallisation,
to mention just two), on which extensive work is now being carried out because of
their fundamental interest [18,19]. Furthermore, the phenomena have received much
attention also because of their potential application in optical memories [20]. While
there are many experimental studies on the changes in structural and electronic prop-
erties, only a few studies concerning light-induced effects on photocurrent transients
have been reported [21–23]. To obtain further insight into the photoinduced elec-
tronic effects, we have examined for the first time transient drift characteristics in
amorphous multilayers that were exposed to bandgap light. Figure 9.5 shows a typi-
cal trace of the transient electron in a dark-rested and pre-exposed As0:10Se0:90=Se
sample. It is apparent that bandgap irradiation of the sample leads essentially to
a decrease of the current level, whereas the transit time t0 remains unchanged
(t0 � 20�s for the data in Fig. 9.5). If, after pre-illumination, the sample is allowed
to relax in the dark, the previous (dark-rested) magnitude and shape of the transient
current is fully recovered. The important result of this experiment is the observa-
tion that the electron drift mobility 	e is the same before and after light exposure.
Consequently, shallow states, which control charge transport and define the activa-
tion energy Ee

� of the mobility, should not undergo photoinduced changes. At the

Fig. 9.5 Transient electron current in a-As0:10Se0:90=Se double-layer samples (d1 D 0:5�m,
d2 D 9:6�m, E D 7:2 � 104V cm�1, T D 293K): (1) dark rested; (2–5) exposed to bandgap
illumination and then dark-rested for 5, 20, 30, and 40 min, respectively
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same time it should be stressed that the observed change in the basic xerographic
parameters, that is the dark discharge rate, initial charging potential, residual poten-
tial and its dark-decay rate, indicate photoinduced changes of deep states with
Ei > E

e
�.

9.5 Use of Multilayer Structures for the Determination
of Transit Time

A primary goal of TOF experiments is to extract basic material parameters that may
be used for more general applications. Of particular importance are estimates of
the transit times and carrier mobility. It is well known that TOF measurements of
the drift mobility in As2Se3, As2S3 and some polymeric films are complicated [17,
24, 25] by a significant spreading of the carrier packet as it propagates through the
sample. If carrier transport is very dispersive, a current pulse may appear featureless.
However, if the current pulse is displayed on logarithmic axes, a discontinuity of
gradient is observed, corresponding to the transit time of the fastest carriers.

In this section we propose that the transit time of transport photocarriers can be
obtained by an analysis of transient current in a double layer that consists of the thin
chalcogenide under test and another material with higher mobility, such as a-Se.
Figure 9.6a shows the type of carrier transit pulse that is frequently encountered in
the study of amorphous semiconductors.

Fig. 9.6 Traces of transient hole currents in (a) an a-As0:4Se0:6 monolayer and (b) an
a-As0:4Se0:6=Se double layer (d1 D 1:5�m, d2 D 25�m, E D 3� 104 V cm�1
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An anomalously high degree of dispersion is immediately evident from the
figure. There is no “flat part”, characteristic of idealised current response, to specify
a transit time. The transit time is defined by log I vs log t . Note that there exist some
disadvantages in using logarithmic conversion of the transient current to extract the
transit time. Although the intersection of the power laws t�.1�˛/ and t�.1C˛/ has
been used extensively to define the transit time, there is a good deal of arbitrariness
to this definition. Experimentally one has access to only limited sections of pre- and
post-transit currents.

On the other hand, better time resolution has been obtained in TOF experiments
with multilayer structures. In the case of double-layer configuration (Fig. 9.6b), the
transit time for the As0:4Se0:6 layer could be accurately assessed. The waveform
clearly showed a discontinuity in the form of an inflection point at t D t0. The time
designated as t1 (marked with an arrow) is used as a transit time. This technique of
time-resolved transient current measurements in multilayer structures is especially
suited to low-mobility, high-resistivity amorphous chalcogenides with dispersive
transport characteristics.

9.6 Concluding Remarks

We have considered transient drift characteristics in Se-based multilayer devices
using the TOF technique. To illustrate the method of analysis of TOF transient
signals, various experimental current waveforms were presented. The shape of the
photocurrent waveform indicates two separate transit times for the two layers of
a double-layer structure. The gradual addition of arsenic progressively decreases
	e. The principal observations are then an increase in dispersion with a reduction
in mobility as As is alloyed with a-Se. It is reasonable, within the shallow-trap-
controlled mobility model [7, 8] to interpret our observations in the following
manner. In a-Se the electron transport is controlled by a narrow manifold of traps
displaced � 0:33 eV from the conduction band mobility edge. The transport tends
to become dispersive when kT is less than the nominal trap manifold width •E . Note
that in the simulation studies of Marshall [25], various distributions of trapping cen-
tres were examined and it was established that, in each case, highly dispersive transit
pulses could be generated if the localised states extended over more than a few kT.
A distribution of the Gaussian form is capable of generating values of ˛i and ˛f

with temperature dependence very similar to that of typical experimental data for
a-Se. Addition of As to a-Se, we believe, broadens the distribution of shallow traps,
thus shifting the threshold for nondispersive transport to higher temperatures. The
decrease of electron mobility with increasing As content could be accounted for by
an increase in the density of shallow traps, with E� remaining constant at approx-
imately 0.33 eV. Unlike the electron case, the effect of As on hole transport cannot
be explained by a gradual change in the density and energy distribution of shallow
traps. We can attribute the lifetime-limited hole signal in the concentration range
2–6 at% As to the loss of carriers from the charge packet due to deep trapping.
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These results are in good agreement with our previous data on monolayers [26] and
the data of other investigators [4, 8, 27].

Further, we have shown that the transient photocurrents in double-layer structures
can conveniently be used for spectroscopic purposes in situations where the use of
the conventional TOF technique is limited.

Our experimental results show that, irrespective of the exact nature of inter-
face, transport of charge carriers through double-layer samples does not experience
significant deep trapping.
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Chapter 10
Spectroscopic Studies of Gap States
and Laser-Induced Structural Transformations
in Selenium-Based Arsenic-Free Amorphous
Semiconductors: SbxSe1�x Alloys

Amorphous SbxSe1�x films have been prepared by thermal evaporation in a vac-
uum at 10�6 Torr and their electrical properties were examined. A combination of
xerographic and time-of-flight (TOF) techniques was employed to study the gap
states. Xerographic dark discharge experiments on a-SbxSe1�x films indicated that
the decay of the surface potential over the time scale of observation .�600 s/ is
essentially due to bulk thermal generation of electrons, and their subsequent sweep-
out and depletion. Electron emission occurs from midgap-localised states. When
a-Se is alloyed with Sb the dark discharge becomes more rapid, owing to an increase
in the volume density of the midgap electron emission centres with Sb concentra-
tion. The repetition of the xerographic cycle many times leads to saturation of the
surface residual voltage, which was used to determine the concentration Nt of deep
electron traps. These cycled-up xerographic residual voltage measurements indicate
that the saturated residual voltage increases with Sb addition, owing to an increase in
the concentration of electron deep traps

�
Nt � 1015 cm�3

�
. The xerographic pho-

tosensitivity for SbxSe1�x alloys is greater at longer wavelengths .� > 670 nm/
than for pure Se. Time-of-flight experiments indicate that electron transport in a-
SbxSe1�x alloys is controlled by a set of shallow traps at �0:33 eV belowEc whose
concentration increases with Sb addition. Laser-induced transitory changes in the
optical properties and a phase transformation to a crystalline modification (pho-
tocrystallisation) were considered. The photoeffects observed critically depend on
exposure (intensity) and exhibit threshold behaviour. When the irradiation inten-
sity is more than the threshold value, photoinduced crystallisation takes place.
The origin of this phenomenon is discussed on the basis of the microcrystalline
model.

The physical properties of chalcogenide glasses that are arsenic free have
attracted much interest for physical and technical reasons. Among these non-
crystalline materials, the SbxSe1�x glasses are attractive candidates for applications
requiring low melting temperatures, low thermal conductance and high viscosity.
In particular, thin films of the Sb–Se system, which can undergo an amorphous–
crystalline phase transition, have been studied as candidate materials for reversible
optical recording.

Chalcogenide glassy semiconductors, which are based on sulfides, selenides and
tellurides of the main group III–V elements, have recently gained much interest as

V.I. Mikla and V.V. Mikla, Metastable States in Amorphous Chalcogenide
Semiconductors, Springer Series in Materials Science 128,
DOI 10.1007/978-3-642-02745-1 10, c� Springer-Verlag Berlin Heidelberg 2010
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materials for infrared-transparent optical fibres, photoconductors, photoresists, opti-
cal memories, optoelectronic circuits, etc. [1–4]. In general, glasses are often pre-
ferred over crystalline compounds with similar characteristics because of favourable
mechanical and interfacing properties (i.e. properties that can be influenced by the
presence of interfaces between various layers in multilayer structures and hetero-
junctions) and good processability. Further, a lack of translational regularity often
makes it possible to tailor physical properties to specific applications by adjust-
ing chemical composition. Selenium in the non-crystalline phase is particularly
attractive in semiconductor physics research not only because of its commercial
importance as a xerographic photoreceptor material but also because of its interest-
ing physical properties [2–4]. The elemental nature, relative structural simplicity,
ambipolarity, high photosensitivity, etc. make Se a particularly suitable object for
the study of the effect of impurities and/or alloying on the electrical properties. The
alloying effects in a-Se have been well documented and reviewed for such additives
as As, S, Te, P, see for example [3, 5–8]. At the same time, there is only limited infor-
mation about the basic properties of the amorphous Sb–Se system [9–11]. Recently,
thin films of these materials have become of interest for use in data storage [10]. In
the following we report the effect of antimony on the deep and shallow states of sele-
nium. These states are the thermal emission (trapping) centres that control the slow
dark decay, and the first and cycled-up residual surface potential on capacitively
charged specimen films.

Glassy SbxSe1�x alloys .x < 0:05/were prepared by conventional melt quench-
ing. Cleaned silica tubes containing a mixture of the appropriate amount of con-
stituents Sb and Se were evacuated to 10�5 Torr and sealed. The contents of the
tubes were melted in a furnace and continuously agitated for 10 h to ensure good
homogeneity. The melt was rapidly quenched in cold water from 800 K and the
cooling rate was estimated to be 200K s�1.

Amorphous films were prepared by thermal evaporation of the SbxSe1�x source
material from an open stainless steel boat onto pre-oxidised Al substrates in a vac-
uum of �10�6 Torr. The substrate was cleaned in neutral detergent, de-ionised
water, ethyl alcohol and acetone and then oxidised in air at 1; 800ıC before depo-
sition. Deposition of the SbxSe1�x alloys was performed at a substrate temperature
of 300 K. Note that while the substrate is aluminium, the layer directly under the
film is aluminium oxide. Care was taken to avoid Sb fractionation. We point out
that, by excluding the initial and final stages of the evaporation process by shutter-
ing, the deposited antimony content is relatively uniform across the film thickness,
as can be seen from our electron probe microanalysis data, and close .˙0:5 at%/
to the starting source value. A typical coating rate was 1–2�m min�1. The film
thicknesses ranged from 10 to 20�m. Prior to measurements, the SbxSe1�x films
prepared were aged in the dark under normal laboratory conditions (i.e. T � 293K
and relative humidity 70–80%) for 2–3 weeks to allow their physical properties to
equilibrate.

Antimony alloying effects on thermal generation and both deep and shallow trap-
ping of carriers have been examined using xerographic and time-of-flight (TOF)
techniques. In the xerographic measurement, the sample was charged to a potential
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V0 by passing it under a corotron (corona charging) device, which deposits charge
of appropriate sign on the surface of the film. The surface potential was then mea-
sured by a transparent probe and an electrostatic voltmeter. The photoreceptor, the
corona charging units and a transparent probe were housed in a well-shielded and
dark environment. Following the initial charging process, the sample was exposed
to strongly absorbed 450 nm step illumination from a tungsten light source, during
which time the decay of the surface electrostatic potential was monitored by the
electrostatic voltmeter. The surface potential decays to a potential Vr (termed the
residual potential) and the resulting photoinduced discharge curve (PIDC) can be
used to determine the xerographic photosensitivity of the sample. The above xero-
graphic step could be repeated any number of times to obtain a cycled-up residual
surface potential Vrn as a function of the xerographic cycle n.

The xerographic measurements have been complemented by TOF transient pho-
toconductivity measurements to study the charge transport properties of SbxSe1�x

alloys. The experimental TOF technique has been described in the literature by a
number of authors [3, 12, 13]. In a-Se-based materials, it is more useful to measure
time-resolved transits in the current mode of operation because of the dispersion and
relatively long transit at low fields. In the present case we used a nitrogen gas laser
to photoexcite the carriers. The nitrogen gas laser provided a short light pulse of
duration �10 ns at a wavelength of 337 nm. A semitransparent gold electrode was
sputtered onto the surfaces of the films as the top electrode. Because the photocar-
riers are generated at the sample surface owing to the high absorption coefficient
of SbxSe1�x glasses at 337 nm

�
>104 cm�1

�
, the species of drifting carriers can

be chosen by changing the polarity of applied voltage across the sample. The tran-
sient current was amplified and displayed on a single-event storage oscilloscope.
The TOF measurement was carried out in the single-shot mode of operation, and
between each measurement the sample was short-circuited and stored (relaxed) in
the dark to allow any bulk space-charge build-up to decay. Small-signal conditions
were maintained throughout all the measurements.

10.1 Basic Properties

First, we begin with a brief review of some fundamental physical properties. We
defined the glass transition temperature Tg in the usual way, as the midpoint of the
transition endotherm. Starting with 1 at% Sb, our data for Tg show a monotonic
increase with increasing Sb concentration. At the same time, we observe a change
of slope (step-like behaviour) between x D 0 and x D 0:02, signalling a change
in the structure. For each composition we carried out several experiments, and all
showed good reproducibility. Note that the experimental points represent average
values, with the size of the plotted bars comparable with the size of the plotted
experimental point. It should be noticed further that microhardness and density show
similar compositional trends with a local rise around the same composition.
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Table 10.1 The dc conductivity (at 300 K), the corresponding activation energy and the Tauc gap
of SbxSe1�x glasses

Sb content [at%] 
RT

�
��1 cm�1

	
E
 [eV] dV=dt

�
V s�1

	
tV0=2 Œs E0 [eV]

0 �1� 10�14 1.05 7:8� 10�2 267 2.04
2 �1� 10�13 1.02 2:0� 10�1 81 2.02
5 8� 10�11 0.90 1.83 76
8 9� 10�10 0.84
10 4� 10�10 0.76 1.85
20 1� 10�9 0.72 1.62
40 2� 10�8 0.62 1.50
for any ‘P’

For all Sb–Se compositions used in this study, the dark dc conductivity can be
expressed in the temperature range considered by an Arrhenius-type relation


 D 
0 exp .�E�=kT / ; (10.1)

where E� is the activation energy and 
0 the conductivity pre-exponential factor.
The activation energy and the conductivity at 300 K are presented in Table 10.1.
It can be seen that both the conductivity and the activation energy decrease with
increasing Sb content.

In the glassy Sb–Se system the optical absorption edge (the Urbach tail region)
shifted to longer wavelengths and the slope becomes smaller as the percentage of Sb
increased. This is a general trend over most of the composition range. Absorption
above the fundamental edge follows the familiar Tauc law

ahv D C .hv �ET/
2 ; (10.2)

where h� is the photon energy, ET the Tauc gap and C a constant indicating
how steeply the absorption rises with energy. For most compositions, there was
no deviation from the square law at the highest absorption value measured in this
study, exceptions being Se and films with less than 1 at% Sb. The latter follow a
linear law

ahv D C1 .hv � E1/ (10.3)

in the range 2.1–2.5 eV. Here C1 is a constant and E1 an extrapolated optical gap.
The addition of less than 1 at% Sb to pure Se is enough to cause a complete transition
from the anomalous linear behaviour to Tauc’s law. The room-temperature values of
ET (averaged over several samples) for various SbxSe1�x compositions are given
in Table 10.1. It should be noted that the Tauc gap ET is close to that of pure Se
for small Sb concentrations (<1 at% Sb) and then it decreases almost linearly up to
nearly 40 at% Sb.
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10.2 Dark Discharge

Typical dark discharge characteristics for pure Se and SbxSe1�x photoreceptors are
shown in Fig. 10.1 for several compositions. It is apparent that for pure a-Se the
decay of the surface potential is relatively slow. Comparison of the respective char-
acteristics for a-SbxSe1�x with the dark discharge behaviour of pure a-Se shows
clearly that alloying a-Se with Sb increases the dark decay rate. The discharge rates
in a-SbxSe1�x were not constant but decreased with time.

There are several physical processes that can lead to the decay of the surface
potential. The presently accepted model for the dark decay in a-Se-based films is
that which involves [3, 14, 15]:

� Surface generation and injection of trapped electrons and their consequent trans-
port across the sample

� Substrate injection
� Bulk thermal generation of carriers of one sign and depletion

With relatively thick films .10 �m � L � 50�m/ and a good blocking contact
between a-Se-based films and the pre-oxidised Al substrate the third phenomenon
dominates.

In a series of experiments carried out on a composition series of glassy SbxSe1�x

alloys, it was found that the time-dependent dark decay rate of the potential to which
a dark relaxed film has been charged is controlled by the depletion discharge pro-
cess. In general, the xerographic depletion discharge model is based on bulk thermal
generation involving the ionisation of a deep mobility gap centre to produce a mobile
charge carrier of the same sign as the surface charge and an oppositely charged ionic
centre [14, 15]. Assuming negative charging, a mobile electron would be thermally
generated and the ionised centre would be positive. As thermally generated holes
are swept out by the electric field, a positive bulk space charge builds up with time
in the specimen, causing the surface potential to decay with time.

Fig. 10.1 Dark discharge of surface potential on a-SbxSe1-x layers. The surface potential at time
t is normalized to that at t D 0 (initial charging potential V0 D 260V).
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Fig. 10.2 Typical discharge rate data for SbxSe1-x films of indicated Sb content.

Figure 10.2 depicts typical dark discharge data for four different compositions,
which illustrate the predicted characteristics of depletion discharge behaviour.
Inflections in the log–log plots at the respective depletion times (marked by an
arrow for the composition Sb0:03Se0:97) are readily identifiable. From the tempera-
ture dependence of depletion time it is estimated that the emitting sites are located
� 0:9˙ 0:05 eV below the conduction band mobility edge. Some special problems
can, however, complicate the observation of a depletion kink in pure a-Se. The dark
discharge rate was typically so slow in a-Se that results were always perturbed
by injection. The main reasons for pure Se possessing good dark decay charac-
teristics are (a) the remarkably small integrated number of deep localised states��1013 cm�3

�
in the mobility gap of a-Se, and (b) the energy location of these states

is deep .Et � 1:0 eV/ in the mobility gap, so that the thermal generation process of
carriers from these centres is slow [3, 6, 15].

It is found that in a-SbxSe1�x alloys, electrons (the mobile carrier species) are
depleted (n-type system) during dark decay, leaving behind a deeply trapped positive
space charge. Note that the same situation prevails in alkali-doped a-Se [16].

10.3 Transient Photoconductivity

We consider first the carrier drift in pure amorphous selenium. Both the electron and
hole drift mobility can be measured in a-Se by the TOF technique outlined above.
At temperatures above 200 K, a well-defined transit pulse is observed. The tran-
sient profile for a well-relaxed (dark-adapted) sample is a quasi-rectangular pulse.
The photocurrent remains approximately constant up to 0:2 �s and 6�s (for holes
and electrons, respectively), then decreases abruptly. The signals indicate essen-
tially Gaussian transport. The transit time tT was defined to correspond to the break
point in the photocurrent. This represents the transit time of the fastest carriers. The
mobility	 is then calculated using	 D L2= .tT V0/, where V0 is the applied voltage
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and L is the sample thickness. These room temperature values of the drift mobility,
	h � 2 � 10�1 cm2 V�1 s�1 and 	e � 7 � 10�3 cm2 V�1 s�1, are in remarkably
good agreement with reported values [3, 5–7, 12, 13].

Note that for a-SbxSe1�x films deposited on a room-temperature substrate it
was not possible to detect any pulses associated with the transit of hole carri-
ers. In all samples, hole response showed a rapid decay with no apparent break.
There are two plausible explanations. First, the signal is limited by the presence
of deep gap states with extremely high efficiency for carrier trapping. Second, it
might be argued that alloying may have increased the conductivity of the samples
so that TOF experiments are no longer applicable. However, results showed that
although the conductivity increases with Sb addition, it remains sufficiently low�� 10�11��1 cm�1

�
for TOF experiments to be applicable. It is interesting that

hole response in As-alloyed a-Se has also been found to be undetectable in the range
2–4 at% As [5, 17].

The effect of Sb on electron transport is not so drastic. Although Sb alloying
increases the transit time dispersion, the transit time shown contains a clearly iden-
tifiably break in the wave form. The electron drift mobility in a-SbxSe1�x alloys
exhibits Arrhenius behaviour. The experimentally observed activation energy of a-
Se, namely E� � 0:33 ˙ 0:01 eV, remains almost insensitive to Sb addition. At
the same time, the mobility decreases with increasing Sb content. It is reasonable,
within the framework of a shallow-trap-controlled mobility model [18], to inter-
pret our TOF observations in the following manner. In pure Se, electron transport
is controlled by a narrow manifold of traps located about 0.33 eV from the con-
duction band mobility edge. The addition of Sb to Se broadens the distribution
of shallow traps, we believe, thus increasing the relative dispersion of photocur-
rent transients. The decrease in electron mobility with increasing Sb content can be
accounted for by the increase in the density of shallow traps with E� remaining
constant at approximately 0.33 eV.

10.4 Photoinduced Discharge Characteristics

In essence, the xerographic photosensitivity S of a photoreceptor material deter-
mines the rate of decay dV=dt of the electrostatic surface potential of the samples
during photoinduced discharge (PID). The xerographic photosensitivity definition
adopted here is simply based on the amount of light energy required for the surface
potential to decay to half of its original value .V0=2/ during photoinduced discharge
(i.e. the fractional change in the surface potential per unit light exposure).

Figure 10.3 shows a dark decay curve and a photoinduced discharge curve for
the a-Sb0:03Se0:97 film. It can be seen that the sample exhibits relatively little dark
decay. Nevertheless, in order to take into account the surface charge reduction dur-
ing illumination and to evaluate S accurately, the contribution of dark discharge
to the total change in the surface potential during PID was subtracted (V0 � Vd in
Fig. 10.3).
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Fig. 10.3 Dark decay curve (solid circles) and photoinduced discharge curve (open circles) for
Sb0:03Se0:97.

Fig. 10.4 Xerographic photosensitivity (S) versus exposure wavelength for pure Se (1) and
Sb0:03Se0:97 alloy films. For all measurements the light intensity was kept constant at 0.7 J/m s
and electric field was kept equal at 23000 V/cm.

The xerographic spectral response for both a-Sb0:03Se0:97 and pure Se are shown
in Fig. 10.4. It is apparent that as Sb is added to a-Se, the photosensitivity at a
particular wavelength increases. More precisely, this means that the xerographic
photosensitivity for SbxSe1�x alloy is somewhat greater at longer wavelengths
.� > 670 nm/ than for pure Se, and smaller at shorter wavelengths .� < 500 nm/.
Note that other compositions of Sb–Se alloy showed similar trends. The result of
increased xerographic photosensitivity of the Sb–Se alloys at longer wavelengths
suggests that the addition of Sb to a-Se causes a reduction of the bandgap of the
material. Note that the xerographic photosensitivity depends not only on the absorp-
tion coefficient ˛ but also on the quantum efficiency � for generating mobile charge
carriers, as well as the transport properties (the product of drift mobility and lifetime
	�) [3].

For the films under examination the residual voltage Vr (a measurable surface
potential at the end of the illumination) increases with Sb content (Fig. 10.5). The
residual potential is due to trapped electrons in the bulk of the specimen. The
simplest theoretical model, which is based on range limitation and weak trapping
.Vr << V0/, relates Vr to 	� by the Warter equation [19]

Vr D L2= .2��/ ; (10.4)



10.4 Photoinduced Discharge Characteristics 109

Fig. 10.5 Effect of antimony on the residual potential (measured after first and fifth cycles) of
Sb-Se alloy.

Fig. 10.6 The build-up in the residual voltage with number of xerographic cycles in a-Sb0:03Se0:97
films. One charge-discharge cycle consists of 60 -s light decay with 1000 lx tungsten lamp after
corona charging.

where L is the sample thickness. For example, addition of 3 at% Sb leads to a
change in the first cycle residual voltage from 4 to 44 V, which is equivalent to
a change of the carrier range 	� from 10�7 to 10�6 cm2 V�1. Substituting 	e �
7�10�3 cm2 V�1 s�1 for pure Se and 	e � 6�10�4 cm2 V�1 s�1 for Sb0:03Se0:97

into the corresponding equation, we find carrier lifetimes � � 2 � 10�4 s and � �
1:3 � 10�3 s in a-Se and a-Sb0:03Se0:97. Note that, in general, bulk deep trapping
lifetimes computed from the first-cycle residuals agree with lifetimes measured in
the TOF mode under range-limited conditions.

Figure 10.6 displays the build-up of the residual voltage Vrn on a-Sb0:03Se0:97

film with the number n of xerographic cycles. The rate of increase of Vrn decreases
with number of cycles. Then, for large n (�6 in our case), Vrn tends to a saturation
value Vrs. As described earlier [20], the saturation residual potential provides an
experimental measure of the integrated number of deep traps (trap-release rates are
much slower than those from shallow traps, which control drift mobility). Then Vrs

is simply given by
Vrs D eNtL

2= .2"/ ; (10.5)

where Nt is the deep-trap concentration and " the dielectric constant.
Both the first residual and the cycled-up saturated residual potential are sen-

sitive to alloying. For example, when pure amorphous Se films are alloyed with
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Sb, the build-up of the residual potential occurs more rapidly towards a much
higher saturated residual potential. We obtain, for instance, Nt�2 � 1014 cm�3 and
Nt � 1015 cm�3 for a-Se and Sb0:03Se0:97, respectively.

The above photoelectric properties of a-SbxSe1�x alloys can be at least qual-
itatively explained by using concepts based on charged structural defects, called
valence alternation pairs (VAPs) or intimate valence alternation pairs (IVAPs).
These correspond to some of the chalcogen atoms being under- and over-coordinated
[21]. It seems reasonable that dark discharge and residual voltage build-up involve
essentially the same species of localised centres. Further, it is also possible that we
may be observing amphoteric behaviour by IVAPs. For pure Se, an IVAP comprises
over- and under-coordinated selenium atoms SeC

3 and Se�
1 in close proximity. An

IVAP centre would be seen as a “neutral trap” by the carrier. The capture of an elec-
tron by SeC

3 exposes the negative charge on Se�
1 and explains the residual voltage

detected. At the same time, the emission of an electron from the Se�
1 uncovers the

positive charge on SeC
3 , which causes the dark decay. Although the question remains

whether the neutral centre is a D0-type defect or whether it is an IVAP defect, the
measured radius of 3 Å in [22] is representative of an IVAP capture radius.

There are a number of desirable electrical characteristics that a useful photore-
ceptor should exhibit. Our experimental results show that dark decay rate, residual
voltage and drift mobility are all sensitive to Sb. Carrier drift mobility decreases with
Sb whereas dark decay rate and residual voltage increase. All these effects are unde-
sirable in xerography. At the same time, the main advantage of a-SbxSe1�x is that
its spectral response can be readily shifted to longer wavelengths by increasing the
Sb content, which allows for photoreceptor designs that can respond to a variety of
illumination spectra. In addition, it may be possible to improve the charge transport
parameters by halogen doping. Indeed, Cl is known to compensate for As-induced
(As is in the same group as Sb) deep traps in a-Se [23]. By using a double-layer
photoreceptor consisting of a thin a-SbxSe1�x layer for photogeneration and a thick
a-Se layer for charge transport, it is possible to improve the xerographic parameters
further.

Thus, the mobile carrier species controlling the xerographic depletion discharge
in a-Sb–Se alloys are electrons. Thermal generation of free electrons in a-SbxSe1�x

is accompanied by the simultaneous formation of deeply trapped positive space
charge. It has been shown that Sb alloying progressively enhances the free electron
thermal generation rate relative to the pure specimen.

As apparent from the large xerographic residual potentials for SbxSe1�x alloys,
the addition of Sb to a-Se seems to greatly increase the concentration of deep
localised states within the mobility gap of the material.

The results indicate that in the long-wavelength region (e.g. � � 600 nm) the
photosensitivity of the a-SbxSe1�x films is higher than of pure selenium, probably
owing to higher quantum efficiency.

In such an exotic field of materials science as amorphous (disordered) solids, one
of the fundamental problems that has been studied extensively for a long time is
how to obtain insight into the structure. At present, it seems that versatile studies
are needed to elucidate amorphous structure. In other words, in addition to vari-
ous direct and indirect structural techniques (X-ray diffraction, Raman scattering,
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IR-absorption, EXAFS, to name but a few) performed under fixed conditions,
investigations of structural modifications introduced by changes in composition,
temperature or pressure or induced by bandgap illumination may provide fruitful
ideas.

One of the properties of the class of materials known as chalcogenide glasses is
that they exhibit a wide spectrum of photoinduced effects. Photoinduced phenomena
have been extensively studied recently (see the corresponding references in previ-
ous chapters), partly as an interesting subject for fundamental research in the field
of disordered solids and partly due to potential application of these phenomena in
opto(photo)electronics (xerography and xeroradiography, optical memories, optical
circuits, photoresists, etc.).

Among these phenomena, so-called reversible photodarkening (PD) and pho-
tocrystallisation are the most interesting. The changes in various physical and
chemical properties of chalcogenide glasses under bandgap illumination have been
detected. It has been known since 1968 that bandgap illumination of amorphous
selenium films increases the growth rate of crystallites [24]. This phenomenon was
later utilised by others to develop images on 150–200�m thick selenium layers
on gold. Although several mechanisms of PD and photocrystallisation have been
proposed, the details of these apparently simple phenomena remain ambiguous.

In the present section, we will also examine some features of the above two
phenomena – room-temperature reversible PD and photocrystallisation – in amor-
phous semiconducting films of SbxSe1�x . Pure amorphous Se was chosen as the
starting material. As an elemental amorphous material, Se may be extremely suit-
able for discussing essential features and the relationship (if any exists) between the
above phenomena. In addition, the effect of small amounts of Sb (a few per cent)
on PD and photocrystallisation of a-Se is especially interesting not only from the
point of view of compositional disordering, but also because of desirable recording
properties and particular features of electronic transport for amorphous SbxSe1�x

films [25].
The samples investigated were 0:3–3:0 �m amorphous SbxSe1�x .0 � x � 0:05/

films. These were preferentially prepared by conventional vacuum evaporation onto
room-temperature silica–glass substrates (plates). The a-SbxSe1�x source material
was made by the usual melt-quenching technique. The cooling rate was estimated
to be 100–200K s�1. Prior to measurements, the films prepared were aged at lab-
oratory conditions (natural aging) for several weeks to allow their structure to
equilibrate.

Three kinds of measurements were performed.

� Transmission PD experiments, in which the samples were illuminated at near
normal incidence by a He–Ne laser operating at 633 nm. The transmission of
the samples was probed using a portion of relatively low .�3mW/ intensity
of the He–Ne laser output and detected by a photomultiplier. In this experi-
ment, the inducing and probing light propagated in parallel. The transmission
was measured as a function of exposure time and intensity as well as sample
composition.

� Holographic experiments. The grating technique used is a conventional method:
a grating is produced by two interfering beams intersecting at a sample surface.
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The measured parameter �, the diffraction efficiency, is the ratio of the corre-
sponding intensities of the probe beam I0 and the first-order diffracted one I .

� Structural probes. Right-angle Raman spectra and X-ray diffraction were mea-
sured at room temperature.

Photodarkening and photocrystallisation of a-SbxSe1�x films was induced by
linearly polarised light with a wavelength of 633 nm emitted from He–Ne laser. The
light intensity was varied from 0:5W cm�2 to 2:5 � 102 W cm�2.

10.5 Optical Properties

Figure 10.7 shows the change in transmissivity as a function of exposure time for
amorphous SbxSe1�x films. The relative transmissivity Trel is defined as Tir=Tun,
where Tir and Tun are for the irradiated and unirradiated samples, respectively. One
can clearly see a decrease in Trel with the irradiation time. Light-induced change
of transmissivity is transient: the initial value of Trel is restored by switching off
the light. This is not surprisingly because the glass-transition temperature of the
compositions examined is located at approximately room temperature (pure a-Se)
or slightly above this value (Se containing < 5 at% of Sb additives). Note that
light with low intensity

�
I < 10mW cm�2

�
could not induce appreciable permanent

effects, despite long exposure times. Only transitory behaviour in Trel is observed.
On the other hand, with increasing exposure (more precisely, its intensity) sig-

nificant irreversible changes in transmissivity are observed (Fig. 10.8). We see that
the characteristics below and above the threshold intensity Ith are quite different.
In general, the Trel versus E curve, where E is the exposure magnitude, may be

Fig. 10.7 Transitory changes in transmissivity in a-SbxSe1�xSbxSe1�x films caused by switch-
ing on and off irradiation of 633 nm wavelength. Film thickness 0:8�m, illumination intensity
0:5W cm�2, Sb concentration 1 (curve 1) and 5 at% (curve 2). On- and off-periods of illumination
are shown by arrows
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Fig. 10.8 Relative transmissivity versus energy density in amorphous SbxSe1�xSbxSe1�x films
exposed to intense laser illumination at 633 nm. Film thickness 0:8�m, intensity 2:5�102 W cm�2,
Sb concentration for curves 1 and 2 is 1 and 5 at%, respectively

divided into three parts:

� Initial, with a rapidly varying response, a transient transmission change
� Middle, slowly varying portion of the darkening curve; sometimes this part is

marked by the beginning of a plateau region for intensities I � Ith

� Final, with a significant (up to 0.8–0.9) decrease in Trel, a permanent, irreversible
change

The photoeffect is completed by a saturation region; as above, the onset of the latter
is intensity dependent.

Changes in transmissivity for I � Ith may be attributed to crystallisation trans-
formation (see below).

Nearly the same behaviour can be discerned for holographic recording properties.
The � versus E data also exhibit several stages depending on energy density. Typi-
cal responses of light intensities diffracted from gratings formed on films are shown
in Fig. 10.9 (low intensities) and Fig. 10.10 (high intensities): an initial increase
to �max D 0:012%, a slight decrease then a monotonic increase with E leading
to the maximum � D 6%. The high energy density side of the above maximum
is caused probably by optical absorption of the probing beam increasing due to
photocrystallisation.

The degree of change in Trel and � increases with Sb content (see Figs. 10.7, 10.8,
10.10). Apart from this, the addition of Sb to a-Se shifts the crystallisation onset to
higher exposure values.

10.6 Structural Transformation

Figure 10.11 shows the evolution of Raman spectra with increasing light intensity
of illumination. It is important to point out here the existence of a certain threshold
intensity of the incident laser beam: below I th the initial shape of the spectrum was
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Fig. 10.9 Diffraction efficiency versus energy density for pure a-Se in the low energy density
region. The line is to guide the eye

Fig. 10.10 Changes of diffraction efficiency in a-SbxSe1�xSbxSe1�x samples induced by laser
irradiation. Curves 1 and 2 correspond to x D 0 and 0.03, respectively. Film thickness 1:25�m,
intensity 1:25W cm�2
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Fig. 10.11 Transformation of the Raman spectrum in amorphous Sb0:03Se0:97 exposed to linearly
polarised light: curve 1, reference Raman spectrum of amorphous state; 2–4, after exposure to
E D 3, 5 and 6 kJ cm�2, respectively. The inducing intensity was I D 1:25W cm�2

recovered after turning off the illumination, above it the spectrum further transforms
(spontaneously) even in the absence of excitation at this stage. Note that the samples
illuminated at E < Eth are amorphous, while the samples illuminated at E > Eth

exhibit well-pronounced crystalline features in the Raman spectra.
Some comments on the Raman spectra are called for here. First, the spectra of

the amorphous SbxSe1�x samples before irradiation are close to that for pure Se.
The only additional feature observed is the appearance of the � 190 cm�1 band of
Sb2Se3=2 structural units. Second, the exposure values at which the spectra start to
transform vary with addition of Sb. Third, under intense irradiation, Raman spec-
tra show a gradual intensity redistribution for the peaks at 237 cm�1 and 255 cm�1.
When the radiation power is further increased, the intensity of the 237 cm�1 peak
grows continuously with a simultaneous decrease of the 255 cm�1 spectral fea-
ture. Finally, it appears that Sb addition in the quantity used here (<5 at%)
has no appreciable influence on photocrystallisation product. Actually, only the
237 cm�1 Raman band of hexagonal Se contributes to the spectra of photocrys-
tallised SbxSe1�x films. Thus, it is indicated clearly that on introducing a small
quantity of additives to Se glass, there is no appreciable influence on the crystalli-
sation product. This can be explained in an unambiguous way: the small quantity
of Sb is clustered in the glass matrix. Further, in the case when the sample was
illuminated, Se crystallised out, while the additives still remained in the disordered
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(glassy) state. Even though a higher or lower Eth is found in samples of different
chemical composition, there is little influence on the kind of crystallised product.
In addition, it should be noted that evolution of the shape of Raman spectra similar
(at least qualitatively) to that presented here has also been observed for amorphous
AsxSe1�x alloys over the concentration range 0–10 at% As.

X-ray measurements also indicate photocrystallisation at exposure valuesE>Eth.
Typical results, that is, X-ray diffraction patterns of photocrystallised samples (i.e.
samples corresponding to curve 5 of Fig. 10.11), show four crystalline peaks, located
at 2� D 24ı, 30ı, 41ı and 45ı. These can be indexed as 100, 101, 110 and 111
peaks for the hexagonal Se crystal. Similar X-ray diffraction patterns were obtained
by Ishida and Tanaka [26] on examining photoinduced birefringence in a-Se thin
films.

The present experimental results permit three successive stages of laser-induced
changes in a-SbxSe1�x to be distinguished with regard to the irradiation energy
density.

Stage I. First, the initial stage: dynamical (transient) photoinduced effects in Trel,
�, etc. Selenium, as a chalcogen, exhibits reversible PD. However, the phenomenon
has not been studied in detail. The reason for this is that permanent (quasi-stable)
photoinduced changes can only be realised at low .T < 200K/ temperatures –
a complete recovery of initial parameters was observed for samples annealed at
room temperature. It is essential to note that the sample remains in the amorphous
state before, during and even after irradiation. Reasonably, one may argue that the
observed dynamical (transitory) change in transmissivity under light irradiation may
be caused by thermal excitation (in other words, it is thermal in origin). Neverthe-
less, because of the following arguments, we believe this is not a dominant factor,
although some heating up of the sample cannot be fully eliminated.

� The above photoeffect shows no dependence on the substrate material (note that
we examined several types of substrate: poly(methylmethacrylate), quartz glass,
mica foils, etc.). It is evident that for the substrate materials mentioned the heat
dissipation conditions are significantly different.

� The lack of any noticeable variation in Trel (or �) behaviour for samples of dif-
ferent film thickness significantly reduces the possibility of the effect being due
to changes in temperature during illumination.

Some photoelectronic properties exhibit similar, dynamic, photoinduced changes
[27]. We relate the transient changes in the transmissivity (PD) to changes in
metastable deep states in the mobility gap. The states are associated with charged
structural defects (e.g. IVAPs), which correspond to some of the chalcogen atoms
being over- and under-coordinated. For pure Se, an IVAP comprises SeC

3 and Se�
1 in

close proximity. Band-gap illumination initiates conversion of such states into ones
with greater density or capture cross section.

Stages II and III. The intermediate and final stages are both associated with
crystallisation: the former with microcrystallite formation, the latter with micro-
crystallite enlargement and their concentration (nucleation and growth of crystalline
structures).
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In order to discuss an essential feature of the laser-induced structural change,
we first consider the structure of amorphous films. Almost all available struc-
tural data indicate that the main constituent of a-SbxSe1�x .x < 0:05/ is the chain
molecule, though molecules with Sb branching sites may be present in a minority.
That is, we assume that the local structure of a-Se containing Sb additives resem-
bles the hexagonal (trigonal) Se structure. Accordingly, in atomic structural terms,
a-SbxSe1�x with x < 5 at% may be characterised as a quasi-one-dimensional chain
structure.

Plausible explanations for the present experimental observations can provide the
quasicrystalline model proposed by Zhdanov et al. [28], Shimakawa et al. [29],
Tanaka and Ishida [30] and Fritzsche [31]. Following Fritzsche’s phenomenological
idea, we assume that the amorphous structure of annealed and then dark-rested films
contains some anisotropic elements. These are aligned in random orientation, so the
structure appears to be isotropic, a characteristic inherent to amorphous solid-state
materials. If the above amorphous samples are exposed to linearly polarised light,
structural elements (chain segments) tend to align in some preferential orientation,
which is nearly perpendicular to the electric field vector of linearly polarised light.
Because Se-rich alloys in their non-crystalline form can be regarded as a kind of
a “soft” material (its atomic structure is flexible due to twofold coordination of
chalcogen atoms), chain-segment orientation can be influenced relatively easily.
The intensity difference between the horizontal and vertical configurations of the
101 peak observed in a series of X-ray diffraction patterns seems to be consistent
with the preferential alignment of the chain molecules perpendicular to the electric
field vector of linearly polarised light. Accordingly, in spite of this microcrystalline
model, if the crystallisation process proceeds in the manner described above, and if
the structural elements mentioned are responsible for the photoinduced anisotropy
in the amorphous state, we may speculate that such elements with quasicrystalline
orientation induced in amorphous phase by linearly polarised illumination of low
intensity (referred to as the initial stage) become nuclei, which grow as oriented
crystals. The energy density needed for the latter process should be greater than
the threshold energy Eth. Although microscopic structures giving rise to the light-
induced transitory changes and photocrystallisation still remain controversial, it is
assumed that the latter phenomena arise from changes in structures at scales more
extended than the atomic scale.

Finally, it is interesting to consider the above results in relation to other Se-based
binary alloys containing group V elements as a constituent. For example, the same
behaviour is observed for the AsxSe1�x system when the latter is subjected to band-
gap illumination. Moreover, we find that many of the physical properties (glass
transition temperature Tg, density d , bandgap energy E0, etc.) of the SbxSe1�x

system change around 0:01 � x � 0:02. The same behaviour is observed for
AsxSe1�x , which has local turning points (inflections) in several properties below
the usual threshold, which is near the composition x � 0:04. A possible explana-
tion suggested is that the peculiarities mentioned are associated with the topological
threshold that occurs when the chain-ring-like structure changes to a chain-like
structure [32, 33].
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Very important is the observed similarity between the light-induced changes in
pure amorphous Se and Se containing Sb or As additives. Probably, the similar-
ity is the clue to a more general understanding of various photoinduced changes,
photocrystallisation and compositional dependence in chalcogenide vitreous semi-
conductors. Further experiments would be very helpful in this context.

Based on the above results we can say that linearly polarised light from the
bandgap absorption region can induce either transitory changes or crystallisation
transformation in amorphous SbxSe1�x alloys. These two phenomena critically
depend on exposure, show threshold behaviour and seem to arise from mecha-
nisms apparently different: defect states or some kind of structural units liable to
preferential orientation under the action of linearly polarised light.
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