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STRUCTURAL CHARACTERISTICS AND STRUCTURAL MODIFICATIONS OF
NON-CRYSTALLINE SEMICONDUCTORS
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The genera problems of the non-crystalline solid structure are discussed. A new definition of
the non-crystalline materials is proposed. Various levels of structural modification of non-
crystalline semiconductors are considered: the levels of short- and medium-range order,
morphology and the defects subsystem. It is shown that there are possible two mechanisms
for the formation of the medium-range order in non-crystalline semiconductors, depending
upon the structural network rigidity.
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1. Introduction

One of the main steps in the devel oppment of the solid state physics in the second half of the
twentieth century was the emergence and the growth of the new fidd, that is, the physics of non-
crystalline semi conductors. Advances in physics of non-crystalline semiconductors are founded on the
basic works of B. Kolomiets, N. Mott, W. Spear, R. Grigorovici and many cthers. In paralle with the
experimental and theoretical research of non-crystalline semiconductors, and often ahead of it, the
practical application of those new materials was proceeding further. The success in that fiedld was
greatly due to the name of Stanford Ovshinsky and to the Company: Energy Conversion Devises
(ECD) founded by him together with Iris Ovshinsky in 1960. The purpose of ECD was to devel op the
researches on the use of non-crystalline semiconductors in various stages of storage and control of
information in reaion to the concept of energy conversion. The ECD company developed and
introduced into production threshold and memory switches, integrated crcuits of memory matrix on
the base of chal cogeni de glassy semiconductors, high efficient solar cels on the base of hydrogenated
amorphous silicon, rewriTable CD-ROMs and other devices. However, commercial activity as well as
research activity is taking place in the absence of anything like a complete understanding of the
atomic structure of disordered solids. At the same time a knowledge of atomic structure is necessary
both for understanding the basi ¢ properties of a material and from the point of view of the possibilities
to change the structure in order to control the properties of non-crystalline semiconductors.

2. Structural characteristics of solids

The distinctive feature of crystalsis along-range order in the arrangement of the atoms. As a
rule, non-crystalline substances are determined as materials, which do not have a long-range order.
The negative character of that definition is not only contrary to the common rule, that is, to define
from the generd to the particular but has very little useful data. In this connection at first it is
necessary to answer the question: which characteristics of the atomic structure are necessary and
sufficient for defining the non-crystalline state of a solid?

The simplest case from the standpoint of a structure is an ideal single crystd. In order to
describe completdy its structure it is enough to know the structure of an dementary cell or the short-
range order of the arrangement of atoms. For a whole definition of any rea single crysta it is
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necessary to add a defects' subsystem. For describing the structure of polycrystals in addition to
short-range order and defects, it should be taken into consideration the morphology of the material,
that is, crystal size distribution, crystal texture, formation of spherulites and so on.

As for non-crystalline solids in order to describe their structure it should be taken into
consideration the four leves of gructura characteristics: short-range order of atomic arrangement,
medium-range order of atomic arrangement, morphol ogy and defects’ subsystem (Table 1).

Table 1. Structurd characteristics of solids.

Structural Solid states
subsystems idedl real non-crystalline
single crysta single crystal polycrystal solid
short-range order + + + +
defects - + + +
subsystem
- - + +
morphol ogy
medium-range - - - +
order

As one can seeinthe Table 1, the amount of characteristics necessary to describe the structure
of the substance increases with the growth of its complexity. Where one characteristic for describing
the structure of an ideal single crystd is sufficient, it is necessary to use four characteristics to
describe the structure of non-crystalline solids. From this point of view it is evident that the more
compl ee definition of non-crystalline solids can be formulated in comparison with the definition
based on the absence of long-range order in the atomic arrangement. Non-crystalline solids are the
materials that require the use of the parameters of short and medium range orders of atomic
arrangement, morphology and defects’ subsystem when the full description of their structure is made

3. Levels of structural modification of non-crystalline semiconductors

In the first investigations concerning non-crystalline semi conductors B. Kolomi ets established
[1] that the most essentid feature of these materias is their weak sensitivity to impurities. In spite of
some sol utions found later (for example chemica modification of chal cogenide glassy semi conductor
films [2], doping of hydrogenated amorphous silicon [3]), the problem of control over the properties
of non-crystalline semiconductors and the problem of reproducible synthesis of non-crystalline
semi conductors with prescribed properties still remain pressing.

As an aternative to the control over semiconductor properties by doping, the method of the
structural modification of non-crystalline semiconductor properties has been proposed [4]. It consists
in the controll of the properties by changing the structure of a material without changing its chemical
composition. At first the method was devd oped for chal cogenide glassy semiconductors and used the
changes of atomi c structure at the level of a medium-range order.

Along with this, as it has been shown above, there are four levels of structura characteristics
necessary for common description of structure of non-crystaline solids. Therefore, structural changes
are possible not only at the level of a medium-range order, but aso at the other levels of structurd
characteristics mentioned above. In that way one can conclude that on the whole there exist four
leves of structural modification distinguished by various changes of material structure, namely [5]:
theleve of short-range order, the level of medium-range order, the level of morphology and the leve
of defects' subsystem (Table 2). Let us analyze the possibility and efficiency of structural changes a
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the various levels in covalent semiconducting € ements belonging to Groups IV — VI of the periodic
Tableand adso in anumber of ther systems.

Table2. Levels of structural modification.

Levd of sructurd | Characterization of sendtive | Groups (examples) of sangitive Influence onthe cther
chenges properties properties sructurd
characteristics
Short Medium-range order
range All properties All properties Morphol ogy
order Defects subsystem
Defects Properties dependent onthe Eledricd,
ubsystem distribution of the density photodedtric
of locdized statesand (fidd dependent -
ontheFermi  levd podition conductivity)
Morphology Properties degpendent on Electricd, opticd Defects' subsystem
macroheterogeneity (AC conductivity)

Propaties assodated with | Mechanicd propeties, phese

Medium rearrangement of trangtions
range dructurd units (visoodity, herdness, Morphology
ode Y oung modulus, Defects’ subsystem
temperatureand adtivation

enagy of arystdlization)

4. Short-range order and defects’ subsystem levels

The structural changes a the leve of short-range order lead to variations of al basic
properties of a material. For example, polymorph crystalline modifications of carbon (diamond,
graphite, carbine) possess fundamentally different physico-chemical properties because of the
different hybridizations of electron orbitals and different atomic structures at the short-range order
level. Amorphous carbon films incorporate structural units of different all otropic modifications, with
the rdative content of these units determined by film growth modes and varying widdly for the same
preparation method. Correspondingly, the coordination of atoms varies (between 2 and 4) together
with the other parameters of the first coordination sphere [6]. When the films of amorphous
hydrogenated carbon (a-C:H) are obtained by rf-sputtering in an argon-hydrogen atmosphere, then, by
simply changing the substrate temperature and discharge power may produce films, in which the
optical gap varies by two orders of magnitude (between 0.02 eV for graphite-like films and 1.85 eV
for films with predominance of the diamond-like phase); and the dark conductivity varies by more
than 10 orders of magnitude (between 7 and 2 x 10™° Q! em™) [7].

Carbon has long been considered the only (and unique in this respect) d ement among those
considered here which exists in alotropic crystalline modifications of diamond (sp® hybridization)
and graphite (sp® hybridization). The discovery of carbines (sp hybridization) in 1960 [8] only served
as much more evidence of the unique properties of carbon. At the same time, it should be noted that
there have been reports that the short-range order may change substantially under certain conditions
for other dements as well. For example, cubic a and 3 modifications of crystalline seenium with
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atom coordination numbers of, respectivdy, 4 and 6 were obtained in éectron beam induced
crystallization of thin films [9, 10]. The monopoly of carbon on the possibility of existence of forms
with different hybridizations of dectron orbitas and, consequently, with different atom coordination
numbers was radically broken up by a series of investigations [11, 12]. New forms of silicon which
appeared under the certain conditions in films of amorphous silicon and in a-Si:H were discovered in
these studies: slicine with sp hybridization of dectron orbitas and atom coordination 2 and a form
with sp? hybridization and atom coordination 3.

Thus, in the considered group of covaent semiconducting materias (periods 2 — 5, Groups
IVA — VIA of the periodic Table), structural changes at the short- range-order leve are observed for
the e ements b onging to Group IVA, periods 2 and 3 (C, Si), and Group VIA, period 4 (Se), i.c., for
the three dements out of the considered nine. We should dso note the increase in the first
coordination number from 2 to 3 in telurium mdt (at 600 °C), with the covalent nature of chemical
bonds being preserved [13] and the changes at the short-range order (bond length) in glassy GeS,
under high pressure [14]. The mentioned dements show no fundamenta distinctions in eectron shell
structure or the other parameters from the rest of the considered d ements. In view of the above facts,
it seems reasonabl e to assume that the structural changes at the short-range order level are not unique
only for carbon, but they are characteristic to al of the considered coval ent semiconducting materials.

The structural modification on the levd of a short-range order not only determines the
considerable changes in the properties of a material but also influences upon the others groups of
structural characteristics, namely: the medium-range order, the morphology, the defects’ subsystem
(see Table 2). Thus, in [14] it was shown that caused by the applied high pressure the changes in
tetrahedron structure of glassy GeS,, that is, the changes of short-range order, lead to the change of
tetrahedrons’ mutual packing, that is, to the change of medium-range order. And more essentia
changes of all the structural characteristics should be expected at the transition from the tetrahedra
coordinated network to the layer structure or to the linear polymers.

The changes in the defects' subsystem are possible under the influence of ether sample
fabrication conditions or under the action of various external factors and are manifested as the
changes in the spectrum of localized states in the gap, which, in turn, leads to the changes in materia
properties (Table 2). The effect of amorphous silicon pseudo-doping that depends upon the sample
preparation conditions has been observed in [15, 16]. A significant change in the spectrum of
localized gtates in aSi:H, resulting from a change in the relative content of Si-H, Si-H,, and Si-H;
complexes, was achieved by treating samples with ultraviolet radiation [17]. The effect of weak
dectric and magnetic fields on quasimolecular defects and properties of vitreous seenium, arsenic
trisdenide, and materids of the sdenium-tdlurium system was observed in [18, 19]. Later the same
results were obtained for sulfur and arsenic trisulfide [20].

Thus, this level of structural modification is observed experimentally both in a tetrahedra
materia with rigid covalent structural network (a-Si:H) and in vitreous materias of group VI and
V-VI chalcogenide glasses. The above result suggests that the structural modification at the defects
subsystem leve isinherent, like the structurd modification at the short-range order leve, in adl of the
cons dered non-crystalline semiconducting materials. At the same time the changes of a materids
structure at the leve of a defects’ subsystem at the first approach should not influence upon the other
structural characteristics, namdy: short- and medium-range orders, morphol ogy.

5. Morphology and medium-range order levels

It is wdl known that the necessary condition for obtaining a non-crystaline solid is
thermodynamically the non-equilibrium process of its synthesis. In conformity with the basi c concepts
of the synergetic theory, the non-equilibrium conditions of material formation result in the appearance
of heterogeneity due to sdf-organization process. Thus, general considerations suggest the presence
of heterogeneity in al of the non-crystalline solids.

The macroheterogeneities (columns, globules, cones, etc. with the size, asarule, of dozens of
nanometers and more) in films of non-crystdline materids are aso called morphologica
inhomogeneities. A certain morphology (column structure) was observed in aSi:H films by Knights
and Lujan [21]. Later, it was demonstrated [22-25] that the presence of macroheterogeneity is a
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characteristic feature of amorphous tetrahedra semiconductors (aSi-H, aC:H, aSi«C,.«:H) and there
was established a reationship between the averaged morphologicd parameters (for example, cross
dimensions of columns), spectra of dectron states, and materia properties (Table 2). At the same
time, while the presence of certain morphology (macroheterogeneity) in films of tetrahedra non-
crystalline semiconductors has been firmly established, a “structurd ess” smooth surface is commonly
observed in vitreous materials. Considering that the presence of heterogeneity lays in the nature of
non-crystalline solids themselves, one can condude that in glassy materids there exists
microheterogeneity, which points to the manifestation of not the morphology, but medium-range
order. However, such a cond usion implies the answer to a number of questions, namely: why are the
two classes of non-crystalline semiconductors characterized by various kinds of heterogeneity? What
factors cause the limit between them and where such boundary pass? Let’'s make an effort to answer
these questions.

Medium-range order is linked with the correlation between atom positions in the range of up
to one or a few nanometers. The first attempt to explain the presence of medium-range order oneis
the microcrystalline model by Lebedev [26], though historically this modd arose before the
introduction of the term “medium-range order”. In 1987 Lucovsky [27] defined the medium-range
order as regular digtribution of dihedral angds for a distance of about ten atoms. At the last years a
number of paracrystalline models were used to explain the medium-range order in amorphous silicon
and cha cogenide glasses. In these models the medium-range order is explained by the presence of
nanoclusters [28, 29], crystaline grains embedded in a disordered matrix [30, 31] or crysta-like
configurations with distorted arrangement of atoms [32]. There dso exist a number of other
approaches to explain the medium-range order.

The above-noted models can be divided into two groups. In thefirst group the ordered regions
determining the medium-range order are the part of the surrounding matrix (or they are linked with
each other) without breaking the continuous covaent network. In the second group between the
ordered regions there are the limits at which structural network bresks. The possibility for the first or
the second group to be realized in a specific non-crystalline materia depends upon the flexibility of
its structural network. In the first case the network must exhibit certain flexibility and flexible bonds
are present. In view of the above facts, there are reasons to assume that the limit in question
corresponds to the rigidity threshold of the structural network [33-35] at which the average number of
force constants per atom becomes egual to the number of degrees of freedom. Phillips [34]
determined the critical coordination number corresponding to the rigidity threshold of the structural
network for chal cogenide glasses: N, = 2.4. For the systems Ge — Se, Ge— S, As— Se, and As—
S, therigidity threshold is shown by the dashed linein Table 3 [5]. However, the experimental studies
of these systems [36, 37] have shown that the rigidity threshold actualy lies a higher average
coordination numbers. It was demonstrated [38] that the reason for the discrepancy between the
calculated and experimental values of the rigidity threshold comes from the fact that the ionic
component and metallization of chemical bonds are neglected. The rigidity threshold obtai ned for the
above-mentioned systems with account of the ionicity of chemical bonds is shown in Table 3 by the
solid line.

Ontheright hand side of that line there are placed the materials in which the formation of the
ordered regions determining the medium-rang order (microheterogeneities) is made possible without
breaking the continuous covaent network. In these materias it is possible the structural modification
a the levd of medium-range order but there are not macroheterogeneities (morphology). Changing
the medium-range order without changing the short-range order mainly affects the macroscopic
properties of a materid (viscosity, micro-hardness, Y oung modulus — see Table 2).
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Table 3. Medium range order and morphology levels.

Columns AYy (AY ) BY'1x systems Column
Vdueof X VI A
IVA | VA 0,60 0,50 0,25 0,20 0,11
Ge GeSe, | GeSe; | GeSe, ™ GeSeg Se
4 2.50 240 | 222 2
4 2.30 2.24 2.12 2
Ge Ges Ges; | Ges, | Ges, S
4 3.00 2.50 2.40 I 2.22 2
4 2.73 2.23 2.19 2.10 2
As | AssSe, | AsSe ASSe; | AsSe, | AsSes Se
3 2.60 2.40 2.33 2.25 2.20 2.11 2
3 2.53 2.31 | 2.25 2.19 2.16 2.09 2
As AS, ASS; | ASS, ASS; ASS, ASSg S
3 2.60 2.40 2.33 2.25 2.20 2.11 2
2

3 2.49

226 | 222 2.17 2.14 2.08

== == == _rigidity threshold in the case of purdy covad ent bonds;
- rigidity threshol d in the case when bond ionicity is taken into account;
eg.2.25 - average coordination number, N¢;
e.g. 2.25(italics) - Ng(1-1,), wherel. —mean coefficent of bondionicity.

At the same time, the properties governed by the dectroni ¢ structure (e ectronic spectrum) of
a material, which depend mainly on the short range order, exhibit only relativey small changes. On
the left hand side of the pointed line there are the materials, in which the formation of the ordered
regions leads to the break of continuous covaent network and the formation of limits between
mi croheterogeneities. While synthesizing such material s, some microheterogeneties can reach the size
of macroheterogeneities forming the specific morphology. Thus in the considered materids the
structural modification is made possible both at the level of medium-range order and at the level of
morphology. Morphology changes affect the properties sensitive to macroheterogeneities (Table 2).

6. Conclusions

There is proposed a more complete definition of non-crystalline solids — the materias that
require the use of the parameters of short and medium range orders, morphology and defects
subsystem for the full description of their structure.

There are considered the possibility and efficiency of the four levels of structural modification
of non-crystalline semiconductors. short-range order, medium-range order, morphology and defects
subsystem levels. Based on the performed andysis there has been made the condusion that the
structural modification at the short-range order and defects’ subsystem levels can be applied to al the
non-crystalline coval ent semiconducting materials. Structural modification at the medium-range leve
is also made possible for al the considered materials, but the mechanisms of the medium-range order
formation are different depending upon the structural network rigidity. The limit between the two
mechanisms of the medium-range order formation is the rigidity threshold of the structura network
calculated with account of the ionicity of chemica bonds. The morphology level of structura
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modification can be applied only to the materials with the structural network rigidity higher than the
above-mentioned rigidity threshold.
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