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1. Introduction.

Abstract. The present paper is concerned with the peculiarities of the mechanism of irrevers-
ible photostructural transformations in As-S-Se layers. The starting point of the irreversible
photostructural transformations is the state which is determined by the conditions of the
fabrication of the As-S-Se layers. It is thermodynamically unstable and differs from the
structure of the glasses or annealed films. Their state is the final one for the structure of as-
prepared layers changing under the influence of external factors. For the considered As-S-Se
compositions the correlation of the composition dependencies for dispersion energy and
optical dielectric constant of the exposed or annealed layers and structurally-dependent
parameters of As-S-Se glasses: glass transition temperature 7, relaxation enthalpy AH, heat
capacity C,, mole volume, compactness, is characteristic. Irreversible photostructural trans-
formations are characterized by the absence of the essential influence of the diffusion proc-
esses. This is connected with the close proximity and high concentration of the non-stoichio-
metric molecular fragments which contain homopolar (As-As, S-S (Se-Se)) bonds. The swit-
ching of the bonds with the decrease of the homopolar ones and various defects is energeti-
cally favorable. The consideration of the evolution of the number of such fragments (number
of homopolar bonds) as a result of polymeric processes that take place due to the exposure
influence and change the local structure of the amorphous layers towards that inherent for the
glass, gives the exponential decay of their number with the increasing exposure. This is sup-
ported by the exponential decay of Raman spectra bands intensity with the exposure which
correspond to the presence of molecular fragments containing homopolar bonds.
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tural transformations.
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(which, despite the availability of several proposed mod-
els, remained in many aspects unclarified) during last

Presence of various photoinduced effects (photopolymeri- decades attracted attention of many investigation groups.

zation, photocrystallization, photodecomposition, pho-
toinduced anisothropy, etc.) is characteristic for chal-
cogenide vitreous semiconductors (ChVS). This is con-
nected with the several reasons: valence electrons in ChVS
can be easily optically excited, with the strong electron-
phonon interaction in the flexible structural networks of
ChVS, numerous metastable structures due to non-crys-
talline nature of ChVS. The structure of thermally evapo-
rated ChVS films differs from that characteristic to mas-
sive ChVS glasses. Under the influence of external fac-
tors (exposure or annealing) due to polymerization proc-
esses caused by them, the structure of thermally evapo-
rated ChVS films tends to that of glasses. The understand-
ing of the nature of the photostructural transformations
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Photoinduced phenomena in ChVS can be classified ac-
cording to their reversibility or irreversibility, anisotropy
or isotropy, number of atomic sites involved in the ob-
served photoinduced phenomena.

In this paper we will consider peculiarities of the mecha-
nism of the irreversible photopolymeric processes, which
involve large numbers of atomic sites and lead to the more
stable atomic structures and also to the essential changes
of such physico-chemical properties as density, hardness,
elasticity, optical properties and chemical solubility in
some etching solutions. We will not discuss possible
mechanisms of the different reversible photoinduced phe-
nomena, which lead to the substantially smaller changes,
they are discussed in reviews [1-7]. Mechanisms of pho-
toinduced anisotropy are discussed in [5-7].
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2. Results and discussion

To the problem of the ascertaining mechanism of the ir-
reversible photopolymerization processes substantially
lesser attention was devoted after the difference of the
structure of the as-evaporated ChVS films was established,
and that their structure becomes nearer to the structure of
the massive glasses under the actions of the external fac-
tors (exposure or annealing). But they represent consid-
erable interest in many practical applications (inorganic
resists in microlithography, registering media for infor-
mation storage, holography).

At the present stage of investigations, physical prop-
erties of ChVS are analyzed within the frames of topo-
logical theories of the structure of ChVS glasses the ac-
tively developed during last decade. The base of the theo-
retical representations about glass structure is the con-
tinuous network model (CNM) according to Zakharian-
sen [8]. CNM model is based on two postulates: presence
of the continuous spatial network and energy similarity
of the glass and crystal. The structure of the glass is de-
termined mainly by the short-range order, the intercon-
nection of the main structural units is of second priority.
At present the CNM model is mainly used as the model of
an ideal glass structure, which, similar to an ideal crys-
tal, in pure form is never realized. In recent yyears the
factors (structural, chemical bonding, thermodynamical)
that influence glass-forming ability were intensively in-
vestigated. In the microscopic theory of the glass forma-
tion for the covalent solid state bodies it was suggested
that the valence forces such as bond-stretching (a) and
bond-bending (b) forces can serve as the atomic limita-
tions during formation of the covalent networks [9-12].
Moreover, a-forces are approximately 3 times (or more)
stronger than b-forces. It was suggested that the glass
formation will be optimized (the maximal mechanical
stability of the glass will be achieved), when the number
of limitations per atom will be equal to the dimensionality
of the space N; = 3. For the three-dimensional networks
in which the atom has coordination number m = 2, the
number of a- and b limitations is given

Ny =m/2
_ (D
ng =2m-3
The formation of the rigid structure occurs when
Ng +ng =3

or mean coordination number

m =2.40 @)

At such critical m value the formation of the infinite
rigid cluster occurs (the threshold of the rigidity percola-
tion). The condition of the maximal chemical stability -
«chemical ordering» which correspond to the mutual
bonds saturation of the heterogenous atoms in the short-
range order is realized at x = 0.40 for the compositions
As,(S,Se)|x with m = 2.40. Here it is necessary to note
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that for the same values of the coordination number and
the respective compositions the presence of the crystal-
line compounds orpiment c-As,S; which is isomorphic to
c-As,Ses is characteristic [13-14]. For such compositions
the coincidence of the chemical and mechanical thresh-
olds is characteristic.

Recently, the substantial progress was achieved in
understanding the kinetic, thermal and structural factors
which influence glass forming temperature 7. Developed
in [15] stochastic agglomeration theory provides possi-
bility of the analysis of the 7, compositional changes,
which are characterize the changes in the glass connec-
tivity. If the As additive in the S(Se) glass exists only in the
three-coordinated (pyramidal units) configuration, then
the T, dependence on the arsenic content x has the form:

dTy /dx =Ty /In(3/2) 3)

where 7{) — glass forming temperature of Se (S).

But for the glasses from the As,Se;, system experi-
mentally obtained value dT, /dx was found to be equal
7.7 Clat.%[16-17], and obtained from the expression (3)-
4.1 C/at.%. This was explained by the presence in the
glass of the certain number of the fourfold coordinated
As’* in the quasi-tetrahedral local configuration with 3
onefold Se atoms bounded to the arsenic and one twofold
bounded Se in addition to the As** in the pyramidal con-
figurations in these glasses. In this case, the Eq. (3) takes
more general form

dT, /dx=To/In(3/2)(1-n) @)

In Eq. (4) n is the ratio of the As>* to the As’* cation
in the glass network. To match experimentally observed
slope in the dependence (4) the values of p must be close to
0.3. That is, the given results show that the traditional
molecular structure of such glasses can be incomplete and,
in particular, As in addition to the pyramidal configura-
tion (As3*) can be also in the quasi-tetrahedral configura-
tion (As>") in the glasses with the high content (x < 0.4) of
selenium (sulfur). Using results of Raman spectra investi-
gations in As,S;_ glasses, the existence of fourfold coor-
dinated arsenic in such glasses was assumed [18-19]. The
presence of the different structural units in the considered
compositional region is supported by the data of Raman
spectra investigations for the glasses and films from this
compositional region. Besides, the presence of the wide
weak band (maximum in the 460480 cm™! region) in the
Raman spectra of the AsgpSeqq glasses [20-21], can also
correspond to the presence of the fourfold coordinated
arsenic [22]. The theoretical calculations shows the pres-
ence of the two rigidity thresholds (xc(1) = 0.29 and
xc(2) = 0.37) in binary glasses of As,Se;_, composition
(or As,S;i4) [17]. If only threefold coordinated arsenic is
present, the rigidity threshold is expected at x~0.40,
which correspond to the mean coordination number m =
2.40 [17]. The four regions of the arsenic concentration
can be separated during description of the structural pe-
culiarities of the As,S(Se);.x glasses. The glasses with the
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low connectivity (x < 0.15) are well described within the
frames of the random network model or stochastic model
(4). Atlarger values the composition dependencies of the
glass forming temperature deviate from the dependence
(4), because the configuration entropy of the network
become lower, when the separate chemical configura-
tions became preferable. This reflects the non-stochastic
nature of the rigid configurations formation with the in-
creasing x. Between both rigidity thresholds x (1) = 0.29
and x¢(2) = 0.37) in the binary As-Se glasses the exist-
ence of the intermediate phase is predicted (for which the
absence of the internal stresses is characteristic) with the
rigid and soft regions for which the chemistry and pack-
age of the network is important [17]. At x> 0.37 the
transition to a rigid stressed phase occurs.

The presented in Fig. 1 composition dependencies of the
mole volumes for the glasses of AsjgoxSx and As4Seo.xSex
compositions are similar to the presented in [14]. The
mole volume is determined by the relation

Vz(ZXiMi)IP ®)

where M; stands for molecular masses of the certain struc-
tural units or atomic masses of components, ¥ is their
respective content, pis measured glass density.
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Fig. 1. a — Dependence of the mole volume V' of AsjyoxSx glasses
on the sulphur content. Insert — dependence of the compactness &
of AsjooxSx glasses on the sulphur content; b — Dependence of the
mole volume V' of AsgSg.xSex glasses on the selenium content.
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When arsenic is introduced into sulfur, the structure
of Asygo.xSx glasses gradually changes from the chain
structure to the network one with the formation of the
AsS3), structural units, etc., therefore mean mole volume
is decreased. Deviation from the linear dependence (which
is observed for x > 75% [14]) is characteristic for the
compositions with x ranging from 25 up to 42at.%. At
x = 0.4 minimum is observed (for As-Se system minimum
V at x = 0.4 is also present [14]). The anticorrelation is
characteristic for the composition dependencies of the
glass mole volumes on the composition cross-section
Asj00-x5x (Fig. 1a) and values of irreversible photo-
structural changes of Asjgo.xSx layers ([23], see Fig.2),
namely, minimum of mole volume composition depend-
ence (x ~ 0.4) correspond to the maximum of the compo-
sition dependence of photostructural changes. Deviation
of mole volume composition dependence for As4S¢p.xSex
glasses (Fig. 1b) from the linear one we consider in con-
nection with the deviation in the substitution of sulfur by
selenium from the statistical one. Due to such behavior
the number of sulfur deficient (in comparison to the AsSs)
structural units, which are characteristic for As4S, is in-
creased. This leads to the presence in the AsgnSeo.xSey
glass structure of the increased quantities of Se, chains
for the intermediate compositions and, consequently, to
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Fig. 2. a — Dependence of the dispersion energy E; of Asjpo.xSx
layers on the sulphur content: 1 — annealed, 2 — exposed layers [23].
b — Dependence of the optical dielectric constant of AsjgySx lay-
ers on the sulphur content: 1 — annealed, 2 — exposed layers [23].

113



A.V. Stronski: Some peculiarities of the mechanism of irreversible photostructural ...

the slight deviation (small increase due to the presence of
chain structure) from the linear one of the mole volume
composition dependence. Deviation of mole volume com-
position dependence for AsyoSeo.xSex glasses correlates
with the little features on the composition dependencies
of dispersion energy and optical dielectric constant for
exposed or annealed films As4(S¢o.xSey (see Fig. 3) [24].

In some works [25-26] it was supposed that besides
bond switching, the presence of the free volume is also
influencing the magnitude of the photostructural changes.
The compactness J, which is supposed to be more sensi-
tive to the structure of the glass network, is calculated
according to the formula

KA XA

5= pi - P ©

where X is an atomic fraction, A —atomic weight, p;—
density of the glass i component, p —measured glass den-

sity.
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Fig. 3. a — Dependence of the dispersion energy E; of AsgSgo-xSex
layers on the selenium content: 1 — annealed, 2 — exposed layers [24].
b — dependence of the optical dielectric constant of AssSeo.xSex
layers on the selenium content: 1 — annealed, 2 — exposed layers [24].
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Indeed, calculated compactness (using the data from
Fig. 1, see insert in Fig.1a) for the glasses of AsjpgxSx
compositions gives clear feature (maximum) in the re-
gion 60-62 at1.% of sulfur content (that is in the region of
the stoichiometric composition As4,S¢), which correlates
with the maximum of photostructural changes (see Fig. 2).
But here it is necessary to note that the compactness, by
its definition, mainly reflects the structural peculiarities
of the final stage of photoinduced transformations.

The magnitude of the photostructural changes in
As-S-Se films depends on several factors, and among them,
let us note the degree of their disorder (which can be var-
ied by means of changing preparation conditions), the
degree of their structure deviation from the structure of
the glass structure network (structure of annealed or ex-
posed film). It is noteworthy that for As;pyxSx composi-
tions at the same x values, when this peculiarities are ob-
served (x ~ 0.286 and x ~ 0.4), the presence of the com-
pounds which exist in crystalline form is characteristic:
As»S3 and As,Ss [13-14, 27]. For more accurate corre-
spondence of the experimental data and predicted by the
topological theories composition behavior, it is necessary
to carry out the investigations along the given compo-
sitional cross-sections with sufficiently less step for x.
Here it is necessary to emphasize that the peculiarities of
the composition dependencies (observed near x ~ 0.286
and x ~ 0.4) of the dispersion energy, optical dielectric
constant, and also their changes that characterize the
magnitude of the photostructural transformations in the
films of As,S;.x composition, and such structurally-de-
pendent parameters as glass forming temperature 7, re-
laxation enthalpy AH, heat capacity C, for the glasses
from AsyS;x line [18-19] correlate with the positions pre-
dicted by the theory for the two rigidity thresholds (Fig. 4).
For glasses from As,Se;., compositional cross-section
[16], also characteristic is the correlation of the peculiari-
ties of 7, AH, C,, AC, compositional dependencies with
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Fig. 4. Dependence of the glass-forming temperature 7, (1) and
relaxation enthalpy AH (2) of Asjgo.xSx glasses on the sulfur con-
tent [18-19].
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the position of the predicted by the topological theory two
rigidity thresholds. Peculiarity of the composition de-
pendence of mole volume for the AsgSgp.xSex glasses
(Fig. 1b) for the intermediate compositions corresponds
to the weak peculiarity for the composition dependencies
of dispersion energy and optical dielectric constant for
As40S60-xSex layers and peculiarities for compositional
dependencies of Ty, AH, C, for AsSeoxSex glasses [24]
(see Fig. 5). Such correlation of peculiarities should be
expected, because the change of the structure with the
composition for glasses must be reflected in compositional
dependencies of the such structurally dependent param-
etersas T,, AH, C,,. In their turn, the composition depend-
encies of dispersion energy and optical dielectric constant
for As-S-Se layers (annealed or exposed, which is the simi-
lar same to the structure of the glasses) are influenced by
the structural changes with the composition.

Thus, the conclusion can be made, that the peculiari-
ties of the composition dependencies of the photostructu-
ral transformations in As-S-Se are determined by the struc-
tural properties of the glasses and films as well as ener-
getic preference of the structural relaxation of the initial
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Fig. 5. a — Dependence of the glass-forming temperature 7, (1)
and relaxation enthalpy AH (2) of As40Sg0.xSex glasses on the
selenium content [24]; m, A refer to heating and cooling scans.
b — Dependence of the heat capacity C, of of As4Seo.Sex glasses
on the selenium content [24] m, A refer to heating and cooling
scans.
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fresh-evaporated films towards that characteristic for the
annealed films (massive glasses).

As was said above the photostructural changes dur-
ing irreversible photopolymerization processes involve
density of atomic sites on the level from several atomic
percents up to thirty percents [28—30]. The presence of
molecular fragments containing homopolar As-As and
S(Se)-S(Se) bonds on the level 10-35 at.% in as-evapo-
rated As—S(Se) films [28-30] means that the pairs of such
molecular fragments with As-As and S(Se)-S(Se) bonds
due to their statistical distribution in the film are in close
proximity to each other. The presence of such molecular
fragments in the films is connected with the molecular
composition of the vapor which is partially frozen during
condensation on the substrate. Under the influence of ex-
ternal factors (exposure by light or thermal annealing)
interaction takes place between As—As and S(Se)-S(Se)
containing homopolar fragments which leads to the swit-
ching of the bonds, with the increase of the AsS(Se)s, stoi-
chiometric structural units quantity.

The magnitude of such structural changes depends on
the difference of the micro-heterogenic structure for the
initial state of as-evaporated films from the structure char-
acteristic to the films after the exposure or annealing.
This difference (in the structure, content of the non-stoi-
chiometric molecular fragments, deficit of density in com-
parison to those of massive glasses and annealed films)
depends on the peculiarities of the film deposition proc-
ess. Changes in values of single-oscillator model param-
eters (dispersion energy and optical dielectric constant)
indicate the change of the short-range order, which is
also supported by evolution of the Raman spectra of the
films under the exposure or annealing [21, 24, 31-34]
(Fig. 6 [33]). The change of the X-rays diffraction pat-
tern for the films in the region of the first maximum after
exposure or annealing also indicates the change of the
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Fig. 6. Raman spectra of Asy(S49Seso [33]: 1 — as-evaporated
layer, 2,3,4 — exposed (halogen lamp, I = 20 mW/cm?, IR cutoff
filter) 20,40,80 min of exposure respectively; 5 — bulk glass.
Band areas have been reduced by the Shuker-Gammon method,
normalized by an area and shifted.
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coordination of the nearest neighborhood. The disappear-
ance of the first sharp diffraction peak after exposure or
annealing [3] which is connected with the presence of the
intermediate volume (voids) between main pyramidal
structural units, is explained by the decrease of the vol-
ume of such voids, increase of the film density after expo-
sure or annealing. The change of the short-range order
in As,S3 and As3Ses films as a result of the exposure or
annealing is supported by the results of the EXAFS in-
vestigations [34]. First coordination sphere according to
[34] in the as-evaporated As,S; film contain 2.4 S atoms
at 2.26 A distance and 0.6 As atoms at 2.54 A distance.
After annealing the first coordination sphere is changed
up to 2.8 S atoms at 2.27 A distance and 0.2 As atoms at
2.56 A distance. Similar changes are observed also for
As,Se; films. It means that the substantial part of the
«wrong» homopolar bonds is eliminated under anneal-
ing. The annealed or exposed films and massive glasses
are very similar in the short-range order structure. This is
supported by the consideration of the Raman spectra evo-
lution of the As-S-Se films under exposure or annealing
[21, 24, 31-33]. The possible variants of the bond con-
figurations and their switching under external influences
are considered in detail elsewhere [1, 3-4, 7, 35-36].

As we already noted, the irreversible structural chan-
ges (photopolymerization) start from the initial states
which are determined by the films preparation conditions
and are different from the glass structure or from the struc-
ture of the annealed film. In the considered case there is
no significant influence of the diffusion processes, be-
cause due to the high concentration (as was said above
up to 30 at.%) the pairs (enriched by As and S(Se)) of
homopolar fragments are in the nearest proximity to each
other (within the limits of the short-range order). Also it
was noted the specific feature of the amorphous chal-
cogenides is the rapid localization of the photoexcited
carriers within the region of the order of several angst-
roems [1, 4]. Bonds switching with the decrease of the
homopolar bonds number are favorable thermodynami-
cally. Thus, the change of the number Ny of placed in
nearest proximity each other As-As and S(Se)-S(Se)
homopolar fragments in the initial as-evaporated film
and, respectively, the number of the homopolar bonds
under exposure can be written as [23, 33]:

dNH/dl:*CUINH (7)

where o is an absorption coefficient, 7 — light intensity,
C —constant.
The solution of the equation (7) is written in the form

Ny =Ny, exp(-CaH) @®)

where Ny is the initial number of the molecular frag-
ments which contain homopolar As-As and S(Se)-S(Se)
bonds (that is the number of the respective homopolar
bonds) which are in the nearest proximity to each other
in the initial as-evaporated film, H = I[A- exposure value.
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Such consideration is supported by the exponential
decay behavior for the intensity dependencies on expo-
sure of the Raman bands which correspond to the pre-
sence of the molecular fragments containing homopo-
lar bonds in the Raman spectra of the Asjg.xSx and
As40Se0-xS¢y films [23, 33]. Besides, the experimentally
observed exponential decay behavior for the etch rate 7,
dependencies on exposure for the As-S-Se layers [23-24,
33] also can be considered as the support of the pre-
sented above consideration, if the mechanism of selective
etching is connected with the attack on the homopolar
fragments. Here it is necessary to note that etching can
proceed in several stages [37], different mechanisms are
possible, and thus the interconnection of the V,and Ny 0
can be expressed in essentially more complex way.

Conclusions

Thus, the conclusion can be made, that the peculiarities
of the composition dependencies of the photostructural
transformations in As-S-Se are determined by the struc-
tural properties of the glasses and films (t/e final state to
which the structure of layers tends under the influence of
the external factors) and energetic preference of the struc-
tural relaxation of the thermodynamically unstable ini-
tial as-evaporated films towards the structures charac-
teristic for the annealed films (massive glasses).
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