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The effect of thermal annealing and argon laser irradiation on structure and volume for thin amorphous
As2T,Se67Ge i0 films deposited by thermal evaporation has been investigated. The short-range structure for the annealed
films has been found to be more ordered as compared to (he irradiated films. The decrease in film volume under
thermal annealing and its increase under laser irradiation have been shown. The changes in film volume have been
discussed in the context of non-ergodic model for the amorphous state equilibrium taking into account forces acting
from the substrate.

volume and average density have been observed
In Se (Z=2) [9], As2SfSe)3 (Z = 2.4) [10J and
Ge33Asi2Se55 (Z = 2.78) [11] films.

To explain the reversible photoinduced
changes in chalcogenide materials the models
assuming the intermolecular and intramolecular
bonds discontinuity (see, e. g. [12]) have been
invoked. The experimental data on the
photoinduced changes in structure, optical and
mechanical properties have been taken into
account in the consideration. Film volume as
well as the bulk material volume are the
mechanical parameters taken into consideration

• in the discussion of photoinduced changes [13].
In terms of intermolecular model the

reversible increase in the volume under
illumination of chalcogenide material is
attributed to the reduction of the intermolecular
bonds, the light action being thought of as a
negative pressure. In [12] the models
accounting for the intermolecular bond
discontinuity under illumination have been
examined. Thus, in the model of homopolar
bond discontinuity the change in the interatomic
As-As homopolar bond distance is possible as
the total volume increases. In trapping exciton
model the changes in volume under illumination
are related to the changes in the bond length
resulting from the variation in the bond type.
The changes in volume in disordered covalent
network model are ascribed to the
transformation of the chemically ..ordered
network to the disordered covalent network,
resulting in the homopolar bond changes?:

The studies of the short-range ordering in
(Gei-xAsx)Se2 glasses have, exhibited that the
pyramidal structural .units AsSe3/2 . were

In examination of structural studies results
the difference in network dimensionality (D)
has been argued for different types of
materials. For example, D = 1, 2, and 3,
respectively, for Se, As2S(Se)3 and Si(Ge) |"?].
The possibility of the transition from two-
dimensional to three-dimentional structure in
chalcogenide glasses at average coordination
number Z = 2.67 is discussed in [2].

Structural investigations of bulk As2Se3 [3]
and GeSe2 [4] glasses have exhibited the first
sharp diffraction peak (FSDP) on the electron
diffraction patterns. Its origin has been dealt
with for a long time [5, 6] and inspected for
random' packing of structural units. In terms of
this model the distance between the centres of
structural units has the exact average value
fixed with respect to the correlation reference
length responsible for the FSDP width.
Therefore all the systems exhibiting FSDP have
disordered structure and density deficiency
(~10%) with reference to the crystalline phase.

Previously it was pointed out that in as-
deposited films the dynamic effect related to
thermally-induced structural relaxation took
place [7, 8]. Under annealing the amplitude of
the FSDP for as-deposited AS2S3 films has
been found to go down to the bulk glass value
and then to grow up [7]. The dynamic studies of
the microhardness for AS2S3 films have
revealed the photoplastic effect occurence under
their illumination by argon-ion laser [8].
Besides, the reversible photomduced changes in
mechanical stress reflecting the changes in film
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incorporated into tetrahedral GeSe4/2 network
matrix [14]. The investigations of the
photoinduced changes in chalcogenides of
germanium have shown that in result of
irradiation the coordination number for
germanium and chalcogen atoms undergo
changes[12].

The purpose of the present work was to
study the changes in microstrucrure and
volume of As23Se67Geio films (Z = 2.43) under
thermal annealing and argon laser irradiation.

2. EXPERIMENTAL DETAILS

Thin films of 1.0 um thickness were
deposited from As23Se67Geio glass by thermal
evaporation in vacuum of 1O'J Pa. The bulk
samples were prepared by the melting of the
mixture of high-purity components As, Se and
Ge (99.999 %) in evacuated ampoules with the
subsequent quenching of the melt. The tailor-
made effusion cells were used as the sources in
the deposition process. Film deposition rate was
about 10.0+0.1 nm/s. Films were deposited onto
the 20.0 x 3.0 x 0.2 mm substrates made from
optical glass and onto cleaved NaCi surfaces for
structural studies. Dilatometric temperature
sensor with geometric and thermal parameters
close to substrate parameters were used for
monitoring of substrate temperature increase in
deposition process. Film annealing was
performed at the heating rate of 1 K/min.
Irradiation of the total film surface was carried
out by the broadened argon laser beam (A,=480-
520 run) with power density 0.2 W/cm2. Thin
film optical thickness monitoring in the
deposition process has been conducted by the
interference technique.

Since film volume changes are followed by
the changes in mechanical stress, the plate
deflection method used for the mechanical
stress determination in thin films [15] has been
applied for the registration of the relative
deformation. Considering the interrelationship
of film relative deformation (Al/1), temperature
and mechanical stress in a first approximation
the relative change in film volume can be
expressed from the deflection (d) of the
substrate supported as a cantilever by the

following equation:

vj-v
(1)

where a s - substrate linear thermal expansion
coefficient; AT - difference in substrate
temperature in deposition and measurement; Es

and Ef - substrate and film Young's moduli; vs

and Vf - substrate and film Poisson's ratios; ds -
substrate thickness; ls - the length of the
deformed portion of the substrate (the gauge
length); df - film thickness.

Substrate deflection measurement has been
carried out by laser dilatometer within an
accuracy better than ± 0.01 um [16]. The
electron microscopic studies have been
performed by means of transmission electron
microscope EMV-100 and electron diffracto-
meterEMR-100.

3. RESULTS

The rise by 30 K in substrate temperature
during As23Se6?Geio film deposition process (t
= 100 s) onto unheated substrate has been
found. The mechanical stress originating in thin
films after the establishment of thermal
equilibrium with the ambient medium has been
found to be tensile and near ixlO7 Pa.

Fig. 1 shows the electron micrographs and
electron diffraction patterns for thermally
annealed (a) and argon laser irradiated (b)
As23Se6?Geio films.

It is seen that structural irregularities of the
atomic density are more pronounced in the
annealed films. The average size of the
structural objects is near 10-20 nm. The electron
diffraction patterns for the irradiated films show
the first sharp diffraction peak. The FSDP
intensity for the annealed films has been found
to be lower. In Fig. 2 temperature
dependences of the relative changes in film
volume with respect to the as-deposited film
volume (AV/V) derived following Eq. (1) for
As23Se67Ge10 films are given. In AV/V
calculations it was assumed that ls = 20 mm,
ds = 0.2 mm, df - 1 mm, a s = V.exlO^K"1, Es =
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8.0xl010 Pa, vs= 0.21, and the values
corresponding to the starting bulk material were
taken for Ef = 2.1xl010 Pa and vf = 0.29. For as-
deposited (curve 1) and irradiated (curves 2, 3)
films AV/V temperature dependences become
sublinear for the temperatures higher than T* =
325 K. With increase in temperature these
dependences approach to the linear dependence

(curve 4). The AV/V values for the films under
investigation with temperature decrease to the
room one and with the subsequent increase up
to 450 K drop close to the line 4.

The dependences of the relative changes in
volume versus argon laser exposure time for
as-deposited (curve 1) and annealed (curve 2)
As23Se67Ge10 films are presented in Fig. 3. Here
the time dependence for the AV/V value after
exposition is given (cuirve 3) for as-deposited
and annealed films. It has been found that under
the re-exposition of the films AVfV values alter
to the AV/V values for the irradiated films (not
shown in the figure). As it is seen, AV/V time
changes behaviour is different for as-deposited
and annealed films. It is seen as well, that their
volume goes to the same value in result of the
irradiation. Mechanical stress in the films tends
to decrease to 0.5x107 Pa under irradiation.

Fig. 1. Electron micrographs and electron
diffraction patterns for AsvSe67Gew films after
annealing (a) and argon laser irradiation (b)

-0.3

T

Fig. 2. Temperature dependences of the
relative changes in volume, AV/V, for As23Se67Gew

films: 1 ~ as-deposited film; 2 - as-deposited film
after argon laser irradiation; 3 - annealed film after
argon laser irradiation; 4 - annealed film

Fig. 3, Time dependences of the relative
changes in volume, AV/V, for As23Se67Gew films
under argon laser irradiation: 1 - as-deposited film;
2 - annealed film; 3 - as-deposited and annealed

films after exposition turn off

The main contribution to the mechanical
stress in As23Se67Ge10 films is attributed both to
thermal stress and to the surface tension. The
importance of the stress thermal constituent
arising in the process of film deposition onto
unheated substrates is attested by 30 K increase
in substrate temperature measured by
dilatometric sensor. The estimation of the
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surface tension contribution gives for 1 urn
thick films and the surface energy of 1 J/m2 [15]
the stress value of 2x107 Pa. The mechanism of
the mechanical stress origination in amoiphous
film deposition process is of special interest, so
we have analysed only the results of heat energy
and laser radiation effect studies.

Reffering to the electron micrographs
(Fig.l), As23Se67Ge10 films exhibit structural
irregularities typical for the polycluster
amorphous solids [17]. For example, in the
framework of conglomerate model the
amorphous solid body structure can be
conceived as a group of atomic clusters with
certain short-range ordering incorporated into
the less ordered medium. To explain some
phenomena in non-crystalline state physics the
concept of the "soft" atomic potentials was
coined [18], and, in particular, the "soft".three-
fold bonds arranged at cluster boundaries [19].

Within the limits of the last concept the
position of the FSDP at atomic scattering vector
Q = O.i nm"J is related to the three-fold bond
lengths dj = 2p/Q, that are equal to 0.494 and
0.622 rim, respectively, for As2Ses and GeSe2
[15]. The increase in FSDP intensity after argon ~
laser irradiation of thin films (Fig. 1, b) is
indicative of the increase in soft bonds
concentration as compared to their
concentration in the annealed films.

In terms of the non-ergodic hypothesis [19]
the energy exchange between the process of
covalent bond rearranging into three-fold bonds
and the process of the medium-range ordering
comes into equilibrium. In; other words, the
structure short-range disordering that is
determined by the electronic subsystem
corresponds to the structure medium-range
ordering determined by the nuclear subsystem.
Under this consideration the macroscopic
density for the annealed and irradiated
substrate-free films must be the same. Within
the microscopic level internal stress is the
lowest at the cluster boundaries and tends to
increase towards the centre of the cluster.
Accordingly, the atomic density is the highest in
the centre and is lower towards the cluster
boundaries.

It should be noted that since the electron
microscopic studies have been carried out on

thin films deposited onto NaCl substrates with
a s = 39 x 10"6 K"1, the information obtained is
only qualitative representative of the real
photoinduced structural changes.

The AV/V temperature dependences given
in Fig. 2 testify the difference in the structure of
the annealed films and, from the other hand, the
as-deposited and irradiated films. The AV/V
temperature dependences for latter exhibit the
portion at T > T*, where the film behaves as the
viscoelastic medium. To gain film macroscopic
fluidity with the change in its volume the
collective conversion of the bonds is necessary
[19].

As far as the external shear stress tending to
compress the film exerts from the substrate the
collective conversion from the three-fold bonds
to the covalent bonds takes place. Film volume
at the temperature of 450 K near to the
softening point becomes similar for all the
films, being independent on film prehistory.
The subsequent cooling of the sample results in
the decrease of film volume due to the
difference between film and substrate linear
thermal expansion coefficients. The annealed
films become elastic resulted from the medium-
range ordering and decrease in the soft bonds
concentration. At room temperature the local
tensile stress within a cluster is originated
resulting from the covalent bonds deformation
due to the tendency for film extension by the
substrate.

The observed difference in slope angles for
temperature dependences at T<T* for as-
deposited and annealed films can be associated
with the suggestion in the calculations of AV/V
value by the Eq. (1) that Young's modulus
before and after irradiation remains the same.
As follows from the experimental data (see, e.g.
[8]) the microhardness for annealed and
irradiated amorphous films is different, being
indirect evidence of the difference in their
elastic properties. However, taking into account
that the change in Es/Ef ratio is much less than
the change in d/df ratio, the obtained
temperature dependences may be thought as
reflecting the overall picture for the film volume
changes. •

The release of the local stresses under laser
irradiation for the annealed films can arise from
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the conversion of the mechanical energy to the
chemical one [19]. This fact corresponds to the
collective conversion of covalent bonds to
three-fold bonds at the cluster interfaces. As a
result, thin film becomes viscoelastic at the
macrolevel. Since the bended substrate tends to
extend the film, the film undergoes plastic
deformation resulting in the film volume
increase up to the flattening of the substrate (see
Fig. 3, curve 2).

The as-deposited films have the' absorption ,-.
edge shifted to the long-wave spectral region as
compared to the argon laser radiation, that's why
under their exposure to argon laser the light
pulse energy is totally absorbed in the film. This
results in the heating of the film and substrate
and thus at the first stage of the irradiation to
the increase in film volume (Fig. 3, curve 1).
Along with these processes the formation of
three-fold bonds at cluster boundaries take place
in the same manner as in the annealed films.
Since film becomes viscoelastic its volume
tends to decrease under the compressive force
applied to the film from the substrate, up to the
flattening of the substrate.

Because the absorption edges for as-
deposited and annealed films under laser
irradiation undergo the shift to the short-wave
spectral region, the effect of thermal constituent
responsible for the increase in film volume
tends to decrease with time.

The observed film volume decrease after the
illumination was turned off (Fig. 3, curve 3)
seemed to have thermal nature, because under
the re-exposition of the film its volume became
the same as under the first exposition.

5. CONCLUSIONS

The revealed peculiarities of thermal
annealing and laser irradiation effect on the
structure and volume of.As23Se67Geio films are
in agreement with the statistic symmetry
araising in the non-ergodic systems and offer
the new notion of the interrelation between the
microscopic electronic processes and the
macroscopic parameters of amorphous films.
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