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Abstract

Acceleration of the mass transport in amorphous chalcogenide films under band gap light illumination
is usually attributed to the decrease of the film viscosity. However, our direct measurements of the film
viscosity at various temperatures and light intensities, made by flattening of surface relief gratings, have
shown that the viscosity did not vary under illumination and the acceleration of the mass transfer was
caused by the contribution of photo-induced (PI) self-diffusion. The PI diffusion coefficient is not
related to the viscosity coefficient by the Stokes-Einstein relation and PI diffusion should be considered
as an additional mechanism of the overall mass transport. In this paper, using well-known models of
self-trapped excitons, we present the first atomic interpretation of PI diffusion coefficients, explain their
dependence on temperature and light intensity, and compare with our experimental data. For
characterization of PT acceleration of the mass transfer we introduce the term ‘diffusional viscosity’, like
itis used for description of diffusion creep in crystalline solids. We estimate the temperature dependence
of diffusional viscosity and show that it noticeably depends on the distance over which the material is
redistributed. Taking into account the diffusional viscosity allows an adequate general interpretation of
many photo-induced phenomena observed in the literature.

1. Introduction

Semiconductor amorphous chalcogenide films (ACF) are subject of substantial scientific and technological
interest caused by the possibilities to modify their optical and electric properties by light, electron or ion
irradiation (see reviews [1-5]). Some of photo-induced (PI) processes detected in ACF, such as photo-darkening
[6, 7], photo-expansion [8], PI fluidity [9—11], PI diffusion [12—14] and mass transport [15—17], are the basis for
the fabrication of integrated optical devices, waveguides, surface relief gratings (SRGs), micro-lenses and other
elements for micro-optics [18-20].

In this letter, we present the first atomic interpretation of the PI diffusion coefficients, estimate their values as
the function of the light intensity, and compare them with the values experimentally determined in our previous
studies. We suggest that PI acceleration of the mass transport is caused by the contribution of PI self-diffusion to
the total mass transfer process. Thus, the effective PI viscosity measured in the mass transfer experiments, can be
called ‘diffusional viscosity’, - the term commonly used to describe the diffusion deformation of crystalline solids.
This interpretation provides a general picture for many photoinduced phenomena observed in the literature.

2. Basic data on PI diffusion coefficients

The first quantitative measurements of PI diffusion coefficients data were obtained using a method based on the
theory of capillary flattening of solids [21], which was modified [22] by taking into account the final thickness of
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Figure 1. Temperature dependence of PI diffusion coefficients in As,oSego films measured in [23] and [24] for 1.45 W /cm? light

intensity and estimated by equation (7). Inset: Data obtained in [24] (continuous green line) presented taking into account data of [23]
(red dotted lines).

the films. The PI self-diffusion coefficients, D, were measured in As,oSeg, films at room temperature at various
light intensities. It was found that D linearly increased with the intensity, I, and the coefficient 3 = D/I'was
equal2.5 x 10~ 18 mt /J[22]. Later, the PI diffusion coefficients were quantitavely estimated by the kinetics of
growth of surface relief gratings (SRGs) at 77 and 300 K [23] for the same film composition, and recently, the PI
coefficients were measured [24] in these films in a wide temperature range (308—398 K) and light intensities
(0-2.5W/cm?). Using the method of capillary flattening of SRGs with two different grating periods, A, the
authors could separate mechanisms of viscous flow (which was detected near and above glass transition
temperature T, in the dark) and PI self-diffusion (at lower temperatures under band gap laser illumination). All
known data on PI diffusion coefficients for As,ySeg films are summarized in figure 1 for light intensities at about
1.45W/cm®. In [24], the PI diffusion coefficients were presented as non-Arrhenius dependence with the
effective diffusion activation energy changing from 0.1 to 0.7 eV as temperature increased (see continuous line in
the inset). However, the addition of our low-temperature data [23] led to the temperature dependence of D in
the form of two straight lines in the Arrhenius plot, given by equations:

D =19 x 107exp(—0.71 eV/kT) m?/s 353 < T < 398 K

D =22 x 107exp(—0.06 eV/kT) m?/s77 < T < 353K

3. Atomic interpretation of PI self-diffusion coefficients

Radiation enhanced diffusion and accompanying diffusion-controlled processes have been repeatedly discussed
in the context of neutron irradiation of metallic alloys [25]. Two main mechanisms of the diffusion
enhancement were identified. On one hand, collisions between energetic neutrons and atoms of the target lead
to aforced atomic mixing, which can be well modelled by a ballistic diffusion process. On the other hand, nuclear
collisions initiate the formation of point defects, whose supersaturation results in an acceleration of thermal
diffusion. In many situations, ballistic mixing and thermally activated diffusion compete, since they tend to drive
the microstructure in different directions: ballistic mixing randomizes atomic configurations, e.g., promotes the
disordering of chemically ordered phases or dissolution of parcipitates, while thermally activated diffusion is
driven by chemical potential gradient and often results in the formation of ordered phases or precipitates.

Similar processes can occur in ACFs under illumination by the band gap light. Structure of ACFs, such as
As,Ses or As,Ss, represents chains, consisting mainly of P-Cbonds (P and C denote pnictide and chalcogen
atoms, respectively). With the increase of chalcogene concentration, also C—-Cbonds appear. Excitation of ACFs
by light with appropriate photon energy leads to breakage of P-C and C—Cbonds and formation of electron-hole
pairs, suchas P, —C, and C,;"—C,, where subscript shows the number of bonds and superscript notes the sign
of the charge [26]. These configurations are unstable and transform into more stable valence alternation pairs
(VAP), called also as self-trapped excitons (STE), which can be considered as radiation-induced point defects.
Formation of these defects can accelerate atomic jumps and thus result in increase of the diffusion coefficients of
both chalcogens and pnictides compared to their thermal diffusion without irradiation.

Two ways of such acceleration are possible.
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(i) According to Fritzsche [27], the recombination of electron-hole pairs caused by photo-excitation, is mainly
nonradiative and is accompanied by dissipation of rather large recombination energy [28]. After
recombination, bonding configuration can be changed, so that some atoms can move over atomic distances
in the local volume where the recombination energy was released. Thus, in this case, the elementary
diffusion jump can be associated with the recombination event, and both pnictide (P) and chalcogene (C)
atoms may jump, depending on the local configuration. These random jumps are similar to the ballistic
diffusion in metals under neutron irradiation.

(ii) Another mechanism of light induced acceleration of atomic jumps is caused by the deformation of bonds
and appearance of free volumes due to formation of valence alternative pairs. This can enhance thermal
jumps of both chalcogens and pnictides, whose number per unit volume correlates with the defect
concentration, n. Since the frequency of jumps and thus the diffusion coefficient are proportional to n, the
thermal diffusion coefficient increases.

For quantitative estimates, we present the PI diffusion coefficients for pnictide atoms and chalcogens as

D, = %Eaz; i=DPC (D

Here, a is the average length of elementary jump, I'pand I' c are the jump frequencies of the pnictides and
chalcogens, respectively, which are determinded either by the probability of recombination near a given atom,
', or by the thermal activation near the existing defect, ', We assume for simplicity that under illumination
by alinearly polarized light, the diffusion jumps occur preferably along the polarization vector, as it was shown
in experiments [9, 15, 16]. This justifies the factor 1/2 in equation (1); in a three-dimensional random walk this
factor is 1/6 for isotropic medium.

The ballistic frequencies T'? can be estimated as

nowc;
Flhl/ ~ i :

@)
-
Here, the product nac; gives a probability to meet an i-atom (P or C) near the defect (0 = N ' is the average
atomic volume; N is the total number of atoms per unit volume, n@ is the dimensionless defect concentration, ¢;
is the atomic fraction of i-atoms, and 7 is the defect lifetime; 7 ' is the recombination frequency). Similarly to
the jump frequency in crystalline solids, which is defined by a product of the vacancy concentration and the
vacancy jump frequency, the jump frequencies I'?" are given by the product of the instantaneous defect
concentration 7 and the frequency of the exciton decay 7 .

The thermally induced frequencies I'¥" can be written in the usual (Arrhenius-type) form

I'" & nwejvy exp(—Q},/kT) 3)

where 1, denotes the oscillation frequency of atoms, Q/, is the migration energy of the i- atom. The thermal
induced jumps are possible only due to the existence of free volumes induced by the light. For the determination
of n, presented in equations (2) and (3), we note that both jump probabilities are proportional to the defect
concentration nw, and n can be estimated from the following equation

dn a-I n

— = — —=0. 4

dt X hv T @
Here, o is the absorption coefficient of the ACF, I is the light intensity, hv is the photon energy, and y is the
efficiency of electron-hole generation. The term « - I /hv gives anumber of photons absorbed in unit volume

per unit time. After some short time, ¢ < 7, n is determined by its steady state value

n=x a-I 7/hv, (5

and taking into account equations (2) and (3) for the PI diffusion coefficients, we obtain:

s a2y,
Dihtf ~ ﬁfwl ﬁ?’/ ~ Xw i=P, C (6)
2 hv
D"~ BT B ~ B 71 exp(—QI/KT). @)

Equation (6) gives the ‘ballistic’ PI diffusion coefficient, which can be responsible for diffusion mixing under
irradiation, whereas equation (7) gives an estimate for ‘thermal’ PI coefficients.

As it follows from equations (6) and (7), both types of PI diffusion coefficients linearly depend on the light
intensity I, as well as on the absorption coefficient cv. The ‘ballistic’ coefficients do not depend on the lifetime 7,
because the appropriate jump frequencies are determined by the ratio n/7 [see equation (2)].
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4. Comparison with the experiments

The effective PI diffusion coefficients determined from the kinetics of mass transfer experiments can be written
as[22]

D =~ Dpc 4+ D¢c(1 — ¢) (8)

where cis the concentration of P-atoms, Dp and D¢ are the diffusion coefficients of the pnictide and chalcogene
atoms.

Substituting typical valuesa ~ 3 X 10" m, o ~5x%x 10 Pm’ hv~2eV,a ~3 ,urnfl, x = 0.1,
¢ ~ 0.5 into equation (6), we obtain 5/ = 1.2 x 10~ **m*/J, which is about 6 orders of magnitude smaller
compared to the value (2.5 x 10~ '®* m*/J) found in the experiment [22]. For typical intensities used in
experiments (I ~ 1 W/ cm?) the ballistic’ coefficient is Dih” ~ 1.2 x 10 % m?/s., i.e.itis also much smaller
than D obtained in the experiments (~10~ > m?/s), even at 77 K (~10~ > m?/s). Thus, the ballistic diffusion
coefficients cannot explain the PI acceleration of the mass transfer obtained in the experiments.

In contrast, thermally activated diffusion coefficients, D/, can be much larger than D/, Substituting
vo ~ 3 x 10"s !, the exciton lifetime 7 ~ 2 x 10 s, light intensity I = 1.45 W/cm? and Q,, ~ 0.06 eV (for
low-temperature branch of D), we obtain a good agreement with the above mentioned experimental values (see
dotted line in figure 1). It should be noted that the average exciton lifetime 7 &~ 2 x 10~ s, taken for these
estimates is an order of magnitude longer than it was assumed in [23]. Taking into account larger values of 7,
practically did not change the experimentally obtained D values shown in the figure 1. The preexponential
factor, Dy, for low-temperature branch in figure 1 is also in agreement with the values measured in the
experiments.

At higher temperatures, near and above T, (T, ~ 370 K for As,(Seg), coupling of Pand C-atoms with
electrons and holes, as well as the Coulumb interaction of the diffusing atoms with the charged radiation defects
become less probable. On the other side, the atoms located near the radiation defects can overcome regular
potential barriers. Thus, the high-temperature branch in the Arrhenius plot can be caused by regular diffusion,
which is accelerated (compared to that in the dark) due to high enough concentration of radiation defects. This
interpretation can be confirmed by the value of the pre-exponential factor (Dy = 1.9 x 107 m?/s)in the high-
temperature branch of the Arrhenius plot. Usually, the pre-exponential factor is expressed as Dy ~ a*vyni, and
witha® = 107 m?, vy~ 3 X 102571, and n& ~ 0.1, we obtain Dy, =03 x 107" m?s % The disagreement
with the experiment is due to the fact that the temperature range of the PI diffusion measurements was too
narrow.

Itis worth to compare our results, shown in figure 1 with those obtained in a very recent paper by Lee and
Vlassak [29], in which the authors have found that in metallic CuZr and NiZr amorphous alloys the diffusion
below the glass transition temperature followed an Arrhenius type temperature dependence, while the kink on
this dependence above T, illustrated the breakdown of the Stokes-Einstein relation between the viscosity and
diffusion. Figure 2 shows the log D versus T,/ T plots for CuZr and NiZr metallic systems, and our data obtained
in As,pSego. It is seen that the curves have similar features in the sense that they have a break at the temperature
T ~ Tgyand have an Arhhenious type temperature dependence below Tg. Discussing the results shown in
figure 1, we suggested an Arrhenous-type temperature dependence at the high temperatures as well. However,
since we have only three points above Ty, it is still unclear whether indeed there is an Arrhenius-type temperature
dependence, or the curve for As,ySego has a similar curvature like for metallic systems. This certainly calls for
further experiments in this temperature region.

5. PI viscosity

According to our direct measurements of the viscosity coefficients in the dark and under illumination by a band
gap light [24], the ‘pure’ viscosity coefficients practically do not depend on the illumination. Acceleration of the
mass transfer under band gap illumination is caused only by the contribution of PI diffusion in the mass transfer
process. This contribution leads to a decrease of the effective ‘diffusional viscosity’, which can be defined as a
ratio o /& where ¢ is a deformation rate, caused by stress o [30, 31]. Similarly to other amorphous solids [32, 33],
the relation between viscosity and diffusion in solid amorphous chalcogenides noticeably deviates from the
Stokes-Einstein equation, due to the difference in molecular mechanisms of viscous flow and diffusion. Itis
guessed that the dynamics of the viscous flow is heterogeneous coherent motions of chains and rings [32], i.e. it is
sliding of structural elements relatively to one another. The sliding is facilitated by the presence of free volumes
[34] associated with defects in intermolecular bonds, such as, for example, dangling bonds. The diffusion of the
atoms, of which the material consists, is caused mainly by intramolecular reconstruction (individual atomic
hopping events) and thus not immediately related to the viscous flow. The intramolecular reconstruction
(atomic diffusion) can also contribute to the shape variation under applied stresses, like it happens in crystalline
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Figure 2. Comparison of our results on PI diffusion coefficients in As,oSego with recent results of Lee and Vlasak [29] on diffusion in
solid and overcooled liquid alloys Cu-Zr and Ni-Zr.

solids, in which ‘pure’ viscosity is negligible. Similarly to crystalline solids, the PI mass transfer in amorphous
solid materials can be considered as a diffusional-viscous flow. The increase of the effective PI fluidity during
low-temperature mass transfer (so called ‘photo-melting’ [35]) can also be easily explained in terms of PI
diffusion. The same applies to the Pl increase of fluidity in nano-indentation experiments [9, 36].

As it was mentioned above, our results on PI diffusion were obtained by measurements of the erasing
kinetics for gratings previously recorded on the film surface. According to the theoretical analysis [22], which
accounted for both the viscous flow and the bulk diffusion mechanisms, the effective smoothing constant can be
expressed as [24]

3 -
/s:Cﬂ—i—BSWD%U —C Ty .
An NkT Ay

©

Here, D is the effective diffusion coefficient, which determines the kinetics of the mass transfer, yis the surface

tension, A is the grating period, H is the film thickness, 7 is the dynamic viscosity, @ is the average atomic
arH/A | 1+47H /A — et H/A
€ ' 1+ eS7H/A
coefficients, which depend on the ratio H/A, T'is the absolute temperature. Equation (9) can be considered as
the definition of an ‘effective fluidity’ proportional to the reciprocal values of the ‘effective viscosity’, 1o
If the acceleration of mass transfer is attributed to an increase of PI fluidity, the effective viscosity coefficient

of the ACFs can be expressed by the formula

volume, k is the Boltzmann constant, B = 1 — ¢ 2™/A gnd C = — are numerical

2-
L:l_’_Sﬂ'wBD. (10)
N N CNkT

Thus, the PI diffusion contribution to the total mass transfer process lowers the effective viscosity of the films.
As itis seen from equation (10), the effective ‘diffusional’ viscosity is strongly dependent on the distance (A) over
which the material is redistributed.

In figure 3(a), we present the dependence of 7j.0n A calculated for different temperatures for the film
thickness H = 2 pm, with ‘pure’ viscosity taken from [37] and diffusion coefficients taken from figure 1. The
lower the temperature the larger is the increase of 77.4with A, because diffusion contribution in the mass
transport at lower temperatures exceeds for several orders of magnitude the contribution of the viscous flow. In
figure 3(b) we show temperature dependence of nyfor A = 3 pmand A = 15 ym. Sharp decrease of ,near
380 K is caused by sharp increase of PI diffusion coefficient and by a decrease of ‘pure’ viscosity, 7, which at these
temperatures becomes comparable with 7).

6. Conclusion

We propose an atomic interpretation of PI diffusion coefficients in ACFs considering radiation defects as free
volumes necessary for diffusion event. We show that the ‘ballistic’ diffusion coefficients caused by variation in
bonding configurations during electron-hole recombination are several orders of magnitude smaller than the
‘thermal’ PI coefficients of chalcogene and pnictide atoms coupled with electrons and holes. These latter
coefficients are in a good agreement with the values obtained in experiments. We explain the effect of the PI
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Figure 3. Dependence of the effective viscosity (in Pa x s)on A (a) and on the temperature (b) calculated using equation (10).

fluidity considering the contribution of PI self-diffusion to the mass transfer. Our approach, emphasizing the
determining role of the diffusion jumps, provides an adequate interpretation of the photo melting. We show that
the effective ‘diffusional’ viscosity is strongly dependent on the distance (A), over which the material is
redistributed.
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