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RSurface relief gratings produced on a surface of amorphous chalcogenide films As20Se80 are flatten at room
temperature under illumination by a near-bandgap polarized light (λ=650 nm). The rates of the profiles
flattening are dependent on the light intensity, polarization direction, and grating period. Two possible flat-
tening mechanisms are selected: viscous flow and volume diffusion, and the flattening rates are calculated for
both of them. From the comparison of the theory with the experiments, it is concluded that the process
is controlled by anisotropic volume diffusion. The effective photo-induced diffusion coefficients, Dxx, along
E-vector of the light polarization, obtained from the flattening kinetics are proportional to the light intensity
(Dxx=βxI) with βx=2.5×10−18 m4/J. The diffusion coefficients Dyy along perpendicular direction are four
times smaller, independently of the light intensity.
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C1. Introduction

Over past several decades, chalcogenide glasses (ChG) have
attracted great attention due to their diverse range of optical and
electrical properties, large capacity for doping, tailorable photosensi-
tivity, as well as due to a number of interesting phenomena, induced
in ChG by light having photon energy comparable to the bandgap.
Some of photo-induced (PI) phenomena in ChG, such as photodar-
kening, PI expansion, PI fluidity and plasticity, PI chemical diffusion
and dissolution were widely studied [1–5]. The investigations were
mainly stimulated by new possibilities for the development of
micro-electronic, micro-optical, and planar integrated nonlinear opti-
cal devices [6,7].

One of fundamental physical phenomena used for fabrication of
various micro-optical elements on a surface of ChG films, such as sur-
face relief gratings (SRG), linear waveguides, dips and microlenses, is
photo-induced mass transport, which consists in lateral redistribu-
tion of material under illumination by near-bandgap light. The driv-
ing forces of the mass transfer during surface patterning are defined
by inhomogeneous distribution of chemical potentials of the film con-
stituents caused by inhomogeneous distribution of the light intensity
[8]. The kinetics of the mass transfer is very sensitive to the light po-
larization and intensity [9–12].

In spite of qualitative observations of PI mass transport, its mech-
anism remains unclear. Is it caused by enhanced PI fluidity or by PI
self-diffusion? To answer this question we studied kinetics of PI flat-
tening of SRG under illumination by homogeneous light intensity. In
these experiments driving forces are defined by Laplace pressure
caused by surface curvature, whereas the kinetics is accelerated by
light. By analyzing possible mechanisms of PI flattening we conclude
that the main mechanism of the PI mass transport is volume self-
diffusion. From experimental data on the kinetics of PI flattening
under various light intensities and polarizations, we calculate effec-
tive PI diffusion coefficients in As20Se80 films and present quantitative
results on their anisotropy.
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2. Experimental

The experiments were performed on 2 μm thick As20Se80 films de-
posited on glass substrates by thermal evaporation. As20Se80 was se-
lected as one of the most efficient materials for relief recording
among the large number of Se- and S-based glasses [13]. SRGs with
various periods from 1.5 to 7.5 μm were recorded using a 20 mW lin-
early polarized solid state laser operating at a wavelength of 650 nm,
which is comparable with the band-gap energy, and special bi-prisms
for two-beam illumination, which creates periodic intensity distribu-
tion. The experimental setup for holographic SRG fabrication was
similar to that described in Refs. [12,14].

After fabrication, when the SRG amplitude h reached about
150 nm, the gratings were illuminated by a homogeneous light of
the same laser with the polarization vector directed parallel or nor-
mal to the grating vector. The laser beam was deviated from the nor-
mal by 2° in the plane parallel to the grating vector. Thus, two
sfer in amorphous chalcogenide films, Mater Lett
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Fig. 2. Typical dependence of the flattening rates on the light polarization (a) and SRG
period (b). (a) — Λ=1.5 μm, I=1.03 W/cm2, 1 — p-polarization, 2 — s-polarization.
(b) — 1–1.5 μm, 2–3.6 μm, 3–7.5 μm. Ι=0.35 W/cm2, p-polarization.
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polarization directions correspond to p- and s-polarizations, respec-
tively. The light intensities varied from 0.03 to 2.5 W/cm2.

In order to clear up the role of surface diffusion in the flattening ki-
netics, the gratings were also illuminated by polarized violet light
(λ=406 nm) with the intensity about 2 W/cm2. Absorption coeffi-
cient, α, for this wavelength in our film is [15] about 105 cm−1 and
thus this light does not penetrate into the bulk of the film, exciting
electron–hole pairs only in the subsurface layer of about 100 nm
thick. It could accelerate surface diffusion, however could not en-
hance volume diffusion, like it occurred under illumination by red
light.

Data on the profile flattening were obtained by in situ measure-
ments of diffraction efficiency, ξ, which is proportional to h2 for
h≪λ. The diffraction efficiency was measured using a violet laser
beam (THOR Labs, λ=406 nm, P=1mW) and was taken proportion-
al to the intensity of the first diffraction peak in reflection mode. As
the light detector, we used an Ocean Optics waveguide spectrometer
connected to a PC.

3. Results

In Fig. 1 we show results on the flattening kinetics under homo-
geneous illumination by red light of various intensities. The light
polarization in this experiment was parallel to the grating vector
(p-polarization). Linear dependence on the lnξ— t plots means
that the grating amplitude, h(t), exponentially decreases with the
exposure time, i.e. [h(t)∝exp(−κt)]. The flattening coefficient,
κ=Δ ln h/Δt=Δ ln ξ/2Δt, linearly increased with the intensity.

In Fig. 2a we compare the flattening kinetics under illumination by
the same light intensity (~1 W/cm2) with p and s polarizations. Under
illumination by p-polarized light, the SRG flattens much faster as
compared to s-polarization. The κp/κs ratio is found to be 4±1, inde-
pendently of the grating period and light intensity. On the other hand,
the flattening coefficients depend considerably on Λ: the smaller Λ
the greater is κ (Fig. 2b).

Under illumination by violet light, we did not observe any changes
in the profile amplitude, independent of the light polarization and
intensity.

4. Discussion

Mullins [16] calculated the kinetics of capillary flattening of sinu-
soidal profile on a solid surface for different mechanisms of the mass
transfer (such as surface diffusion, volume diffusion, evaporation–
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Fig. 1. Kinetics of flattening of sinusoidal profiles (period Λ=3.6 μm) under homoge-
neous illumination at various intensities of light polarized parallel with the grating vec-
tor (p-polarization): 1–2.5 W/cm2; 2–2.2; 3–2.1; 4–1.6; 5–1.0; 6–0.7; 7–0.3; 8–
0.035 W/cm2.
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Ocondensation, viscous flow). According to his theory, the amplitude

of SRG should exponentially decrease with time, and the flattening
constant, κ, depends on themass transfer mechanism and appropriate
diffusion coefficients. As seen from Fig. 1, ln ξ indeed linearly de-
creaseswith exposure time t, in agreementwith the theory of capillary
flattening.

In the following we neglect surface diffusion and evaporation–
condensation: we did not observe any flattening under illumination
by violet light, which could accelerate fast surface diffusion only.
Evaporation never was observed under illumination of GhG films
with intensities used in our experiments and thus we analyze two
possible mechanisms: viscous flow and volume diffusion. We had to
modify Mullins' theory [16] made for surface flattening of semi-
infinite solid, taking into account that the SRG period Λ and the film
thickness H are comparable.

To analyze mechanism of viscous flow, we, following Mullins [16],
denote by u andw the velocities parallel to x (along the surface) and z
axis (towards bulk), respectively, and write the mean pressure in the
form

p x; zð Þ ¼ γhq2e−qz sin qx: ð1Þ

Here, γ is the surface tension, q=2π/Λ, ζ(x, t)=h(t)sin qx describes
profile of SRG. From Navier–Stokes equations (η is the viscosity)

η∇2u ¼ ∂p=∂x; η∇2w ¼ ∂p=∂z; ∂u
∂x þ ∂w

∂z ¼ 0

with boundary conditions u(x, H)=w(x, H)=0 we have found the
z-component of velocity on the film surface, w(x, 0), determining
the flattening kinetics

w x;0ð Þ ¼ qγe2qH

2η ⋅
1þ 2qH−e2qH

1þ e4qH
h sin qx: ð2Þ

Fromw(x, 0)=−∂ζ/∂ twith the initial condition h(0)=h0 we ob-
tain

h tð Þ ¼ h0 exp −κηt
� �

; κη ¼ qγe2qH

2η
⋅1þ 2qH−e2qH

1þ e4qH
: ð3Þ

Eq. (3) allows estimating η from the flattening kinetics. When the
film thickness exceeds the grating period (qH=2πH/Λ≫1), the flat-
tening constant coincides with that obtained by Mullins [16] (κη=
qγ/2η=πγ/ηΛ), i.e. κη∝Λ−1.
duced mass transfer in amorphous chalcogenide films, Mater Lett
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Fig. 3. (a)— Dependence lnκ on lnΛ. Experimental data are compared with the theoret-
ical dependence described by Eqs. (3) and (6) with the fitting parameters η=1 Pa·s
and Dxx=2.7×10−14 m2/s for I=0.35 W/cm2. (b) — Dependence Dxx on the light in-
tensity. Λ=3.6 μm, p-polarization.
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To calculate the erasing kinetics by volume diffusion, we use a
steady state distribution of chemical potentials of pnictide (P) and
chalcogene (C) atoms, μi(x, z)=p(x, z)ωi, (i=P, C) where ωi is the
atomic volume of i-th component and p(x,z) is defined by Eq. (1).

Diffusion fluxes are induced in both in x and z directions, with dif-
ferent diffusion coefficients:

Jix xð Þ ¼ −Di
xx xð Þ
kT

Ni
∂μi
∂x ; Jiz xð Þ ¼ −Di

zz xð Þ
kT

Ni
∂μ i

∂z : ð4Þ

Here,Ni (x) is the number of P or C atomsper unit volume of the film.
With isotropic diffusion coefficients, one can neglect lateral fluxes (in x-
direction) compared to normal fluxes. However, with Dxx

i NNDzz
i (due to

polarization induced diffusion anisotropy) lateral fluxes can exceed
normal fluxes (in z-direction). Variation of the surface profile is

∂ζ
∂t ¼ −∫

H

0

∂JPx
∂x ωP þ

∂JCx
∂x ωC

� �
dzþ JPz xð ÞωP þ JCz xð ÞωC : ð5Þ

As the z-dependence of each of the fluxes is given by exp(−qz),
integration by z gives a factor [1−exp(−qH)]/q, i.e. the kinetics es-
sentially depends on the relationship between the film thickness H
and the period Λ. Substituting Eq. (4) into Eq. (5), we obtain

h tð Þ ¼ h0 exp −κD⋅tð Þ ; κD ¼ q3Dxxγω
kT

1−e−qH
� �

þ s−1
h i

: ð6Þ

Here, Dxx ¼ DP
xxC

ω2
P

ω2 þ DC
xx 1−Cð Þ ω2

C

ω2, ω ¼ ωPC þωC 1−Cð Þ, and s=
Dxx/Dzz define anisotropy of diffusion coefficients in x and z-directions.
The flattening coefficient, κD, consists of two terms. The first term de-
scribes lateral diffusion flux from positive to negative parts of the pro-
file; it is proportional to the diffusion coefficient in the polarization
direction, Dxx. The second one describes diffusion flux in the perpen-
dicular direction, with the diffusion coefficient Dzz=Dxx/s, which is
several times smaller than Dxx. With qH≫1 κD becomes independent
of H and proportional to Λ−3, in agreement with the Mullins' theory
[16].
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Due to different dependences of the flattening coefficients, κη and κD
on the grating period Λ, we can determine the main mechanism of the
mass transport. Fig. 3a shows lnκη and lnκD vs ln Λ calculated using
Eqs. (3) and (6), for viscous flow and diffusionmechanisms, respective-
ly, in comparisonwith the experimental data obtained for gratings with
Λ=1.5, 3.6, and 7.5 μm (see Fig. 3). One can see that the experimental
data confirm the volume diffusionmechanismofflattening. The calculat-
ed curve, lnκD vs ln Λ has a slope of −3.05±0.5, in accordance with
Eq. (6). In Fig. 3a the dependence of lnκη on lnΛ (dotted curve) is also
shown, calculated for viscous flow mechanism using Eq. (3) and
η=1 Pa s obtained for Λ=1.5 μm. This curve has a slope n≈–1 and
thus deviates from the experimental points for Λ=3.6 μm and
Λ=7.5 μm. Coefficient s was taken κp/κs≈4, as obtained from the
experiments.

The diffusion coefficients Dxx calculated using Eq. (6) from the
slopes of straight lines in Fig. 1 were found to be proportional to the
light intensity (Dxx=βxI) with the coefficient βx=6×10−18 m4/J
(Fig. 3b).

In summary, it is shown that kinetics of photo-induced erasing of
SRG in As20Se80 films depends on the light intensity, polarization di-
rection and grating period. According to our theoretical model, the
flattening occurs under capillary forces caused by local curvature of
surface profile. It is concluded that the main flattening mechanism
is volume diffusion and the effective diffusion coefficients along po-
larization direction, Dxx, can be expressed as Dxx=βxI. The coefficients
Dxx four times exceed those in perpendicular directions.
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