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Abstract

We have detected that surface relief gratings (SRG) in amorphous chalcogenide films
AsySegy can be optically recorded at low temperature, such as 77 K. A diffusion mechanism
of photo-induced (PI) mass transport is proposed. A driving force of Pl mass transport is a
lateral steady state electric field induced by light interference. The kinetics of PI SRG growth
depends on temperature due to temperature dependence of PI diffusion coefficients and
concentration of radiation defects. By comparison of low temperature kinetics with that at 300
K we estimated diffusion activation energy, which turned out 0.09 eV. We present a model
that explains low diffusion activation energy.
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1. Introduction

Photo-induced (PI) variation of surface profile in amorphous chalcogenide films (ACF)
under band gap light was repeatedly studied last years [1-6] (mainly at room temperature),
due to possible wide applications in integrated optics and non-linear optics. Amongst different
peculiarities of Pl mass transport, such as strong dependence of the kinetics on the light
polarization and intensity, it was detected that it can occur even at very low temperatures (77
K) [7]. The kinetics of the PI patterning at 77 K, however, was not studied, so that a
mechanism of patterning was not proposed.

In this paper we study (experimentally and theoretically) the kinetics of PI formation of
surface relief gratings (SRG) at 77 K in comparison to that at 300 K. We propose a diffusion
mechanism of the mass transport, estimate PI diffusion coefficients and migration energy.

2. Experiment

We used for our experiments ACF As,oSegg, which was previously selected as one of the
most efficient materials for relief recording among the large number of Se- and S-based
glasses [8]. The 2 um thick AsySeg thin films were prepared by thermal evaporation on a
glass substrate at 10™ Pa. The kinetics of SRG formation was studied under illumination of
AsySegy films by two p-polarized beams of diode laser (wavelength is 660 nm). Intensity of
each of the beams was Ip = 1 W/cm? and in addition to the interfering beams, the samples
were illuminated (from the other side) by s-polarized beam with the intensity Is = 2 W/cm?.
As it was previously shown [3], additional s-polarized beam increases the rate of SRG
formation. SRG recording, as well as measurements of optical transmission spectra were
preformed in Janis ST-100 optical cryostat. A pure helium gas flow was obtained from
evaporating helium liquid transferred from He-Dewar. The gas temperature was adjusted by
setting the helium inlet orifice and feeding helium pressure. The temperature of the helium

gas was monitored inside the cryostat with the built-in silicone diode temperature sensor with



Lakeshore 331S Temperature Controller. Vacuum system of the cryostat was operated with
oil free pumps. The obtained optical spectra were recorded by Ocean Optics millisecond
spectrophotometer. Data on the SRG profile variation were obtained by in situ measurements
of diffraction efficiency 7, which was measured in reflection mode using a violet laser beam
(4 =406 nm, P = 1 mW). The intensity of the first diffraction peak depends on the SRG
amplitude, h, as [9] n =RJ/(27h/ 1) where R is the reflectivity, and J; is the Bessel function.
The SRG profiles after optical recording were scanned in atomic force microscope (AFM).
2. Results

Optical transmission of as prepared samples was measured before illumination at different
temperatures (Fig. 1). With decreasing temperature the absorption edge shifts towards shorter
wavelengths reflecting well known gap widening, in good accordance with literature [10,11].
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Fig. 1. Optical transmission spectra of as prepared As,oSeg, films at various temperatures.
In the inset one can see the temperatures used.

Under illumination by a laser beam (4 = 660 nm) transmission exponentially decreased
with time due to photo-darkening. The characteristic time of the decrease varied from 152 s at
4 K to 416 s at 300 K, in agreement with the analysis [12] predicting exponential increase of
density of radiation defects, responsible for photo-darkening. The rate of the defect

accumulation is higher at lower temperature.



We recorded SRGs with the period A = 11 um and compared the kinetics of the SRG
amplitude growth at 77 K and 300 K (Fig. 2). As the absorption coefficient at 660 nm for 77
K is several times lower than that at 300 K, the samples before SRG recording at 77 K were

illuminated by one of the beams to increase absorption due to photo darkening.
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Fig. 2. AFM images of SRGs written at 77 K (a) and 300 K (b) at the same illumination
conditions and 7(t) during recording of SRGs at 77 K and 300 K (c).
4. Discussion

Here, we propose a mechanism of Pl mass transfer. Previously, several models were
proposed to account for mass-transfer induced by light. All of them, however, based on the
idea that the mass migration was driven by the electric field gradient of the polarized exciting

light [1,3,4,13-17]. The field gradient moves dipolar defects (native and/or created by the



light) in a glass matrix softened by the lightening itself [2]. Existence of this driving force,
however, suffers from difficulties (see, e.g., Ref. [18] for details). Moreover, gquantitative
estimates show that this mechanism is negligibly weak. Indeed, amplitude of electric field, E|,
associated with the light intensity, I, can be found from relation [19]

E2=(u /&) 21120, (1)
where n; is refractive index, 1=47x10" H/m is the vacuum permeability, £=8.85x10" F/m
is the vacuum permittivity. The dipole moment induced by the electric field of the light is p =

oE) (e is the electron polarizability, which is [20] 4.2x 10 C m?%V for Se atoms and

4.9x10™*° C m?/V for As), and the force applied to the dipole is F = ,E, (GE, /6x) ~ 2, EZ I A .
Substituting in Eq. (1) | ~ 3x10" W/m? and n, = 2.45 we find E? ~ 2.3x10° V¥/m? and F ~

1x10%® N. Variation of energy due to a shift of the dipole in the field gradient for an
interatomic distance a ~ 2x10™° m is about 2x10® J that is negligible compared to average
thermal energy even for 77 K (KT ~ 1x10% J).

Recently, a model was proposed [21] that allowed calculation of PI spatial and temporal

profile evolution in ACF. According to the model, PI mass transport occurs by mechanism of

viscous flow driven by optically induced pressure, P, ~ &,¢E7, which induces growth of the

opt
SRG amplitude (& is dielectric constant of the ACF). Optical pressure, Pqy, cOmpetes with the

Laplace pressure, P, =K =~ sh/A* (yis the surface tension, K is the curvature) which has to

smooth the forming profile. Numerical estimates show, however, that Py is very small

compared to P_ and cannot be considered as a driving force of Pl mass transfer. Indeed, with
EZ ~ 2.3x10° VAIm?, £~ 6, y~ 0.5 J/m?, h = 100 nm, and A = 10 um, we have Poy ~ 0.12 Pa,

whereas P, ~ 5x10% Pa is three orders larger and should forbid the SRG formation.



Here, we propose a novel approach for the theoretical description of the mechanism of Pl
mass transfer in ACF. Our theoretical analysis is based on alternative driving force (in line
with predictions and previous results [22,23]), namely, steady state lateral electric field, which
appears in ACFs under non-homogeneous illumination by band gap light (Dember field [24])

due to different mobilities of generated electrons and holes. It is [25]

£ =T, Dp=Dn __ dn( @
e p(x)D,+n(x)D, dx

Here, e is the electron charge, n(x), p(x) and D, and D, are the local concentrations and the
diffusion coefficients of electrons and holes. To satisfy the neutrality condition, one can
suppose n~ p. It is worth noting that existence of lateral steady state electric field under
inhomogeneous illumination of AsySegy film was recently demonstrated [23] using Kelvin
probe force microscopy technique.

The steady state distribution of electrons, n(x), can be found from the following

differential equation [26]:

on o°n n
N_p 2l N Ggx=0 3
. el ; (x) (3)

Here, G(x) = a[2I0(1+ cosQx) + IS]/;(Eg is the generation rate (number of electron-hole pairs
created in unit volume per second), which is proportional to the absorbed light energy, « is
the absorption coefficient, 21,(1+cosqgx) is the light intensity in the interference field created
by two crossing beams in the x-direction, Iy is the intensity created by each of the beams, I
the intensity of additional s-polarized beam, q=2z/A is the wavenumber of forming
grating, ris the lifetime of Pl electrons before recombination with holes, Ey is the band gap
of the film material, and y represents an efficiency factor that includes light energy losses due

to scattering and phonon interactions.

Solution of Eq. (3) for periodic boundary conditions is



20271, cos gx + (1+q2%) (1, + 1, /2))]
(L+9°1%) 2,

(4)

n(x) ~

Here, Q is the average atomic volume in ACF, | =,/D, zis the electron diffusion length.

Taking into account Eq. (4) we obtain from Eq. (2)

_ KT-o-1,9singx 5_Dp—Dn )
ell, cosgx + L+ q?12)(I, + 1, /2)] D, +D,

The amorphous AsySegy used in our experiments is photoconductive p-type
semiconductor with the atomic structure consisting mainly of chains with C-C and partly P-C
bonds (P and C denotes pnictogen and chalcogen atoms, respectively). Previously we have
shown [27] that the main mechanism of Pl mass transfer is volume diffusion, in contrast to
viscous flow. The diffusion coefficients are accelerated under irradiation due to creation of
radiation defects, whose concentration, nex(X), is proportional to n(x) or p(x). We assumed that

n, (x) =& n(x) with £~ 0.1. As D, >> Dy, in AsySesgy, we assumed 8~ 1 both for 300 K and

77 K.
As it follows from the atomic theory of diffusion [28], the PI diffusion coefficients can be

given as [22]
2 1 2 —QK /KT _
D,==La = Ea V,N,,C, & k=P,C (6)

Here, a is the average length of elementary jump, T’y is the jump frequency, which is
determined by the probability of thermal activation nearby an existing defect, the product
NexCk 1S the probability to meet a A-type of charged species near the free volume (radiation
defect), ck is the atomic concentration of k-type charged species, vy is the frequency of atomic
oscillations and Q is the migration energy.

The kinetics of SRG amplitude growth was calculated similarly to that made previously

for electron beam induced mass transport [22]. We assumed that mobile species have an



effective charge, e, positive or negative, since electrons and holes are localized near radiation
defects. Both P and C atoms can be charged either positively or negatively depending on
localization of electrons or holes around them. Lateral diffusion flux was defined as a drift of

the charged species in the lateral electric field [see Eq. (5)]

J z_ﬁe

E 7
X QKT (7)

where D* =D,c+ D;(1-c), c is atomic fraction of P atoms in the ACF, D, and D are

diffusion coefficients of P and C atoms with the localized holes or electrons. The positively
and negatively charged P and C atoms should drift in opposite directions. The drift however
does not change electro neutrality because electrons and holes diffuse much faster than the

charged species and ensure neutrality of the film. According our numerical estimates,* the
most mobile are P, and C; atoms (D~ >>D"), so we neglected coefficients D" in Eq. (7)
and used effective diffusion coefficient, D ~ D,c, +D.;(1—C,), which describes the mass

transfer kinetics, in the form
1., ~Qu /KT ~Qu /KT
D~ Ea Voh,.e =Dyn,e (8).

where Qn is effective migration energy and D,~a’,/2. Eq. (8) is valid if
Co eXp(—AQ, /KT <<1 (AQ, Iis difference between the Pl migration energies of P and C

atoms).
The surface profile, z(x,t), and the normal rate of SRG growth can be given by

z(x,t) =h(t) cos gx

— =-Q-[H, +h(t) cos gx]- dexX (9)

Here, Ho is the average film thickness. As it was previously shown [3,6,Error! Bookmark

not defined.], under illumination of AsyySeg, films by p-polarized beams with the low enough



intensities, the mass transfer is directed from dark to light regions and thus maxima of SRG
correspond to maxima of the light intensity. As it follows from Egs. (5), (7), and (9), h(t) can
be determined from equation

dh(t)
4 = A+Bh) (10)

where A=D35-q?H,/[cosax+(1+1,/21,)(1+0%1%)] and B = Acosgx/H,.

We neglect for simplicity capillary forces, which has to flatten the profile because, according
to our estimates, capillary force (~Ky Q/A) for SRG period A = 11 um is about three orders of
magnitude smaller than the electrostatic force.

Solution of Eq.(10) with initial condition h(0) = h, is

h(t) :—§+e8‘(ho +§j (11)

If hy << Hp and Bt << 1, h(t) is close to linear dependence. In Fig. 3 we compare SRG
amplitude, h(t), calculated using Eq. (11) with experimental data shown in Fig. 2d [we
transformed diffraction efficiencies 7(t) into h(t)]. For calculations we used parameters shown
in Table 1. As fitting parameters, we took diffusion coefficients, D, and electron diffusion
length, 1, which are also shown in the Table I. The coefficient D estimated for 300 K is in
agreement with the previously determined PI coefficients [27].

Table I. Parameters used for calculations

T, K 300 77
a,cm? 2.4x10° 2.0x10°
E, eV 2.01 2.15

[, um 2.8 1.2
Nex(0) 1.5x10” 1.9x10™

D, cm?/s 1.0x101°  1.4x107"?
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Fig. 3. Comparison of experimental and calculated h(t) for 77 K and 300 K.

The effective migration energy Qn and pre-exponent factor D, were estimated from
Arrhenius plot for ratio D/ne [see Eq. (8)] using values shown for 77 K and 300 K in Table 1.
We obtained Qn, = 0.09 eV and D= 1.8x107 cm?/s.

The low diffusion activation energy can be easily explained if we consider Coulomb
interaction between charges localized near the radiation defects and bounded with the
diffusing atom. Coulomb interaction deforms potential barrier for migration (see Fig. 4):
quasi-periodic potential Ug(r) with the initial migration barrier Qo transforms into U(r) =
Uo(r) +e%/r, and the migration barrier, Q.,, becomes very small near the radiation defect. Pre-

exponential factor D, estimated from the kinetics of SRG formation, is in agreement with the
atomic diffusion theory that predicts D, ~ av, ~ 10 cm?/s (with a* ~ 10""°> cm? and 1y~ 10"

sh).
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Fig. 4. Scheme of migration of Se atom with bounded electron into free volume produced by a

radiation defect, which contains electron-hole pair (a). After migration, a new configuration is

formed (b). Potential barrier for migration of neutral atom (c) can be noticeably deformed (d)

due to Coulomb interaction of electron connected with the migrating atom and hole localized
near the radiation defects.
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5. Conclusions

We have measured and theoretically described the kinetics of low temperature Pl mass
transfer. We have proposed a driving force and a mechanism of the Pl mass transfer,
estimated the PI diffusion coefficients at 77 and 300 K, the diffusion migration energy, Qn,

and explained its low value.
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Highlights

Low temperature photo-induced mass transfer in amorphous chalcogenide films is detected.
The mass transfer kinetics is measured and theoretically described.
Photo-induced diffusion coefficients and activation energy are estimated.

Diffusion mechanism of the mass transfer is proposed that explains low migration energy.
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