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Unusual profile variation of holographic surface relief gratings is detected in thin (2 /lim) AszpSeg
chalcogenide films under e-beam irradiation: gratings of small periods were smoothed|, whereas the
gratings of larger periods increased their amplitudes, Irradiation was carried out in SEM, with

20KkV voltage and 8 nA current; the profiles of the irradi

SEM. 1t is found that the kinetics of both flattening

ated areas were analyzed both by AFM and
and growth followed by exponential law and

took place due to lateral mass transport accelerated by e-irradiation. It is shown that the profile
variation is mainly caused by competition between capillary forces and “chemical” forces induced
by broken and deformed atomic bonds under e-beam irradiation, The kinetics of profile variation
was calculated assuming that the mechanism of e-beam induced mass transfer is volume diffusion.
The diffusion coefficients were estimated from the experimental data using theoreticaf‘ expressions
derived. © 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4875838]

I. INTRODUCTION

Chalcogenide glasses (ChGs) containing S, Se, and Te,
covalently bonded with elements of IV and V groups, such
as As, Sb, Bi, Ge, etc., due to their wide optical transparency
in the infrared (IR), have been recognized as materials of
choice for applications in micro-optics, integrated optics,
and IR spectroscopy.'™ ChGs exhibit a number of remark-
able structural and optical changes when exposed to light or
electron beams, such as photo-amorphization and photo-
crystallization, changes in refractive index, photoexpansion
and photodarkening, light induced fluidity, and dicroism.*”

Among these phenomena, there is an increasing interest
to photo-induced mass transport,* ** which is caused by
capabilities to use this phenomenon for dry patterning of the
films by laser or electron beams and thus to fabricate various
optical elements (optical micro-lenses, gratings, waveguides)
by a one-step technique. Multiple studies of interaction of
electron beam with different ChGs'®2 were carried out to
find capabilities of dry fabrication of channel waveguides for
micro-optics and integrated optics. In these studies, an elec-
tron beam scanned along a line in ChG films was changing
their refractive index and surface profile,

Tanaka detected surface deformations,]6 such as convex
relief lines with micrometer scales, in bulk and thin films of
AsyS; under a line-scanned electron beam. The height and
the width of the surface relief were found monotonically
increasing with exposure time, accelerating voltage, and
absorbing current, It was assumed that the deformation was
produced by electrostatic force and electro-induced fluidity.
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An expansion of the film| surface under e-beam irradia-
tion was also detected in amorphous Ge-S and Ge-Se films, !’
It was explained, using the model developed by Shimakawa
et al,"™" that the assumed repulsion between the layers is
due to capture of injected electrons.

Later, in experiments with e-beam irradiated Ge;pSegy
films,” it was found that mounds produced by low area
doses transformed by large doses to trenches with slightly
raised edges. The mound formation was explained as e-beam
induced expansion, the trench formation at higher doses was
attributed to excess charging of the film that pushed material
to the sides of the beam. As seen, explanations of the phe-
nomenon in different papers differed from one another, and
no consistent description was presented.

Recently, we have demonstrated that electron irradia-
tion, besides volume expansion, induced lateral mass rans-
port in ChG films.*' We carried out our experiments with
AsagSeyy films, which were found to be the most effective
in patterning both by band gap light*>* and by electron
beam.” Under a line-scanned electron beam, we have
detected formation of mounds and depressions near the
mounds that bear witness to lateral mass transport. We have
calculated the kinetics of electron-induced variations of
surface profile assuming that the main driving force of the
lateral mass transport is a steady state electrostatic field,
which appears due to lateral distribution of carriers gener-
ated by e-beam. As the main mechanism of the mass trans-
port, we considered diffusion accelerated due to formation
of radiation defects under irradiation, As a direct confirma-
tion of e-beam induced mass transport, we have demon-
strated flattening of periodic (3.6 um) surface profiles,
caused by capillary forces and accelerated due to irradiation
by electrons.?! ‘

© 2014 AIP Publishing LLC
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In the present work, we describe unusual behavior of
surface relief gratings (SRGs) preliminarily written in
AsapSeyy films, under electron irradiation: gratings of small
periods are smoothed, whereas gratings of larger periods
increase their amplitudes. Such variation of the grating pro-
file cannot be explained in frames of previous conceptions,
We propose an explanation of the phenomenon considering
all possible driving forces causing e-beam induced lateral
mass transport in the films. Besides, assuming diffusion
mechanism of the mass transport, we calculate the kinetics
of SRG flattening or enhancement,

Il. EXPERIMENTAL

AsapSeqq films of 2 ym thick were prepared by thermal
vacuum (107° Torr) deposition on microscope glass slides
covered by conductive layer of indium tin oxide (ITO). The
gratings with the periods A= 1.7, 3.3, 7.5, and 10.5 Hm were
recorded on the film surface by two crossed p-polarized
beams of a diode laser (1 =650 nm). Initial amplitudes of the
gratings varied from 80 to 150 nm. Then, the gratings and
films without gratings (of the same area, for comparison)
were irradiated by e-beam in SEM (Hithachi S-4300 CFE)
using accelerating voltage U/ =20kV and electron current
about 8 nA. Conductive ITO sub-layer prevented charging of
the film during irradiation, In this regime, the continuously
moving e-beam scanned (line-by-line) two different areas:
16 % 8 um” and 40 x 20 um?, with the repetition rate 91,5 ms
per rectangle, independently of the rectangle area. The beam
direction was parallel to the grating vector, During 91.5 ms,
the beam irradiated 40 lines, independently of the rectangle
width, Le., the linear beam speed was 17.5 pm/ms and
Tum/ms for larger and smaller rectangles, respectively.
Total irradiation time ranged from 10s to 240's for both rec-
tangles. This corresponded to average area doses varied from
0.85 x 10* uClem? to 1.3 x 10° uC/em? in different experi-
ments. After illumination, the surface profiles were scanned
by atomic force microscope (AFM),
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lll. RESULTS

The main result consists| in the following: gratings with
periods A = 1.7 ym and 3.3 un were smoothed under e-beam
irradiation, whereas the grating with periods 7.5 um and
10.5 pgm were enhanced. Fig. 1 shows, as an example, typical
AFM images of gratings with A = 1.7 um and 7.5 um after
e-beam irradiation for various times. One can see two suc-
cessive stages of flattening of 1.7 um gratings and enhance-
ment of 7.5 um grating (grating amplitude is increased inside
the irradiated square). Analysis of appropriate grating pro-
files (Fig. 2) shows that the grating amplitudes, A, vary with
time following exponential law (Fig. 3), i.e.,

|

h(t) = hgexp(—i - 1) , ()

where hg is the initial amplitude and x is the flattening/
enhancement constant, which fis positive for gratings of small
periods and negative for gratings with large periods.

IV. DISCUSSION ‘

The main idea used for the explanation of SRG flattening/
enhancement is based on laterial e-beam induced mass trans-
port caused by several compettitive driving forces: capillary
forces (determined by the Laplace pressure), which are
caused by the curvature of the surface profile, electrical
forces, which appear during e-beam irradiation, and chemi-
cal forces caused by deformation and breakage of atomic
bonds under e-irradiation. Mass transport is induced in all
radial directions around the beam; we are interested, how-
ever, in a profile evolution in the x-direction, parallel to the
grating vector. Thus, we have to analyze how the mass
transport and the local profile evolution (around the beam)
depend on the film thickness, which varies due to SRG in
the x-direction as ‘

H(x,t) = Hy ‘+ h(t) singx. 2)

FIG. 1. Typical AFM images of suc-
cessive stages of fattening of 1.7 fm
surface relief gratings [(a) and (b)] and
enhancement of 7.5um grating [(c)
and (d)] under e-beam irradiation
of! rectangular area 20 x 40 um?,
U=20kY, I, =8nA. (a)—/ =605 and
(b}—120s; (c)—120's and (d)—240s.

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip.;org/termsconditions Downloaded to ] IP:
193.6.168.182 On: Mon, 19 May 2014 06:26:40 |



183512-3 Kaganovskii et al,

P ] [——60s
! ——30s
M jv"]‘ WA § A AN
S IV TAR Y
Y N W ‘
LWL PRI
£ i AL A
£ ; i i |
£ 5
3 : [ |
)
......................... _ 2. T §' i J
20000 30000 40000 50000
Surface position, nm
Jj T
e 1205
£
[~4
i
o
T

i T
40000 50000

Surface position, nm

. i
20000 30000

FIG. 2. Surface profiles at successive stages of fattening for 1.7 um grating
(a) and enhancement of 7.5 um grating (b).
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FIG. 3. Flattening kinetics of SRG with the periods A =1.7 and 3.3 #m and
enhancement for A =7.5 and 10.5 um. (a)—hradiated area 16 x 8 ym?;
(b)—irradiated area 40 x 20 um?,
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Here, h(t) is the grating amplitude, which varies with the time
of irradiation, 1, g =2r/A is the grating wave number, and A
is the grating period. We show below that capillary forces
aspire to flatten the surface profile and cause mass transfer
directed from thicker to thinner surface areas. Electrical
forces, which induce mass transport around the e-beam, do
not depend on the film thickness. The chemical forces induce
mass transfer directed in our dase from thinner to thicker areas
of the film, as it will be discussed later. As a result, flattening
or enhancement of the SRG depends on competition between
capillary and chemical forces.' We have found that “chemical”
force is independent of the grating wavenumber, ¢, whereas
capillary force is proportional |to 7. Asa result, depending on
the grating period, enhancement or flattening of SRG occurs.

A. Carrier generation and radiation defects

In our experiments, an e-beam of 100 nm in diameter con-
tinuously scans along parallel lines in the x-direction (parallel
to the grating vector) with the rate of 17.5 um/ms for larger
irradiated rectangles and 7 um/ms for smaller rectangles,

We made simulation of the beam power distribution in
the depth of AsyoSego film using CASINO program.?’ We
have found that for the average film thickness Hy =2 ym and
accelerating voltage 20keV tised in our experiments, the
power losses, —dP/dz :G(z),; versus penetration depth, z,

can be estimated as a shifted Gaussian2®2’
|

G(z) =Gy, expﬁ—(z - 20)2/22]

with zo=160nm and Z = 800 t‘]m (Fig. 4). The depth zq cor-
responds to the maximum losses. Some shift of the maxi-
mum losses from the surface ito zg is caused by particular
feature of inelastic electron scattering in the material: single
scattering near the surface transforms to the multiple scatter-
ing with the depth z. The lossds are proportional both to the
electron energy, which drops with z, and to the number of
scattered electrons, which grows with z,

In the radial directions, tHe interaction volume can be
modeled as a cylinder of height H and radius R (R~ Hgy/2).
With these parameters, the power absorbed by the film
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FIG. 4. Depth distribution of power losies calculated by CASINO program
for 2-um As,oSey, film irradiated by 20 KV e-beam,
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0

depends on the film thickness H: the thicker the film the
higher power is absorbed. Direct estimates show, however,
that variation of P with the film thickness for our experimen-
tal conditions are less than 0.2%, so that one can neglect this
variation,

The energy losses are caused mainly by generation of
electron-hole pairs within the interaction volume. The aver-
age generation rate per unit volume of the irradiated part, g,
depends on the film thickness and can be calculated?® as

h(1)

glx.1) %go[l —H—Osinqu 8o = 3)

AEenR2H,’

where E, is the band gap of the film material, and ¥ repre-
sents an efficiency factor that includes losses due to back-
scattering, ionization, and phonon interactions. As hHy < 1,
we have replaced 1/(1 + h/H,) for 1 — h/Hy.

The generated free carriers move from the irradiated
volume to all lateral directions and change the local electri-
cal properties of the material. As the electrons and holes
have different mobilities, their radial distribution results in
formation of an internal steady state electric field, E(p),
which accelerates slower carriers and slows down faster car-
riers (p is measured from the center of the beam and p=0is
the axis of the beam). In the AsapSey films, mobility of holes
exceeds mobility of electrons and, thus, the steady state elec-
tric field should be directed towards the irradiated volume.
Taking into account, the formation of the electric field, one
can write the hole and electron currents as

. dp D . dn D,
J,::—D/;%erk-;eE; /,,:—D,,%—nk—T'eE- 4)

Here, e is the electron charge, n(p), p(p)and D, and D,
are the local dimensionless concentrations and the diffusion
coefficients of electrons and holes, respectively, and E(p) is
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the lateral electric field. The Isteady state carrier distribution
corresponds to equality of electron and hole currents
(Un=1Jp); to satisfy the neutra}ity condition, one can suppose
n—ng =p — po (ng and pg are the electron and hole concen-
trations without irradiation)j and, thus, dp/dp =dn/dp.
Then, the steady state electric| field is

E:k—T D/;_Dn dn

— (5)
e p@,, +nD, dp
and
- dp 7+ p)DuD
Jp =In = _Dambii ambh = w ©)

3 ”DH +pr .
Here, D, is the ambipolar di‘ffusion coefficient,?”

The radial steady state |distribution of dimensionless
electron concentration, n(p), tan be found from the follow-
ing differential equation:>*

: n
DamyV?1n(p) +1gQ — % = 01 )

Here, g is the generation densiity and »/7 is the recombination
density, 7 is the electron lifetime before recombination with
holes, and € is the average atorhic volume of the film material.
Writing V2n(p) in cylindrical coordinates and introducing the
carrier diffusion length, [ = Damyt, which is the same for
electrons and holes, one can rewrite Eq. (7) in the form

ldn d’n no_ _gl_?r

dn dn_n 0<p<R
pdp dp® 2T '

®
0 p >R

We suggest that the carrier generation occurs inside the inter-
action volume (0 < p <R). Differential Eq. (8) was solved
under following boundary conditions. The first condition
was that there should be no additional (non-equilibrium) car-
riers at infinite distance from the generation volume. Further,
the electron density function and its first derivative were sup-
posed to be continuous, We obtain

n(p,x) = ny +

xE,mR*Hya

Here, ny, is initial electron concentration (before irradiation),
loy Iy Ko and K, are the Bessel functions,
%= K (R/DIy(R/I) + Ko(R/I)I)(R/]). The concentration of
holes can be calculated from Eq. (8) using electro neutrality
condition: p(p) = py +n(p) — ny (py is the initial hole con-
centration). As seen, the concentration of carriers generated
by e-beam is proportional to the beam power, P, lifetime 1,
and depends on the film thickness. Typical radial distribution

(1 = Ki(R/1) - Iy(p/1)|PQ h
XEH?[R?:H[)OC

LR/ - Kolp/DPS

I_I-Tosqu> O<p§§R
[ &)

h
(I—H—Osinqx) p >R,

|

n(p) calculated using Eq. (9) for our experimental conditions
and x=0is shown inFig. 5. |

Amorphous AsySeg, is known as a photoconductive
p-type semiconductor. After generation and redistribution,
electrons and holes are localized around P and C atoms (P
denotes pnictide atom and C—chalcogen) forming relatively
stable configurations—valence alternation pairs (VAP),
called also as self-trapped excitons (STE), which can be
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FIG. 5. Radial dimensionless concentration distribution of electrons gener-
ated inside and near the irradiated volume. P = 160 uW, y=1.5, Hy=2 um,
R=1pm.

considered as radiation defects.® The STE concentration, #,,,
is proportional to the concentration of generated electrons
and holes, i.e., one can write nex=¢& n. Due to deformation
and breakage of bonds, these defects can accelerate atomic
Jumps compared to their thermal diffusion without irradia-
tion.” As a result, diffusion coefficients of both chalcogens
and pnictides become higher inside and near the interaction
volume, i.e., e-beam induces mass transport in irradiated
areas of the film. As it follows from Eq. (9), the concentra-
tion of radiation defects periodically vary with the x-coordi-
nate and maxima of n,(x) correspond to minima of H(x).
Maximal effect of irradiation should be observed near the
irradiated volume (p < R), where 7 is the highest,

B. Kinetics of the mass transport

As we mentioned above, irradiation by a focused elec-
tron beam induces mass transport in all radial directions
around the beam; the profile evolution, however, occurs due
to dependence of the mass redistribution on the x-coordinate,
parallel to the grating vector. Thus, we have to analyze how
the mass transport and the local profile evolution (around the
beam) depend on the film thickness, H. Previously, analyzing
the kinetics of patterning and capillary flattening of SRGs
under illumination by a polarized bandgap light'*'>3! 4
by electron irradiation,?"*** we found that the main mecha-
nism of the mass transport is volume diffusion accelerated
under irradiation due to creation of radiation defects. The
mass transport kinetics is determined by the effective diffu-
sion coefficient, D = D¢ + DC(1 — ¢) (D" and D€ are dif-
fusion coefficients of P and C atoms, respectively, and ¢ is
the concentration of P atoms in the film material). The diffy-
sion coefficients are proportional to the concentration of the
radiation defects, n,,.

Taking into account all possible driving forces of the
mass transport, we present chemical potential of atoms as the
following sum:

H= Mo F ey + pp + pig. (10)

Here, uq is the bulk chemical potential of the atoms without
irradiation; for simplicity, we do not distinguish between P

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitation.aip
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and C atoms. The second tefm, Hen, 18 a “chemical” contri-
bution in u caused by irradiation: tien(px) = €+ ngy(p, x),
where ¢ is the increase of the energy caused by deformation
and breaking of chemical bohds around the radiation defect,
The energy ¢ includes dlso stresses caused by the
irradiation-induced volume expansion of the film. The third
term, 4y, takes into account contribution of capillary forces
(Laplace pressure) caused by the curvature of the surface
profile {(x) =/ singx. Chemical potential y; depends both
on x and z coordinates (z axis is directed from the surface
into the bulk of the film) and its distribution inside the film
satisfies the Laplace equation|

Vi, =0 (11)

and boundary conditions

#(x,0) = KQy;  py(x,Ho) = 0. (12)
Here, K(x) ~ —({" is the local surface curvature (for small
surface slopes), y is the surface tension, and Q is the average
atomic volume. Solution of Eqg. (11) with the boundary con-
ditions (12) yields !

elltos) _ gty

i _m-—qu hsingx.  (13)

The last term in Eq. (10), pp, fepresents contribution of elec-

trostatic forces caused by formation of steady state electric

field, E(p), around e-beam. As it follows from Egs. (5) to

9), with n>>ny and p >> py, ie., with n=p (in the interac-

tion volume), E(p) does not dépend on the film thickness H.

Thus, considering contribution of different driving forces in

e-beam induced flattening/enhancement gratings, one can
neglect electrostatic force, ‘

The chemical driving force can be given as
; ey, Onex(p, )
Jen = — N it "
p dp
L
J‘IS‘.’ZEHT{R“f'f“ H()

The diffusion flux caused by the chemical force is

D
Jen (P-, )C) = _“'_fCh

kTQ
DPEK R/ /
= g A E AN 1(R/1) '(j_—j'” l~isinqx>.
fo:xEH?ER2H{}fCT Ho

(14)

Mass redistribution induced by Je, around the beam in the

interaction volume depends on the film thickness (varies

with the x-coordinate). Variation of the surface profile
caused by the chemical force ndar the beam axis (p = 0) is

a¢ ! Qa

— =—-QH ey = —H=-=(I040). 15

<d1>0h Cl1! ; (?p( chp) (15)

As the diffusion coefficient, D, ican be presented in the form

D =D, =D p, after substitution of Egs. (9) and (14)
into Eq. (15), we obtain near thd beam axis (p ~0)

lorg/termsconditions. Downloaded to 11P:
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(dC) _ D8 P22 K\ (/D)o — K, (R/D)]
dt)cy kT n2RH}y2E, Py

Capillary (Laplace) force, — Vi, depends both on x and
z coordinates [see Eq. (13)] and induces fattening of the gra-
tings. The kinetics of the profile evolution under Laplace
pressure is determined by the diffusion fluxes normal to the
surface at z = ()

dal _ ! _ Doy (x,2)
(E)L =100 = kT 0z

DQy o 4 p—ato
kT eto — gaie 4 ¢

z=0

Taking into account both chemical and capillary forces, we

have
o 8() <<)C) _ 3
5‘<E Ch+ B L_(Ae+Bq)C- (16)
Here,
4 D°Z P2Q* %K, (R/1) [0 — K1 (R/1)]
kT R2RAHZY2E Py

DQy e 1 p=ata
= kT edtlo — g‘m.

Solving Eq. (16) with the initial condition A(0) = h,, we
obtain
h(t) = hyexp(—icr); 1 = —(4e + Bg). 17y

The flattening constant, x, consists of two terms, which
have opposite signs. The first term describes the diffusion flux
under effective pressure caused by radiation defects; the flux
is directed from thinner parts of the film (with negative curva-
ture), where the density of radiation defects is higher, towards
thicker parts (with positive curvature), where the density of
defects is lower. The second term describes competitive oppo-
site flux from positive to negative curvatures of the profile
caused by capillarity. The first term in Eq. (17) does not
depend on g, whereas the second term is proportional to ¢”.

Due to competition between capillary forces and chemi-
cal driving forces induced by irradiation, constant (9)
changes its sign at some wave number qg* = (—AS/B)'/3: K
is negative with g<q* and positive with q > g*,
Dependence K(g) calculated with the use of Egs. (16) and
(17) is presented in Fig. 7 as a solid line. The parameters
used for calculations are given in Table 1.

The calculations show that g*=1.65um"" corresponds
to the grating period A*=2n/g* ~3.8 ym. This explains
flattening of gratings with periods A=1.7 and 3.3 um and
enhancement of gratings with A = 7.5 and 10 um,

C. Comparison with the experiment

As it was mentioned above, under our irradiation condi-
tions, the e-beam moved along lines subsequently (line-by-
line) irradiating rectangular area. It is clear that real time of

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: htt
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FIG. 7. Comparison of experimental dala on flattening/enhancement SRGs
(squares and circles) with the calculated dependence 1 (¢). The theoretical
curve corresponds (0 D =2.1 x 107" in¥/s and & = 0.44 eV,

TABLE 1. Parameters used for calculaﬁions,

T, lis

PouW  Q,em®  (Ref.32) R, um X EneV Hyum Lum hynm

160 2x10 2 2 1 2 2 2 1 150

|
irradiation, ¢,,, i.e., time, durin?g which the e-beam interacts
with the ChG film, is much shorter than the exposure time ¢

and can be estimated as |
\

'R
i = P 18
ti [\Lk, (18)

Here, L is the width of the irradiated rectangular area
and k; is the number of lines, which e-beam passes irradiat-
ing the rectangle (in our experiments, & =40). Indeed, the
e-beam interacts with the each spot in the rectangle during
time Ar=s R/ (v is the speed of the moving e-beam). E-beam
returns to the same spot after passing distance Lk; (for time
Lk,/v). With this speed, e-beam is shifted for a distance of
the order of R~ [ um during 0.057 ms for larger rectangle
and 0.14 ms for smaller rectangle. This time can be given as
time of e-beam interaction with the film during one area

193.6.168.182 On: Mon, 19 May 2014 06:26:40
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scan. As follows from Eq. (18) that r= 100 exposure time
corresponds to f;,, = 62.5 ms real hradiation time for larger
rectangles (L=40pum) and 156 ms for smaller rectangles
(L=16um). In Fig. 6, we show our results on flattening/
enhancement of SRGg (Fig. 3) as the function of the real irra-
diation time, #,,. The slopes of the lines give the flattening/
enhancement constants, r, for various grating periods, A. As
seen, the slopes for smaller and larger irradiated areas are
close to each other. The constants x calculated for various
SRG wave numbers from the slopes of the straight lines in
Fig. 6 are presented in Fig. 7 (as squares and circles) in com-
parison with the calculated dependence i (¢). To get agree-
ment between the theory and experiments, we used two
fitting parameters: the diffusion coefficient D =D, and
the energy ¢ associated with radiation defects. Variation of ¢
shifts the calculated dependence (g} up or down in Fig. 7
and results in a variation of ¢” too, The change of D (or D)
stretches or compresses the 1 (¢) function in vertical direc-
tion. Using Maple program for the best fitting of calculated
dependence i (g) to experimental data, we have found that
D=21x10""m%s and e=044eV. Inasmuch, we
assumed D = D%, = DO¢ n, with n = 7.3 x 107 (inside the
interaction volume, see Fig. 5) and £=~04, we obtain
D=7 %1077 m¥s.

Recently, we studied patterning and SRG flattening on a
surface of AsyoSegq films under e-beam irradiation, 242+ The
electron energy and other experimental conditions were sim-
ilar to those in the current studies. From the kinetics of ridge
formation, as well from the flattening kinetics, we deter-
mined e-beam accelerated diffusion coefficient and reported
D=14x10""m%s, ie., about 3 orders of magnitude
smaller compared to that reported here. This difference hap-
pened because, in our previous papers, the beam power was
about 10% smaller compared to current study and the irradia-
tion time was taken, by mistake, as exposure time. As it can
be seen from Eq. (18), exposure time ¢ and irradiation time
tiv differ by a factor of 10,

It is worth to compare diffusion coefficients accelerated
by e-beam (D) and by band gap light (D). In our previous
studies of SRG fattening under illumination by band gap
polarized light,*” the photo-induced diffusion coefficient was
found to be proportional to the light intensity: D, = ] with
B=2.5% 107" m¥r.

Number of generated electron-hole pairs, N, under illu-
mination by band gap light may be found from the equation
aN _ ol N

S L , 1
i E 70 (19

Here, o, is the light absorption coefficient and / is the light in-
tensity. The term o - [ /E, gives a number of photons absorbed

in unit volume per unit time, i.e., approximately a number of

electron-hole pairs generated in unit volume per unit time.
After some short time / < 1, these pairs are transformed in
STE, and n,, = & na~ & N Q. As it follows from Eq. (19)

Nex = oyl QET/E,. (20)

Presenting D, as D?na\. and using Eq. (20), we obtain

[This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: hitp://scitation. ai
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B = D} Q¢ /E,. 21

Substitution in Eq. (21) Q~2x 107 m?, E,~2eV,
025x10°m™", E~0.1, and f=2.5x10""3m*) gives
D}] =4 x 10”7 m?/s. This value is in a rather good agreement
with D"=7 % 10""m%s obtained in experiments  with
e-beam induced mass transport. Thus, both band gap light
and electron irradiation accelerate diffusion by similar way,
due to generation of radiation defects.

As it follows from the iatomic diffusion theory,® the
accelerated diffusion coefficient can be estimated as

|

1
D~ Eazzxong,\.}exp(*Qm JKT). (22)

Here, « is the length of diffusion jump, v, is the frequency of
atomic oscillations, @,, is the migration energy, and n,, is
the concentration of radiation defects (free volumes), which
define a probability to meet the free volume near migrating
atom, |

As seen from Eq. (22) ;

DY~ %azuo exp(—Qy /kT). (23)

\
Putting typical values «*=~10""m? uy=10"s"", and
D"=7 %107 m%s in Eq. (23), we find that the migration
energy of atoms into a free volume is very low, less than
0.1eV. This small photo-induced migration energy is possi-
ble, if we assume that diffusing atoms are charged and
Coulomb interaction between electrons and holes associated
with P and C atoms near STE should also be taken into

account, :
Considering the problem of irradiation induced mass
transport, it is important to note that the local heating effect
of e-beam irradiation can be ineglected. Previously, it was
shown"** that the increase of the film temperature can be
estimated as 3

24

Here, k220.7 is the fraction of dhe beam power, which is con-
verted into heat, K, is the heat conductivity of the film, and
R. is the electron range. With Ro=2pum, k,=~12W/m-K,
and P =160 uW, we have 677K that cannot noticeably
change the contribution of thermally activated diffusion
compared to that accelerated by e-beam.

|

V. CONCLUSIONS |

We have detected that SRGs written on a surface of
As,Segy ChG films can be smolothed or enhanced by e-beam
irradiation, depending on the grating period. This effect is
explained by competition of driving forces, which induce lat-
eral mass transport accelerated by e-irradiation. The main
driving forces are capillary (Laplace) force caused by varia-
tion of surface profile (it defines smoothing) and chemical
force caused by deformed and broken chemical bonds under
irradiation. We have calculated the kinetics of the profile
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evolution assuming that the main mechanism of mass trans-
fer is volume diffusion accelerated by irradiation. We have
found that the flattening/enhancement constant depends on
the grating wave number. Comparison the theory with the
experiments shows that the calculated flattening/enhance-
ment constant is in agreement with the experimental data.
From the kinetics of both flattening and enhancement of
SRGs, we have estimated effective diffusion coefficient
inside the interaction volume: D=21x10"""m%s. The
coefficient D is proportional to the concentration of radiation
defects generated by e—irradiation, We conclude that similar
effects of flattening/enhancement will occur under uniform
illumination of similar surface gratings by band gap light
that generates radiation defects in amorphous chalcogenides,
in which irradiation-induced mass transport is observable,
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