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Geometry and kinetics of crystal growth in amorphous films of antimony sulfide was
studied by the methods of transmission electron microscopy in situ with video recording
of structural changes. It was demonstrated, that electron-beam irradiation of an amor-
phous film with stoichiometric composition causes its layer polymorphous crystallization.
In the area of the film heated by an electron beam, a single flat Sb,S; crystal of an
elliptical shape nucleates and grows. With a linear (in time #) increase in the crystal size,
the crystallized fraction x ~ ¢2, and the crystallization process is characterized by a
relative length §; = 4068. In the case of a nonlinear increase in the crystal size x ~ t1-2 the
crystallization process is characterized by a relative length §, ~ 2898.

Keywords: amorphous state, kinetics, antimony sulfide, crystallization, electron mi-
croscopy, video recording.

Kineruka maposoi moJgimopdHoi kpucragizanii amopdHuX niaiBok cyabdixy cypmu.
O.I'Bazmym
MeTtomamu nmpocBiuyBasbHOI eJ1eKTPOHHOI MiKpockomii in situ 3 BifeosammcoM CTPYKTYD-
HUX 3MiH JOCJiI’KeHO TeoMeTpilo 1 KiHeTHKY pOCTy KPUCTAJNIB B aMOP(MHUX ILIiBKax cyabdi-
ny cypmu. IlokasaHo, 110 OIpOMiHeHHS eJIeKTPOHHUM MIpoMeHeM aMop(dHOI IIiBKU cTexio-
METPUYHOTO CKJAaJy BUKJHUKAaE Ii mapoBy mosimopdHy Kpucrajiisaiito. B obsacti ereKTpoH-
HO-IIPOMEHEBOTO HarpiBy IJIiBKM BapojKyeThcd 1 3pocTae OLWHOUHUN TIJIOCKUN
enincomnoxi6uuii kpucran Sb,S;. Ilpu nimiitHomy (3a uacom t) s6inbIIeHHIO POSMIpY KpmCTasa
YacTKa 3aKPHCTAJIIZ0BAHOI PEUOBMHHU X ~ 14, a mpoIec KpHCTaIisamil xapakTepusyeThbesi BigHOC-
HOI0 JOBKHHOIO Oy~ 4068. ¥V pasi menimifimoro s6inpmreHHsa posmipy Kpucrana x ~ 12 g
mpollec KpHcTalisalii xapakTepusyeThca BiJHOCHOIO JOBMXKUHOIO O = 2898.

MeTomaMu IIPOCBEUNBAIOIEN 9J€KTPOHHONM MUKPOCKOIINH in Situ ¢ BUIEO03alNChI0O CTPYK-
TYPHBIX M3MEHEHW! WCCJeJOBaHbI I'eOMeTPHUs M KHHETHKA POCTa KPUCTAJJIOB B aMOP(PHBIX
IIeHKaX cyJabduma cypbMbl. IlokasaHo, uTo o6JyueHHe 3J€KTPOHHBLIM ITy4YKOM aMop(HO
IUIEHKU CTEeXMOMETPHUUECKOTO COCTABa BBLIBLIBAET €€ CJIOEBYIO IOJUMOP(PHYI0 KPHUCTAJIIN3a-
nuioo. B o6yacTy 3IeKTPOHHO-JIYUEBOTO HArpeBa IJIEHKU 3apOKAAeTCs M PacTeT OJWHOUHBIN
IUTOCKU a/nuncoBuHbIE Kpucrann Sb,S;. Ilpu numeiinom (o BpeMeHM t) yBeIHYEHHU
pasMepa KpuCTaJJIa H0Jd 3aKPHUCTAJIM30BAHHOIO BellecTBa X ~ 1<, IpollecC KPUCTAJIN3a-
UM XapPaKTepU3yeTCsA OTHOCHTEIbHOH maumHo# §) ~ 4068. B cinyuae HenumHeilHOro yBemude-
HUS pasMepa KpHCTaLia X ~ t1-2, mpoliecc KpUCTANIHSAIINN XapPAKTEPU3YETCH OTHOCHUTENb-
Hoit nnuHON §) ~ 2898.
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Fig. 1. Linear increase in crystal size during crystallization of an amorphous Sb,S; film. Mi-
crographs of the growing ellipse-shaped crystal at the time moment ¢ after the start of video
recording: (a) t = 1.23 s; (b) t = 2.13 s; (c) ¢t = 3.63 s. Time dependences of the lengths of the major
axis 20A and minor axis 20B of the crystal (d) and the area S of the crystal image (e). The solid
line corresponds to the m-OA-OB product. Errors are AL = 0.012 um, AS = 0.0018 um?.

1. Introduction

Antimony sulfide (Sb,Sj3) is a semicon-
ductor with a layered orthorhombic crystal
structure with parameters ay=1.128 nm,
by =1.181 nm and ¢y =0.3841 nm [1, 2].
The increased interest in Sb,S; films in
crystalline and amorphous state is due to
their many useful physical properties. In
particular, Sb,S; is widely used in micro-
wave devices, optoelectronic devices and
solar cell absorbers [3]. Antimony sulfide
films deposited on a substrate at room tem-
perature are amorphous [4]. Post-condensa-
tion annealing of the films (160—-300°C) in-
itiates their crystallization accompanied
with a change in the physical properties of
Sb,S; [5].

Amorphous films of Sb,S3 can crystallize
under the action of an electron beam. This
can be performed in a transmission electron
microscope (TEM) using the so-called in situ
method [4]. This method was used in [4] to
study the structure and morphology of crys-
tals growing in an amorphous Sb,S; film
with a slight excess of antimony. According
to [4], electron beam irradiation of amor-
phous non-stoichiometric films with an ex-
cess of antimony initiates the predominant
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crystallization [6] of Sb during the first
stage of the process, and subsequent matrix
Sb,S; crystallization during the second
stage. At present, there are no detailed data
on the kinetics and morphology of crystal
growth during polymorphous [6] electron-
beam crystallization of amorphous films.
The purpose of this work was to study the
kinetics and morphology of crystal growth
during the polymorphous electron-beam
crystallization of amorphous Sb,S;films.
TEM with video recording in situ of the
number and size of crystals growing in the
amorphous film makes it possible to do this.

2. Experimental

Amorphous Sb,S; films were grown on
the (001) face of KCIl single crystals at room
temperature by thermal evaporation in a
vacuum chamber (~ 1076 Torr). The thick-
ness h of the films varied in the range from
25 to 35 nm. The evaporation was carried
out by rapidly heating the tantalum crucible
by passing a pulse of electric current. To
preserve the stoichiometric composition of
the amorphous phase, a mixture of Sb,S;
powder with the addition of S powder (-~
4 wt. %) was used. Films were separated
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Fig. 2. Nonlinear increase in crystal size during crystallization of an amorphous Sb,S; film.
Micrographs of the growing ellipse-shaped crystal at the time moment ¢ after the start of video
recording:: (a) ¢ = 0.27 s; (b) t =1.27 s; (c) t = 2.03 s. Time dependences of the lengths of the
major axis 20A and minor axis 20B of the crystal (d) and the area S of the crystal image (e). The
solid line corresponds to the m-OA-OB product. Errors are AL = 0.012 pm, AS = 0.0018 um?.

from the substrate in distilled water and
transferred onto subject grids for electron
microscopy studies. Phase transformations
in the film were initiated with electron
beam irradiation, and the rate of crystal-
lization was controlled by varying the den-
sity of the electron current through the
sample. The crystallization process was re-
corded with a movie camera [7] from a mi-
croscope screen with a frame rate of 30 s1.
The size and area of crystals was deter-
mined from their electron microscopic im-
ages using a specialized computer program.
When determining the error, the image
quality of microparticles in the electron mi-
croscopic video was taken into account. The
error in measuring the length AL was
0.012 ym, and the error in measuring the

area was AS = 0.0018 um?2.

3. Results and discussion

Fig. 1 illustrates the crystallization of an
amorphous Sb,S; film. Electron microscopic
photographs correspond to the moments of
time ¢ that have passed after the start of
video recording: (a) t=1.23 s; (b) t=
2.18 s; (¢) t=38.63 s. According to this
video, an ellipse-shaped Sb,S; crystal grows
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in an amorphous matrix as long as the film
is exposed to the electron beam. The time
dependences of the lengths of the major
axis 20A and minor axis 20B of the ellipse-
shaped Sb,S; crystal are shown in Fig. 1d.
The straight lines were plotted by the ex-
perimental length values using the least-
squares technique. Linear dependences were
observed:

20A = 0.290¢ + 0.023um, (1a)

20B = 0.215¢ + 0.038um , (1b)
where t is measured in seconds. According
to Eq. (1a), the growth rate of the major
axis 20A (tangent of the slope of the
straight line to the abscissa axis) is voga =
0.290 um-s~1. The growth rate of the minor
axis 20B is vy = 0.215 pm-s~L.

The time dependence of the area S of the
image of an ellipse-shaped Sb,S; crystal is
shown in Fig. le. The experimental data are
satisfactorily described by the function S =
n-OA-OB, which specifies the area of the el-
lipse (the solid line). According to (la) and
(1b), the dependence S(¢#) corresponds to a
polynomial of the second power in t.

Functional materials, 28, 3, 2021
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Fig. 3. a) Time dependences of the growth rate v of the major axis 20A and minor axis 20B of an
ellipse-shaped Sb,S; crystal in the cases of a linear (vop, and vyop) and nonlinear (V'gn, and viyop)
increase in the size of the crystal. b) Time dependences of the eccentricity € of an ellipse-shaped
crystal in the cases of linear (I) and nonlinear (2) crystal size increase.

Fig. 2 illustrates a variant of polymor-
phous crystallization of an amorphous
Sb,S; film, when a nonlinear time depend-
ence of the crystal size is realized. Electron
microphotographs correspond to the periods
of time ¢ that have passed after the start of
video recording: (a) ¢=0.27 s; (b) t=
1.27 s; (¢) t = 2.03 s. The time dependences
of the lengths of the major axis 20A and
minor axis 20B of the ellipse-shaped Sb,S5
crystal are shown in Fig. 2d. Nonlinear de-
pendences are observed:

204 = 0.885t06 - 0.101um, (90
20B=0.626(06 — 0.10Tum. (g1

The absence of precipitation of miero-
crystalline antimony particles (Fig.1 and
Fig. 2) indicates that according to the clas-
sification scheme [6], the crystallization is
polymorphous. The amorphous film becomes
crystalline without changing the composi-
tion. When the dependence S(¢) corresponds
to a polynomial of the second power, then
according to (la) and (1b), the growth rates
Vooa and Voop are constant. Otherwise, ac-
cording to (2a) and (2b), the growth rates
Viooa and V'sgp are not constant, but de-
crease with time (Fig. 3a).

The numerical characteristic of the el-
lipse, showing the degree of its deviation
from the circle, is the eccentricity e:

VTO_BJT ®)

OA
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For an ellipse-shaped Sb,S; crystal, we
can obtain the time dependence of € by sub-
stituting relations (la, b) or (2a, b) into
formula (3). The result is shown in Fig. 3b.
In the case of a linear increase in the crys-
tal size, the eccentricity monotonically in-
creases with time (line 1). Therefore, as the
crystal grows, it stretches. Otherwise, in
the case of a nonlinear increase in the crys-
tal size, the eccentricity monotonically de-
creases with time (line 2). Therefore, as the
crystal grows, it becomes rounder.

According to video recording data (Fig.
1, Fig. 2), during polymorphous crystal-
lization of an amorphous Sb,S; film, a sin-
gle ellipse-shaped Sb,S; crystal grows in
the field of observation. This is the main
qualitative feature of layer polymorphous
crystallization (LPC) [8]. A quantitative
feature of LPC is the value of the relative
length 8, [9] determined as

Dy

8o = (4)

2
a9

where ag is the cell parameter of the grow-
ing crystal. D, is the characteristic unit of
length. According to [10], D, is the average
crystal size at the time t = ¢; (#; is charac-
teristic unit of time), after which the vol-
ume of the amorphous phase decreases by a
factor of e = 2.718. At this moment, the
fraction of the crystalline phase x = 0.632.
A simple relation connects Dj and #g:

DO = <V‘C>t0’

()
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Fig. 4. Time dependences of the crystallized fraction x(¢) in the case of a linear increase in the
crystal size (a) and in the case of a nonlinear increase in the crystal size (b) during crystallization

of amorphous Sb,S; film.

where <v > is the average tangential growth
rate of crystals in the amorphous film.

To use relation (4), we must determine
quantities analogous to Dj and ag, taking
into account the shapes and orientations of
Sb,S; crystals at the final stage of their
growth. In turn, this requires knowledge of
the dependence of the fraction of the crys-
talline phase x on time ¢. In the case of
LPC, when one crystal grows in the observa-
tion field, we can define x(t) as the ratio of
the crystal area S(¢) at time ¢ to the crystal
area Sy at the last frame of the electron
microscope video:

_S@®) (6)
x(t) = Sy

For the case of a linear increase in the
crystal size (Fig. 1) and S, = 0.81 um?, the
dependence x(t) in coordinates of x — t2 is
presented in Fig. 4a. Its analytical depend-
ence has the form:

x =0.062¢2 + 0.030. (7

According to (7), the value x = 0.632
corresponds to the characteristic time ¢ = ¢
= 3.116 s. Substituting this value to (5) for
V> = Voga = 0.290 um-s 1 we get D, =
0.904 pm. The SAED pattern of the Sb,Sj
crystal (Fig. 1lc) sets the position of the dif-
fraction vector g4 ;7. In this direction, the
major axis 20A of the ellipse-shaped Sb,S4
crystal increases. This is done by attaching
of (411) planes with the interplanar dis-
tance d4 17 = 0.2222 nm. Then, according to
(4), using d4 {; instead of ay, we get the
relative length §y =~ 4068.
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For the case of a nonlinear increase in
the crystal size (Fig. 2) and Sy = 0.86 um?,
the dependence x(¢) in coordinates of x —
t1-2 is presented in Fig. 4b. Its analytical
dependence has the form:

x =0.443t1-2 - 0.048. (8)

According to (8), the value x = 0.632
corresponds to the characteristic time ¢ = ¢
= 1.429 s. At this moment ¢; according to
(2a), the velocity <v> = V'goa =
0.460 um-s~1 (Fig. 3a). Substituting this
value to (5) we get Dy =0.657 um. The
SAED pattern of the Sb,S; crystal (Fig. 2c)
sets the position of the diffraction vector
840.1- In this direction, the major axis 20A
of the ellipse-shaped Sb,S; crystal in-
creases. This is done by attaching of (401)
planes with the interplanar distance dyy ; =
0.2267 nm. Then, according to (4), using
dyg.1 instead of ay, we get the relative
length §, =~ 2898.

4. Conclusions

Electron beam irradiation of an amor-
phous Sb,S; film with stoichiometric com-
position causes a phase transformation ac-
cording to the scheme of layer polymor-
phous crystallization. A single planar
ellipse-shaped Sb,S; crystal nucleates and
grows in the observed region of the film.
The time dependences of the lengths of
major and minor ellipse axis of crystal can
be both linear and non-linear. In the linear
case, the time dependences of the ellipse-
shaped crystal area S and the crystallized
fraction x are quadratic. Wherein the rela-

tive length 8y = 4068. As the ellipse-shaped

Functional materials, 28, 3, 2021
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crystal grows, its eccentricity monotonically amorphous films of the same composition,
increases with time; that corresponds to an the existence of two or more forms with
increase in its elongation along the major different short-range order of the arrange-
axis. ment of atoms in the first coordination
In the case of a nonlinear increase in the sphere is possible. In amorphous films, the
crystal size, the time dependences of the kinetics of crystallization of areas with dif-
ellipse-shaped crystal area S and the crys- ferent short-range orders is different.

tallized fraction x can be described by a
power function with the exponent of 1.2.

Wherein the relative length 5y =~ 2898. As 1.

the ellipse-shaped crystal grows, its eccen-

tricity decreases monotonically with time. 2.

This corresponds to a decrease in its elonga-
tion along the major axis.

8g values of several thousand (as in the
case of Sb,S3) are typical for layer-by-layer
polymorphous crystallization of amorphous
substances (for example, Cr,05, V,03),
when a single crystal layer is formed. The
formation of a polycrystalline film during is- 6
land polymorphous crystallization corresponds
to &y values of several hundred (for example, J,
= 100 for ion-plasma deposition of an amor-
phous ZrO, film and 8, = 805 for laser deposi-
tion of an amorphous ZrO, film) [9].

The observed difference in the kinetics
and morphology of crystal growth within 8
the framework of layer polymorphic crystal-
lization can be explained by local microinho-
mogeneities of the film, formed by thermal 10
evaporation of the charge. In this case, the

o

©

phenomenon of polyamorphism appears in 11.

amorphous structures. According to [11], in
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