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Crystallization of amorphous films of gallium, indium and antimony chalkogenides
(Sb,S3, In,Se;, Ga,Te; and Sb,Te;) has been investigated to elucidate the crystallization
character and to determine conditions favoring the growth of crystals with bent crystalline
lattice. It has been found that the lattice bending of crystals formed during the crystal-
lization of amorphous films under heating by electron beam in the electron microscope
column is observed in crystals with orthorhombic and hexagonal lattices (Sb,S; and
Sb,Te;). The bending absolute magnitudes are larger in crystals with hexagonal lattice
where they rich 160 grad/um. The crystals with bent lattice appear mainly at fast heating
of amorphous film when the rate of crystal growth in the film plane exceeds 1 pm/s. The
crystal lattice bending increases as the amorphous film thickness diminishes. When heat-
ing slowly Sb,S; films by electron beam, it has been revealed that at initial stages, very
thin crystals with unbent lattice appear in the film subsurface layer; crystal lattice
bending takes place during the crystal thickness increase.

WUccrnemgoBana KpucTaJdaIu3alusd aMOpP(HBIX ILIEHOK XaJbKOT€HUJOB TaJIIUA, WHIUA U
cypbmer (Sb,Ss, IN,Ses, GasTe; u SbyTes) ¢ menpio BeIICHEHMA XapaKTepa MX KPHCTAILIN3a-
MY ¥ YCTAHOBJIEHWUS YCJOBHIl, CIIOCOOCTBYIOIIMX POCTY KPHUCTAJJIOB C MBOTHYTON KPHCTAJ-
JIUYECKOIl pemIeTKoii. YCTaHOBJEHO, UTO u3rub KPUCTAIJIHMYECKON peIIeTKM KPHCTAJJIOB,
00pasyoIuxcsi HOPU KPUCTAIAN3ANUU aMOP(HBLIX ILIEHOK IPM KX Harpese 3JIeKTPOHHBIM
IIyYKOM HEIIOCPEICTBEHHO B KOJIOHHE 3JIEKTPOHHOI'0 MHKPOCKOIIA, HAOGJOgaeTcs B KPHUCTAJ-
Jax ¢ opropoMOuuecKoil u rexcaroHanbpHOl pemerxkamu (Sb,S; um Sb,Te;). AGcomornsie
3HaueHus u3ruba OoJbIlle B KPUCTAJNIAX C I'eKCArOHAJBbHON PEIIeTKoli, rje OHMU [LOCTUraIoT
160 rpax/mrm. Kpucranasl ¢ m30rHyTOil peIIeTKOil MperMMyIeCTBEHHO BO3HHUKAIOT IIPU ObI-
CTPOM Harpese amMOP(MHON IJIEHKM, KOIJZa CKOPOCTh POCTA KPHCTAJIOB B ILIOCKOCTHU ILI€HKU
>1 mMm/c. Vsrub pemieTKu KPHUCTANIOB yBEJIUYMBAETCS C YMEHBIIEHHEM TOJIIIUHBI aMopd-
Hoii mnenku. IIpu MejmenHOM Harpese ILIEHOK Sb,S; BI€KTPOHHEIM IYyYKOM OGHADYKEHO,
YTO CHAYAJA B IIPUIIOBEPXHOCTHOM CJIO€ IIJIEHKH BO3BHHUKAIOT OUYEHb TOHKHE KPHCTAJJIBLI C
HEeMB30rHyTO# pemieTkoil; msrub Mx KPHUCTAJIINYECKOUN PelleTKH MPOUCXOIUT B IIPOIECCe yBe-
JIMYEHUsT TOJIUHLI KPUCTAJJIOB.

© 2008 — Institute for Single Crystals

Dislocation-free crystals with monoto-
nously bent crystalline lattice (up to 120
grad/pm) are formed during spherolitic
crystallization of amorphous films of vari-
ous materials [1-8]. However, the crystals
themselves remain flat. The lattice bending
has a character of elastic rotational distor-
tion. The crystals with such bending of
crystalline lattice are known as "transrota-
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tional™ ones. The question about the growth
cause of transrotational crystals in amor-
phous films remains unsolved to date.

In this work, crystallization of gallium,
indium and antimony chalkogenides (Sb,S,
In,Se;, Ga,Te;, and Sb,Tez) amorphous
films was studied by transmission electron
microscopic methods to understand the
crystallization character and to determine
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the growth conditions of crystals with bent
crystalline lattice. According to JCPDS
data, antimony sulfide Sb,S3 has an orthor-
hombic lattice with periods: ¢ = 1.1229 nm,
b=1.1310 nm and ¢ = 0.3839 nm. In,Se;
has a hexagonal lattice, however, JCPDS
data point to several In,Se; modifications
with hexagonal lattices but with different
parameters. Ga,Te; has a cubic lattice with
a = 0.5898 nm. Sb,Te; has a rhombohedral
lattice which can be considered as a hex-
agonal layered structure with parameters:
a = 0.4262 nm and ¢ = 3.045 nm.

Amorphous films were prepared by ther-
mal evaporating the appropriate substances
of stoichiometric composition from a molyb-
denum boat in 1073 Pa vacuum. A large
current was passed through the boat at once
to provide a sufficiently high evaporation
rate and to prevent the material decomposi-
tion. The condensation was carried out onto
(001) KCI surface at room temperature. The
KCIl crystals were placed at different dis-
tances from the evaporator to obtain the
films of various thickness from ~10 nm to
50 nm in one experiment. The films were
separated from crystal substrates by KCI
dissolution in water and then placed onto
copper gauzes. The local crystallization of
separate areas of amorphous films was car-
ried out in situ in the column of a PEM-
125K electron microscope using electron
beams of various intensity and focusing. To
stop the growth process in order to study
the structure of grown crystallites, the elec-
tron beam intensity was reduced. The
growth rate was varied from 0.001 to
1 um/s. The structural analysis was made
by transmission electron microscopy using
high-resolution mode. The local lattice
bending do/W (d¢ is the lattice rotation
angle between hkl and kEkI bent extinction
contours; W, the distance between bent ex-
tinction contours) was determined according
to [8] by analyzing the bent extinction con-
tours in the crystallite images:

do 1[I+ (dyo/ doo)”IA

W R Wdj o ’

where R is the lattice curvature radius; dj;,
and dgg;, (REO) and (00!) interplanar dis-
tances, respectively; A, de Broglie wave-
length for electrons.

Fig. 1 presents the electron microscopic
image and electron diffraction pattern for a
typical structure of the investigated amor-
phous films. A non-uniform contrast shaped
as dark rounded spots (globules) of 100 nm
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0.8 um

Fig. 1. Structure of Sb,Te; amorphous film.

in diameter is clearly observed in the image.
Such contrast type may be caused by film
heterogeneity either in thickness or in den-
sity. As it was found during the crystal-
lization of the films, the globular structure
may be inherited by crystalline film during
crystallization or, in other cases, does not
influence the crystal structure.

Let us consider some features of films
crystallization for various semiconductor
compounds.

During "in situ” investigations, it was
revealed that the crystallization of anti-
mony sulfide amorphous films occurs in two
stages (Fig. 2). In the first stage, the exces-
sive antimony is crystallized as a large
amount of fine crystallites. The excess Sb
in the film seems to be caused by partial
decomposition of Sb,S; during evaporation
and, as a result, by the film depletion of
sulfur being more volatile component. The
number of Sb crystallites and their sizes do
not change at a further heating of the film.
In the second stage, Sb,Sj; crystallites are
formed in amorphous film at a higher elec-
tron beam intensity. The presence of Sb
crystallites does not affect the propagation
of SbyS; crystallization front. Moire images
revealed on Sb crystallites in recrystallized
areas of Sb,S; film confirm their formation
either on a film surface or in a thin subsur-
face layer. It was also found that the thin-
ner Sb,S; films are crystallized at a higher
electron beam current density, moreover,
the films of less than 10 nm thickness do
not crystallize even at maximal electron
beam current density attained without the
aperture diaphragm of the second con-
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Fig. 2. Increasing curvature of Sb,S; crystal lattice with increasing thickness at slow heating of the

amorphous film.

denser. The difficulty of crystallization oc-
curring at the film thickness decrease is in
good correlation with the well-known de-
pendence of the amorphous state stability
increase on the condensed film thickness [9,
10]. At slow heating of amorphous film by
electron beam and, accordingly, at small
rates of crystal growth (0.001 pum/s in the
film plane), very thin ecrystalline plates
which thickness is significantly smaller
than the film thickness appear instantane-
ously at first. Those have a very weak dif-
fraction contrast. The extinction contours
are rather wide or completely absent and, as
a rule, only a single contour instead of the
pair from similar planes is revealed. This
fact indicates a slight crystal lattice bend-
ing. At further heating, the crystallite size
in the film plane increases insignificantly,
but they intergrow through the whole amor-
phous film thickness. As the crystalline
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plate thickness increases, the extinction
contours become more narrow, the intercon-
tour distances decreases, and the pairs of
extinction contours from similar planes are
observed simultaneously with contours from
other plane systems. This clearly demon-
strates the increase of the lattice bending.
Figs. 2.a, b present two electron micro-
scopic images obtained with 5 min interval
from the same crystals grown in Sb,S;
amorphous film during slow heating. In
Fig. 2a, very thin Sb,S; crystals are ob-
served. The local lattice curvature of crys-
tal A calculated using the distance between
the (210) and (211) extinction contours is
2.9° per 1 uym. In Fig. 2b, the local lattice
curvature calculated using the intercontour
distance for the same pair of extinction con-
tours is 9.5° per 1 um. It is to note the fact
that the lattice curvature is increased from
the crystal center to its periphery. For ex-
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Fig. 3. Structure of a crystallized indium se-
lenide film.

ample, the lattice curvature in the area
where the pair of (340) extinction contours
is located is increased from 9.5° per 1 um at
the central part of the crystal to 19° per
1 um at the crystal edge. Any morphologi-
cal transformations are not observed in
amorphous film surrounding the crystals.
The relative change in the Sb,S; film den-
sity in amorphous and crystalline states was
estimated by the method described in [5]. To
that end, the change in the distance be-
tween similar Sb crystallites (black points 1
and 2 in Fig. 2a,b) near Sb,S; crystal dur-
ing its thickness increase under intense
electron beam exposure was measured. It
was found that the relative increase of the
substance density makes ~8 % at Sb,S;
amorphous film crystallization. Hence, it
can be expected that the crystals in the film
plane undergo tensile stresses. In spite of
this fact, their crystalline lattice is bend-
ing. An increase of the crystalline lattice
curvature at the crystal thickness increas-
ing was observed during "in-situ” crystal-
lization using the high-resolution electron
microscopy mode. Figs. 2¢, d show the im-
ages of the same film areas (enclosed by
dotted line), obtained at different crystal-
lization stages under electron beam expo-
sure. In Fig.2 ¢, the (110) atomic planes are
revealed within the crystalline plate (section
A) corresponding to the pair of (110) bent
extinction contours. The lattice curvature is
changed as the crystalline area thickness in-
creases, and the bc bent extinction contour
is appeared in the plate image, where the
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Fig. 4. Structure of a crystallized gallium tel-
luride film.

(120) planes system comes up into reflecting
position.

The electron microscopic image and mi-
crodiffraction pattern of indium selenide
film are presented in Fig. 8. It is seen that
the large crystallites of 1 um size are
formed during crystallization. These crys-
tallites have a modulated structure, that is,
they consist of a set of thin platelets, per-
haps differing in chemical composition. A
set of equilibrium semiconductor compounds
similar in composition is known for the In—
Se binary system: InSe, IngSe;, IngSeqy,
IngSe;, a-, B-, and y-In,Se;. The most of
those have hexagonal lattices with close pa-
rameters. Therefore, it is naturally to sup-
pose that such modulated structures can be
formed due to non-stoichiometry in amor-
phous films resulting from In,Se; dissocia-
tion during evaporation.

Fig. 4 shows an electron microscopic
image of a gallium telluride film crystal-
lized under electron beam heating. The
phase composition corresponds to the
stoichiometric GaTe compound (monoclinic
structure). This is in agreement with data
from [11]. According to these data, Ga,Tes
compound is dissociated during evaporation:

2Ga,Te; = 4GaTe + Te,.

The structure of polycrystalline GaTe
film inherits the amorphous film structure:
GaTe crystallites are identical in shape and
size to the amorphous film globules.

The crystallization of Sb,Te; amorphous
film starts with appearance of Sb crystal-
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Fig. 5. Crystallization of an antimony telluride film at slow (a) and fast (b, c) heating. The Sb,Te,

film thickness 80 nm (a, b) and 20 nm (c).

lites in the film subsurface layer. Then the
Sb,Te; crystallization occurs. A dependence
of the Sb,Te; growth character on both the
heating rate and the film thickness is re-
vealed. At low heating rates, the crystal-
lization proceeds in a manner similar to
that of gallium telluride films (Fig. 5a): the
Sb,Te; crystallites are identical in shape
and size to the amorphous film globules. As
a result, a fine-crystalline structure is
formed. At fast heating by electron beam,
the SbyTes spherolites with bent crystalline
lattice are formed (Fig. 5b, c¢). The lattice
bend of crystallites decreases as the film
thickness rises. Electron microscopic images
confirm this fact: the width of bent extine-
tion contours becomes larger and the dis-
tances between them are also increased. In
Figs. bb and 5c¢, the twinned extinction con-
tours are observed clearly. The lattice curva-
ture calculated according to [8] is 30 to
100 grad/pm for 80 nm thick films and 100 to

160 grad/um for films of 20 nm thickness.
Thus, the crystal lattice bend formed
during crystallization of amorphous films
being heated by electron beam in the elec-
tron microscope column is observed in crys-
tals with orthorhombic and hexagonal lat-
tices. The absolute curvature values are
larger in crystals with hexagonal lattice
where they rich 160 grad/um. The crystals
with bent lattice appear mainly at fast heat-
ing of amorphous film when the rate of
crystal growth in the film plane exceeds
1 um/s. The crystal bend increases at amor-
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phous film thickness decrease. At slow heat-
ing of Sb,S; films by electron beam, thin
crystals with unbent lattice appear at initial
stages in subsurface layer of the film; the
crystal lattice bending occurs during the
crystal thickness increase.
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Pict KpucTadiB 3 BUTHYTOI0 KPHCTAJIYHOI0 TPATKOIO
B aMOp(dHHUX ILTIBKAaX HAIIBIPOBITHUKIB

A.''Bazmym, C.H.I'puzopoé, B.M.Koceéuu, €.A./It064enko,
I'.Il.Hixonaiwyr, [].H.Camoinenro

Hocaigsxkeno Kpucraiisaiito amopdHUMX IJIiBOK XaJbKOreHiAiB rasiio, iHgiro ta crubiro
(Sb,S3, In,Se,, Ga,Te; Ta Sb,Te;) 3 meroro S’ﬂcyB.aHHﬂ xapakTepy IXHBOI }.cpI/Ic'raJIisauﬁ Ta
BUABJEHHA YMOB, IO CIPUAIOTL POCTY KPUCTANIIB 3 BUTHYTOI KPUCTAJIUHOIO I'PATKOIO.
BceranoBieHo, 110 BUM'MH KPUCTAJIIYHOI I'paTKM KPUCTAJIB, 110 YTBOPIOIOTHLCA IIPU KPUCTATIi-
sanii aMOp(HUX ILUIIBOK IIPU iX HArPiBaHHI €JIEeKTPOHHUM IpOMeHeM 6es3mocepelHLO Y KOJIOHI
€JIEKTPOHHOTO MiKPOCKOIIa, CIIOCTEPIraeThcA y KPUCTAJaX 3 OPTOPOMOIUHOIO Ta I'eKCaroHAJb-
Holo rpaTkaMu (Sb,S; Ta SbyTe;). AGconoTHi 3HAUEeHHA BUIHHY € OiMBIIMMK y KpPHCTaJIax 3
reKCcaroHaJIbHOIO I'PATKOIO, Je BOHU gocAraioTb 160 rpaxg/mxm. Kpucranu 3 BUrHyToo rpar-
KOI0 BUHUKAIOTH IIepPeBaKHO IIPU IIBUJKOMY HarpiBaHHI amMopdHOI IJIiBKU, KOJU IMIBUIKiCTH
pOCTy KpPHUCTaJiB y mJjomiuHi mIiBKM >1 MKM/c. Burus rpaTku KpuctajiiB 36ijbHIyeThes 3i
3MeHIIeHHAM TOBIIWHE amopdHoi miisku. IIpu nosinesHOMY HarpiBammi miisok Sb,S; emek-
TPOHHUM IIPOMEHEM BUABJIEHO, IO CIOYATKY y IPUIIOBEPXHEBOMY INapi INIIBKM BUHUKAIOTH
IysKe TOHKi1 KpUCTajau 3 HeBUTHYTOIO I'PATKOI0; STMHAHHA IXHLOI KpuCTaJIiyHOi rpaTKu Bigdy-
BA€ThCA y TIpolieci 36iJbIITeHHA TOBIUHU KPUCTAJiB.
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