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Using the electron microscopy methods the process of crystallization of amorphous
Sb,S; films was investigated. The amorphous films were prepared by the vacuum conden-
sation (107® Torr) on a surface of KCl crystals at a temperature of 20-185°C. The crystal-
lization of amrphous films was initiated by their heating with the electron beam in a
column of electron microscope (in situ technique). The partial crystallization of Sb,S;
films occurred also directly during the condensation process when the substrate tempera-
ture was in the range of 183-185°C. It was established, that in amorphous Sb,S; films the
crystals with the bent crystal lattice are formed. The local bend of a lattice makes ~20 de-
gree/microns. At a slow heating of a film by an electron beam it was revealed, that at first in
a surface layer of the film a thin crystals with the undistorted lattice was nucleated. The bend
of a crystal lattice occurs during the increasing of the Sb,S; crystals thickness.

MeTomaM1 9I€KTPOHHON MUKPOCKOINN MCCAef0BAHA KPUCTAMIN3AINA AMOP(HLIX IIJIEHOK
Sb,S;. AMopdHEe NIEHKN KOHZEHCHPOBANNCH B BaAKyyMe 107® Topp HA IIOBEPXHOCTH KPUC-
Tanaos KC1l mpu remueparype momnmoxiku 20-185°C. Kpucrannusanus aMOpP(HBIX ILICHOK
OCYIIECTBJIANACE IyTeM WX HArpeBa SJEKTPOHHBIM JIYUOM B KOJOHHE DJIEKTPOHHOTO MHKPO-
ckoma (Metoguka 'in situ”). HacTuumHas KpucTanramsanus mreHok Sb,S; mpomexogmia
TaKMKe HEIMOCPEJCTBEHHO B XOJe KOHAEHCAIMM IIpW TeMmieparype moauao:xku 183-185°C.
Veranopneno, uro B aMmopdHBIX IreHKax Sh,S; o6pasyorTcs KpHUCTAIIB ¢ M3OTHYTOH KpIHC-
TANINYECKOU perreTkoil. Jlokanpublll usrub pemrerku cocrapiaser ~20 rpag/mem. I[Ipu men-
JIEHHOM HAarpeBe ILIEHKU 3J€KTPOHHBIM IIYUYKOM OOHAPYMKEHO, UTO CHAUAJAA B MIPUIIOBEPX-
HOCTHOM CJIO€ ILJIeHKN BO3HHKAIOT TOHKNHE KPHCTAJJBI C HEU3O0THYyTOH pemierkoii. Marub
KPUCTANINYECKON PEIIeTKN IIPOUCXOLUT B IPOIECCe YBEANUYECHUA TOJIIUHBI KPUCTAIIOB.

© 2005 — Institute for Single Crystals

Today it is established that during the
amorphous films annealing, if they consist
of materials crystallizing by spherolites
growth [1-5], dislocation-free crystals with
strong regular internal bending of the crys-
tal lattice planes (up to 120° per 1 um) are
formed. This bending called lattice twisting
has the character of elastic rotation lattice
distortion in the crystal. It was observed at
amorphous films crystallization of sele-
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nium, copper selenide and copper telluride,
Cry03, Fey03 ete. The crystals themselves
in this case remain flat. The model for in-
ternal bending of lattice for crystal grown
in a thin amorphous film is shown in Fig. 1
[6]. The crystals with such lattice bending
were called "transrotational crystals™ in [3].
In [2] it was shown on the example of sele-
nium, stibium selenide and stibium sulphide
amorphous films crystallization that the de-
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Fig. 1. The model of internal bending in the
lattice of crystal, grown in amorphous film [6].

gree of internal bending in crystal lattice
with the decrease of amorphous films thick-
ness in the range 100-10 nm increases from
6° to 60° per 1 um. Nevertheless, the internal
bending of the lattice in Sb,S; chips on the
initial stage of their growth, prior to
spherolites formation, was not studied in de-
tail. The aim of our paper is the study on
formation of crystals with lattice internal
bending in amorphous films of stibium sul-
phide at different films thickness, condensa-
tion temperature and crystal growth velocity.

The crystal phase of stibium sulphide
Sb,yS;, according to JCPDS library data, has
orthorhombic lattice with periods a =
1.1229 nm, b = 1.1310 nm and ¢ = 0.3839 nm.
Amorphous stibium sulphide films were pre-
pared by thermal vaporization of chemical
compound Sby,S; in vacuum 107° Torr. Sti-
bium sulphide powder was vaporized from a
molybdenum boat immediately exposed to
heavy current. This caused high vaporiza-
tion rate and low probability of Sb,S; mole-
cules dissociation. The condensation took
place on the surface of KCI| crystal chip
(001). The temperature of substrate crystals
Tg changed from room to 200°C. The amor-
phous films were formed in substrate tem-
perature interval 20+180°C. Polycrystal
Sb,S; films condensed at Tg > 180°C. To
settle the start of amorphous Sb,S; films
crystallization and get amorphous films
with imbedded crystals, the substance was
condensed on substrate crystals, along which
a certain temperature gradient was made.
The temperature of "cold” end of the crystal
was 180°C. Substrate crystals of room tem-
perature were placed at different distances
from the vaporizer, and this made it possible
to change the thickness of condensed films
stepwise in the interval from 10 to 50 nm.
Onto the heated crystals different masses of
the substance were condensed, and this also
provided films of different thickness.

Local crystallization of separate regions
in amorphous films was made in situ by
heating them with electron beam of various
focusing and intensity in electronic micro-
scope PEM-125K column. Crystals several
millimeters in size were grown. The growth
was stopped for the crystal structure study
by reducing the electron beam intensity.
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The growth velocity varied in the interval
0.001-1 pm/s.

Structure studies were made by bright
and dark field electron microscopy, selected
area diffraction and high-resolution elec-
tron microscopy methods. The crystals lat-
tice bending was determined basing on the
analysis of extinction bend contour pat-
terns, appearing in the image during crys-
tals growth. The peculiarity of these pic-
tures is that they form a stable pattern,
depending only on the kind of every chip
crystal plate lattice bending. The symmetry
of bend contours position and intercontour
distances remain almost unchanged in case
of exposure and displacing the object under
electron beam in the electron microscope,
though the centers of band-axis patterns
and the contours themselves, of course,
move. The integral bend of crystal lattice
was defined as the ratio of the angle be-
tween the reflecting planes zones axes of
adjacent band-axis patterns to the distance
between the centers of these patterns. Local
lattice bend do/W (do is the rotation angle
of the lattice in the region between the bend
extinction contours Akl and hkl, W is the
distance between the bend contours) was de-
termined by the methodic [7]:

do _ 1 _[1+ (dpgo/doo)* 1M
W R~ Wy

where R is crystal curvature radius, dy;,
and dy, are interplane distance of planes
(hk0) and (00l) respectively, A is the length
of de Broglie wave for electrons.

The in situ study of amorphous stibium
sulphide films crystallization showed that it
takes place in two stages. On the first
stage, the surplus stibium emerges in the
form of many small crystals. The surplus
stibium in the film is, evidently, caused by
partial decomposition of Sb,S; charge,
while sulfur, a more volatile component,
has vaporized and so the film was ex-
hausted in sulfur. As a result, the composi-
tion of the amorphous film tends to the
stoichiometric composition of Sb,S; com-
pound. The process of stibium emerging
ends after the metastable equilibrium in the
system is achieved: the amorphous phase of
Sb,S; — crystal stibium. With further heat-
ing of the film the number of stibium crys-
tals and their size don’t change. Sb,S; crys-
tals form in the amorphous film on the sec-
ond stage at more intense electron beam.
The presence of stibium crystals almost
doesn’t affect Sb,S; crystallization front
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Fig. 2. Sb,S; crystal, grown in amorphous
film by in situ method. The local crystal lat-
tice bend in the region is 4.2 grad/um, where
two bending extinction contours of (130) type
are situated.

spreading. The moire patterns on stibium
crystals image in the crystallized regions of
the film also show that they form on the
film surface or in the thin near-surface
layer. The same way of crystallization is
observed in case of stibium sulphide con-
densing onto the heated substrate at T'g =
180+200°C: stibium crystals form at a lower
temperature, and Sb,S; — at a higher one.

In Fig. 2 electron-microscopy shot of the
crystal, grown in situ in amorphous stibium
sulphide film at high growth velocity
(~1 um/s), and selected area diffraction pat-
terns from different its regions are shown.
The integral bending of the crystal lattice,
estimated in the region between the axes of
O, and O, zones, is 5.2° per 1 pm. The local
bending, estimated in the region of two con-
tours (130), is 4.2° per 1 um, which is in
accord with the determined integral bending.
The crystals of this type were grown in amor-
phous films, condensed both at room tem-
perature of substrate and at 180°C. For vari-
ous crystals we have observed a local crystal
lattice bending about 8-15° per 1 um.

In Fig. 3 we can see electron microscopy
shot of a crystal with complicated and re-
peating bend contour pattern. This erystal
was grown in situ from a needle-shaped
crystallizing nucleus, formed in stibium
sulphide amorphous film during its conden-
sation at Tg = 180°C. In the crystal region
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Fig. 8. Sb,S; crystal, grown in amorphous film
by in situ method from a needle-shaped nucleus
formed by condensation of the film (Tg=
180°C). The crystal lattice rotation angle be-
tween the axes of O; and O, zones is 19.5°.

4 ym long between the axes of O; and O,
zones, the turn of lattice around the axis,
perpendicular to the crystal axis, is 19.5°.
A similar pattern of bend extinction con-
tours was observed in the image of Cu,_,Te
crystals [4]. It was shown by calculation of
simulated bend contour patterns that the
electron-microscopic contrast can be obtained
in the image of a "transrotational” crystal
with an additional bend around its longitudi-
nal axis. The crystal in Fig. 8 may have the
same character of lattice distortion.

For this experiment, we have prepared
amorphous films, 4-5 times differing in
thickness. At stepwise thickness reducing in
the amorphous films, we did not observe
such an essential increase of lattice curva-
ture of the SbyS; crystals grown in them,
as was found in [2] at continuous reducing
of films thickness. It was only noticed that
the thinner the film is, the higher is the
current density at which it crystallizes.
Films less than 10 nm thick did not crystal-
lize even at maximum current density of
the electron beam, achieved in the aperture
diaphragm of the second condenser absence.
In such films the electron beam caused only
explosive crystallization near cracks in the
film, resulting in microcrystalline structure
forming. Crystallization impediment at film
thickness reducing corresponds to a well-
known regularity of amorphous state stability
increase with the reducing of condensing
films thickness [8, 9].

At slow heating of the amorphous film
by electron beam and, so, small crystals
growth velocity (~0.001 pm/s) it was estab-
lished that at the first stage of crystal-
lization appear very thin crystal wafers
with the thickness much smaller than the
film thickness. The diffraction contrast in
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Fig. 4. Crystal lattice bend during the crystal growth in amorphous film: a) the initial stage of
crystallization; b) the same region after 5 min exposure to electron beam.

Fig. 5. Crystal lattice bend during the crystal growth in amorphous film. a) thin crystal wafers A with
non-bound crystal lattice in the amorphous matrix (d(ﬁo) = 0.799 nm); b) the same region after the
exposure to cathode beam. In the crystal shot bending extinction pattern be with planes resolution (120)

(d(120) = 0.505 nm) is observed.

their image is very weak, bend extinction
contours either are absent or are very wide
and mostly only one, but not a couple of
contours from like planes, is observed. This
implies minor curvature of the crystal lat-
tice. With the further heating the size of
the plates in the film plane does not in-
crease much, but they intergrow in all the
thickness in the amorphous film. As the
thickness of crystal wafers increase, the
width of bend extinction contours reduces,
pairs of bend contours from the like planes
appear, intercontour distance decreases and
contours from other plane systems appear.
This denotes the curvatures increase in the
lattice. For instance, in Fig. 4a,b two elec-
tron microscopy shots made with 5 min in-
terval of the same crystals, grown in sti-
bium sulphide amorphous film by slow heat-
ing. Fig. 4a shows very thin Sb,S; crystals.
The local curvature of crystal A lattice, cal-
culated by the distance between the bend

contours (211) and (211), is 2.9° per 1 um.
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In the shot Fig. 4b the local curvature of
the lattice, calculated by intercontour dis-
tance between the same pair of bend con-
tours, is 9.5° per 1 pm. The increase of
lattice curvature from the center to the pe-
riphery in the crystals is noticeable. For
example, in crystal A, in the regions where
a pair of bend extinction contours (840) is
situated, it increases from 9.5° per 1 um in
the central part of the crystal up to 19° per
1 um near the edge of the crystal. In the
amorphous film surrounding the crystals,
no morphological changes are observed.
The increase of crystal lattice curvature
with crystals thickness increase was also ob-
served in case of in situ crystallization in
high-resolution electron microscopy mode.
Figs. ba,b show the shots of one and the
same film region, taken at different crystal-
lization stages under the influence of elec-
tron beam. In Fig. 5a within crystal wafer
atomic planes are resolved (110). With crys-
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Fig. 6. Amorphous Sb,S; film during crystal-
lization: a) the crystal with dome-like lattice.
Local crystal lattice bending in the contour
region (002) is ~20 grad/um; b) the resolu-
tion of atomic planes (020) in the region
marked in the picture with a rectangle (a)
(d(p20) = 0-566 nm).

tal region expansion and thickening, the lat-
tice bends. In the wafer image (Fig. 5b) bend
extinction contour bc appears and the system
of planes comes to reflecting state (120).
Relative change of Sb,S; films density
in amorphous and crystal states is evaluated
by methodic [5]. To do it, the change of
distance between the same Sb crystals
(black points 1 and 2 in Fig. 4) near Sb,S3
crystal for the time of its thickness increase
at the exposure to the intensive electron
beam was determined. It was found that the
relative substance density increase at amor-
phous Sb,S; films crystallization is ~8 %.
So, one can expect that the crystals in the
film plane are influenced by tension stress.
In spite of it, their crystal lattice is curved.
The films condensed at substrate tem-
perature 183-185°C were mostly amor-
phous, but contained ingrained stibium
crystals and Sb,S; crystals. Sb,S; crystals
had the typical form for crystals formed at
amorphous films crystallization, which es-
sentially differs from the form they have in
case of "vapor-crystal” film growth mecha-
nism [10]. This implies that Sb,S; crystals
appeared as a result of Sb,S; amorphous
film crystallization. In electron microscopic
images of these crystals bend extinction
contours, making the pattern, typical for
the bend of their lattice, were observed. In
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particular, the same patterns of bend con-
tours were observed in [5] in Cry,O3 crystals.
In Fig. 6 electron microscopy shot and se-
lected area diffraction pattern of a erystal
with a dome-shaped lattice bending are
shown. The resolution of atomic planes
(020) is shown in the region, marked in the
picture with a rectangle. The local crystal
lattice bend, evaluated by intercontour dis-
tance of (002) type bend extinction contour
is ~20° per 1 um. For various crystals with
different types of bending the local lattice
bend was calculated. It is 5—20° per 1 pm.
The dependence of bend value on the film
thickness is not established.

Thus, it is found out that at Sb,S; amor-
phous films crystallization by heating with
a electron beam immediately in the elec-
tronic microscope column, as well as in case
of crystallization by condensation at sub-
strate temperature 183-185°C there appear
Sb,S; erystals in films with a bound crystal
lattice. The local bend of the lattice is 5—
20° per 1 um. It is discovered that if the
film is slowly heated with a electron beam,
then, first in the subsurface regions of the
film, thin crystals with non-bound lattice
appear. The bend of the crystal lattice takes
place with the increase of crystals thick-
ness, when the crystallization front is mov-
ing along the normal to the film surface.

The work was done with INTAS financial
support (grant No.00-100).
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Pict kpucranis Sb,S; 3 BUrHYyTOI0 KPHCTAXIYHOIO
pelriTKo0 NpH Bigmaji aMop(HHUX NIiBOK
Yy B IpoIieci KoOHAeHcaIril

O.I''Bazmym, C.M.I'puzopoés, B.JIO.Konocos,
B.M.Koceeuu, I'.Il. Hixonaiuyx

MetomamMu eneKTpOHHOI MiKpocKomii gochimskeHo Kpuctajgisalio amMopdHUX ILIiBOK
Sb,S;. AmophHi mIiBKKM cKoHAEHCOBaHI y BaKyyMmi 1075 Topp ma momepxui xpueramiz KC1
npu remneparypi migraagzxum 20-185°C. Kpucranisamia amopdHux iIiBok spilficHioBanacsa
OIIAXOM 1X HArpiBy eJeKTPOHHUM IIPOMEHEM y KOJOHHI eJeKTPOHHOro MiKpockomna (MeTomu-
Ka "in situ”). YacTrKoBa KpucTanisanmidg miaiBok BimfyBasacsa Tako:K 0es3locepesHbO I dac
KoHfeHcalii mpu Temnepatypi miakmagxm 183-185°C. BceramoBjeno, 1m0 B aMopdHUX
mriBkax Sb,S; BUHHKAIOTE KpHCTaNKM 3 BUTHYTOI KPHCTANIUHOI pemrirkoro. JloxanpHUiA
Burin pemritku craagae ~20 rpag/mrm. Ilpu moBinbHOMY Harpiel miaiBKM eJeKTPOHHUM
HpoMEeHeM B3HANHAeHO, MI0 CIOYATKY Vy IIPUIIOBEPXHBOMY MIapi IJIiBKHM BUHHKAKTbL TOHKI
KPUCTAJN 3 HEBUIHYTOKIO pelriTkoio. Burin xpucraniumol pemiitku BigbysaerTbcsa y mporeci
30inpIIeHHA TOBIUHYN KPUCTAIiB.
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