Functional Materials 14, No.3 (2007)

Autoepitaxy and the main orientational
relations at crystallization out of amorphous
state in Cr—O and V-O films

A.G.Bagmut, V.A.Zhuchkov, D.V.Melnichenko

National Technical University "Kharkiv Polytechnical Institute”,
21 Frunze St., 61002 Kharkiv, Ukraine

Received April 19, 2007

Studied have been the joining characteristics of crystals growing in amophous films of
stoichiometric Cr,05 and V,05; under annealing. The films were deposited by laser sputter-
ing of chromium and vanadium targets in oxygen atmosphere. The annealing of films was
performed using electron beam in the column of an electron microscope. Using the trans-
mission electron-diffraction and electron microscopy methods, the main morphological
types of Cr,0O5; and V,0; nanocrystals were determined as well as the nanocrystal evolution
in the course of growth. Orientation relations have been established for conjunction of
crystals of different morphological types as a result of autoepitaxial growth out of
amorphous phase as well as at a random contacts thereof.

UccneqoBaHbl OCOGEHHOCTU CPACTAHUS KPUCTAJIOB, PACTYIIMX B aMOP(QHBLIX IIJEHKaX
crexumomerpuueckux cocraBoB Cr,O; m V,0; mpu orskure. IlmeHKM OCaMAaau JNa3ePHLIM
pacoblIeHHeM MHUIIeHell XpoMa U BaHazus B arMmocdepe Kuciaopoza. OTMHUI ILJIEHOK OCy-
IIeCTBJIANN DJIeKTPOHHBIM JIYy4OM B KOJOHHe MuKpockomna. OmpesneneHbl OCHOBHBIE MOP(OJIO-
ruyeckue Tunbl HaHoKpucramros Cr,0; m V,0,5, a Takke ux 9BONIONHUA B IIPOIECCE DOCTA.
VYceTaHOBNIEHBl OPHEHTAIIMOHHBIE COOTHOIIEHUSA IIPH CONPSAMKEHHU KPHCTAJNJIOB PAa3JIMUYHBIX
MOP(OJIOrUYECKUX THUIIOB KAK B pe3yJbTaTe aBTOIIUTAKCHAJBLHOTO POCTA U3 aMOP(HOIL
(aspl, TAK U IPU UX CAYYAHHOM KOHTAKTHUPOBAHHHU.
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The autoepitaxy is a kind of epitaxy,
when the oriented growing of crystalline
matter takes place on a single-crystal sub-
strate of the same material. This phenome-
non finds a wide application in technology
of semiconductor electronics at growing of
thin films of Ge, Si, GaAs and other semi-
conductors on single-crystal substrates
made from the same materials [1]. The ver-
sions of its manifestation are studied com-
prehensively enough at the crystallization
of a matter both from a gaseous state (con-
densation of vaporized matter on a sub-
strate in vacuum), and from a liquid state
(deposition of matter from liquid solutions
or melts) [2]. At the same time, the infor-
mation on auto-epitaxy realization wvari-
ations at the crystallization out of amor-
phous state are rather scanty. At present,
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the amorphous state of matter is the most
efficient precursor in the nano-structure
synthesis [3]. Thus, the physical charac-
teristics of a film (coating) after its full or
partial crystallization depends not only on
the crystal size, but also on orientation re-
lations between individual nanocrystals,
that defines the grain boundary structure.
The grain boundaries are formed both at
contacting of crystalline grains with arbi-
trary orientations growing in amorphous
matrix, and at regular growth of one crys-
tal on a lateral surface of other crystal, i.e.
during autoepitaxy. Therefore, a compre-
hensive investigation of the autoepitaxy out
of amorphous state and of orientation rela-
tions between contacting nanocrystals is
rather actual now.

351



A.G.Bagmut et al. /| Autoepitaxy and the main ...

Several examples of autoepitaxy of Cry,O4
and V,05 crystals at annealing of amor-
phous metal-oxygen films are mentioned in
[4] and [5], respectively. In these works,
studied have been the regularities of struc-
ture formation and crystallization in amor-
phous Cr-0O and V-0 films obtained by laser
sputtering of chromium and vanadium in
oxygen atmosphere. If the amorphous
stoichiometric Cr-O film is formed, then it
crystallizes under annealing under forma-
tion of Cr,O; nanocrystals of with hexago-
nal crystal lattice. The V,05 crystals grow-
ing under heating in amorphous
stoichiometric V-0 films have a similar
structure and morphology.

At the initial transformation stage in
amorphous Cr,O5 films, the crystals of
three basic morphological types grow [6]:
rounded, thread-like and crescent-like
shapes. The rounded crystals are always ori-
ented with a basic plane (001) Cr,O5 paral-
lel to the film surface. The thread-like and
crescent-like crystals are oriented so that
the different crystal planes may be parallel
to the film surface (including situation
when the (001) Cr,Oj; planes are oriented
parallel to the film surface). In the elec-
tron-microscopic images of such crystals,
numerous of bent extinction contours are
observed that evidences a complex distor-
tion of the crystal lattice.

The aim of this work consists in investi-
gation of the autoepitaxy phenomenon at
crystallization out of amorphous state in-
cluding: (i) electron-microscopic research of
evolution of main morphological types of
Cr,03 and V,0; crystals during their
growth in an amorphous matrix being crys-
tallizing under annealing; and (ii) determi-
nation of the main orientation relations at
conjunction of crystals of different morpho-
logical types.

The high purity chromium and vanadium
targets were sputtered by nanosecond laser
radiation pulses (AIG: Nd3*, wavelength
1.06 um) in oxygen atmosphere under
0.13 Pa pressure. The pulse repetition fre-
quency v =25 Hz. The products of laser
erosion were condensed on substrates at
room temperature. We have used both ori-
enting substrates in the form of KCI single
crystals cleaved along cleavage planes (001),
and neutral substrates in the form of KCI
single crystals coated with a thin (transpar-
ent for an electron beam) film of amorphous
carbon. The films where separated from the
substrate in distilled water and transferred
onto the object grids. The phase transition
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Fig. 1. The crystalhzatlon of amorphous
Cry,04 film. (a). The main morphological types
of crystals: I, thread-like; 2, crescent-like; 3,
rounded. (b). Ring-shaped crystal. (c). The
final stage of film crystallisation. The bent
extinction contours are distinctly see in all
microphotos (a contrast streakiness). The con-
trast in all electron diffraction patterns is
inverted.

from amorphous state into crystalline one
was initiated by local heating of a selected
area of an amorphous film by an electron
beam in the electron microscope column ("in
situ” technique).

Morphology of nanocrystals. The local
heating of an amorphous film area by elec-
tron beam initiates a homogeneous nuclea-
tion of a thread-like crystals (crystal I in
Fig. 1la). The crescent-like crystals are
formed during bending of thread-like crys-
tals (crystal 2 in Fig. la). If the crescent-
like crystals is oriented with a basal plane
(001) parallel to the film surface, then it
grows and bents along a circle arc of. When
the crystal tips come in a contact with one
another and grow together, than the ring-
shaped spherulite crystal (roll) shown in
Fig. 1b will be formed. The rounded crys-
tals may nucleate both in the free state
(crystal 3 in Fig. 1la), and in bound state,
heterogeneously on a lateral surface of a
thread-like or crescent-like crystal.
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Fig. 2. Autoepitaxy at crystallization of amorphous Cr,O4 film. Orientation overgrowth of rounded
crystal (2) along lateral surface of a thread-like crystal (1). (a). Parallel orientation relation
(001),[110], // (001)5[110], (row 1 of the Table). (b). Unparallel orientation relation (110),[110], //
(001)4[110], (row 2 of the Table). Joining of the crystals 2 and 3 takes place after its contacting

during their growth and is not autoepitaxial.

At the final transformation stage, the
main part of the film crystalline phase con-
sists of joint crystals having originally the
rounded form (Fig. 1c). In this case, the
crystal/vacuum interface has the minimum
energy and is represented by the (001)
planes with the smallest Miller indices.

Autoepitaxy. The main conjunction ver-
sions of crystals of different morphology
types being observed at the crystallization
of amorphous stoichiometric Cr,O; and
V5,05 films are summarized in the Table.
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The Table includes both versions regular
overgrowth of one crystal on the surface of
other one (autoepitaxial growth), and arbi-
trary linking at the contacting. The crite-
rion of regularity for crystal overgrowing is
the coincidence of certain planes and direc-
tions, usually crystallographic simple ones,
of the overgrowing crystal and crystal-sub-
strate [7].

The autoepitaxial overgrowth of a
rounded crystal on a lateral face of a
thread-like crystal is presented in Fig. 2a
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Table. Conjunction of nanocrystals at crystallization of amorphous films

No. |Crystal Crystal morphological type Rotation |Angle of| Joining planes |Literature
. axis rotation (which are

Thread-like (1) Rounded (2) B(°) normal to the

[uvwl]y| (hkD) |[uvw], | [uvw]y | (hkl) film surface)
Cr,04 | [001] | (001) | [110] | [001] | (001) | [110], , | O; 180 | (110), // (110), -
Cr,05 | [110] | (110) | [110] | [001] | (001) | [110]; , 90 (001), // (110), -
Cr,0, | [661] | (665) | [5512] | [001] | (001) | [5 5 12]; | 75.2 | (110); // (010), -

[001], 33.8

4 | Cry0, | [121] | (015) | [100] | [001] | (001) | [100], , | 82.3 | (012); // (010), [4]
V,0, | [212] |(1010)| [548] | [001] | (001) | [010], , 17.1 | (223), // (210), [5]

Note: [uvw]y — indices of zone axis; (hkl) — indices of crystal planes, parallel to the film surface;
[uvw]_, — indices of direction, parallel to the long axis of thread-like crystal. Orientation relations.
Row 1 — (001),[110]; // (001),[110],. Row 2 — (110),[110]; // (001),[110],. Row 8 — (665),[5 512], //
(001),[100],. Row 4 — (015),[100]; // (001),[100],. Row 5 — (120),[212]; // (120),[001],.

(row 1 of the Table). A parallel alighment
in this case takes place:
(001);[110%;//(001),[ 110} (1)
The autoepitaxial overgrowth in unparal-
lel alignment is shown in Fig. 2b (row 2 of
the Table). At a lateral area of a thread-like
crystal 1, a rounded crystal 2 originates
and grows deep into amorphous phase. The
direct and repeated electron-microscope ob-
servations "in situ” have shown,that the
tangential growth rate of thecrystal 2 in-
creases when it reaches a lateral surface of
another thread-like crystal 3. Between crys-
tals 1 and 2, the following orientation rela-
tion takes place:

(110)1[1 10],//(001)5[110],. (2)

The orientation relation (2) also corre-
sponds to coincidence of crystal-
lographically simple planes and directions
of the overgrowing crystal (crystal 2) and
crystal-substrate (crystal 1). At a random,
mechanical contact during the growth of
thread-like crystal and rounded form crys-
tal, the parallelism of crystallographically
simple planes and directions may not be ob-
served (for example, for crystal 3 and 2 in
Fig. 2b).

A similar kind of conjunction between a
thread-like crystal and rounded crystal of
Cry03 is shown in Fig. 8. At a heating of a
film with an electron beam, thread-like
crystal 1 initially homogeneously nucleates
and grows in amorphous matrix. The inter-
pretation of a selected area diffraction pat-
tern (with zone axle [661]) has shown, that
the planes (665) Cr,O5 are oriented parallel
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Fig. 3. Joining of the thread-like (1) and of
rounded form (2) crystals of Cr,O5. After
their contacting takes place the following ori-
entation relationship:  (665),[5512]; //
(001),[100], (row 3 of the Table).

to the film surface, and the long axis of a
thread-like crystal is directed along [5 5 12]
(row 3 in the Table). The nucleation and
growth of a rounded crystal 2 takes place
near the lateral surface of the crystal 1. At
the contact between crystals 1 and 2, the
following orientation relation takes place:

(665);[5 5 12], // (001)5[100],. 3)

If the lattice orientation of the crystal 1
is taken as a basis, then the lattice orienta-
tion of the crystal 2 is obtained after realiza-
tion of following operations: (1) Rotation of
the crystal 1 lattice by angle B; = 75.2° (B, is
the angle between axes [661] and [001])
around the axle [5 5 12];. (2) Further rota-
tion by angle B, =33.8° around [001].
Thus, in the case of orientation relation (3),
there 1is no parallelism of crystal-
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lographicallyy simple planes and directions
between conjuncting crystals.

The rows 4 and 5 of the Table correspond
to autoepitaxy versions observed before be-
tween the main morphological forms of
Cry,0O3 [4] and V,05 [5] nanocrystals.

Thus, in the most cases at crystallization
in the amorphous matrix, a homogeneous
nucleation of thread-like crystals of CryO5
in arbitrary orientations occurs. The cres-
cent-like crystals are formed during bending
of thread-like crystals. At the lateral sur-
face of a thread-like crystals and crescent-
like crystals, the rounded crystals may het-
erogeneously nucleate. The main linking
kinds of two main morphological types
(thread-like crystals and rounded ones) are
determined. During crystallization of amor-
phous films, both a regular overgrowth of
one crystal at the other one (autoepitaxial
growth), and arbitrary joining thereof at
contacting. At the final transformation
stage, the main amount of the film crystal-
line phase is presented by rounded crystals.
In this case, the surface energy of the crys-

tal/vacuum interface is presented with
(001) planes of CryO3 with the minimum
Miller indices and reaches a minimum.
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ABToemiTakcia Ta ocCHOBHi opicHTaIiliHI
CHiBBiTHOMIEHHA IPH KpHcTaJdisamnii 3 amopdHOl ¢a3u
y maisgax Cr-O u V-0

A.''Bazmym, B.A./Kyuxoe, [|.B.Menvnuwenko

Hocaig:xeHo 0COOJMBOCTI 3POIIYyBaHHS KPHUCTAJIIB, IO POCTYTh B aMOPMHUX ILIiBKaX
crexiomerpuunux Cr,O; Ta V,0; mpm sigmani. IImiBKu ocagxeHO JTa3epHUM POSIUJIEHHAM
Minrene#t xpomy Ta BaHajio B arMocdepi KucHO. Bixgmanm niiBok 3pificHIOBaJU eJIeKTPOHHUM
npoMeHeM y KOJIOHI Mikpockona. BusHaueHo ocHOBHI MopdoJjoriuni Tumm HaHOKPUCTAIIB
Cr,0; Ta V,05;, a rakox ix esomromilo y mpomeci pocry. BcraHoBieHo opieHTamiitmi
CHiBBiJHONIEHHSA IIPU CHPAMXKEHHI KPUCTAJIB DPisHUX MOpP(OJOTiUHMX TUIIIB fAK y pesyabTari
aBToeIliTaKkcianmbHOTO pocTy 3 amopdHol (asu, Tak i Ipu IXHHOMY BUIQJAKOBOMY KOHTAaKTYyBaHHI.
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