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The phase composition and structure of films deposited by laser sputtering of V in
oxygen atmosphere have been diagnosed by electron diffraction and transmission electron
microscopy using “in situ” procedures as well as by consideration of bend extinction
contours. It has been shown that at the substrate temperature T, ranging from 20 to 360°C
and the oxygen pressure P(O,) in the evaporation chamber from 51073 to 1.3-107! Pa, the
oxygen concentration in the film increases as the P(O,) rises at fixed T, while at fixed
P(O,), it decreases as T is elevated. The existence areas and compositions of the crystal-
line (VOg ¢) and amorphous (V,03) phases have been established as well as the fact of the
film composition fractionation as a function of the vapor-plasma flow condensation angle.
The V,05 spherulites growing in the amorphous phase have distorted (bent) crystal lattice,
the bend attaining about 42 deg per um. The amorphous phase crystallization is accompa-
nied by the density increase by 9.2 %.

MeTogamu sjeKTpoHOrpauu M IPOCBEUMBAKOIIEH dJIeKTPOHHON MUKPOCKOIIMU C HCIIOJNb-
30BaHMEM METOAMK ' in situ” m aHammsa M3rnOHBIX SKCTHHKIMOHHBLIX KOHTYPOB AMAarHOCTH-
pPoOBaHBI (PA3OBBLIN COCTAB M CTPYKTypa IIJIEHOK, OCAMIEHHLIX JIa3ePHBLIM pachblieHueM V B
armocepe Kuciopoma. Ilokasano, uto B mHTepBase remueparyp mommoxku T, (20-360°C) u
maBlIeHMiT Kucaopoja B mcuapurenbHoil kamepe P(O,) (5-1073-1.8-107! IIa) upu durcupo-
BaHHO# T, cojepaHHe KHCIOPOJAa B ILUIEHKaxX Bospacraer ¢ yseaumuenuem P(O,), a mpu
duxrcuposarnom P(O,) omo ymensmaerca ¢ pocrom T',. YcraHOBIEHBI 06JIaCTH CYIIECTBOBA-
HUSA U COCTAB KPUCTAJIJINYUECKOH (VOO‘g) u amopduoit (V,053) das, a Takxe apdexT dpakriuo-
HUPOBAaHMUS COCTABA ILIEHKM MO YUy KOHAEHCAIIMH I1apo-IJIadMeHHOro moToka. CdeposuTs
V,0;, pacrymue B aMOopdHOIl IIeHKe, MMeOT MCKPUBJIEHHYI0 KPHCTAIINYECKYIO PeleTKY.
BennunHa ucKpuBiaeHus gocruraer ~42°/mrm. Kpucrammusanusa amopduoit daser V,04 co-
NIPOBOMKIAETCS yBeandeHneM miaoTrHocTh Ha 9,2 %.
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The materials in amorphous thin-film
state are effective precursors for synthesis
of nanostructure materials. In this respect,
the amorphous oxygen-containing films pre-
pared by pulse laser sputtering of metals in
oxygen atmosphere, are of good prospects.
By varying the ratio of metal and gas flows
to the growing surface of a film, a wide
variety of structural and phase conditions is
possible to obtain ranging from crystal
metal up to amorphous oxide. By post-con-
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densation heat treatment of amorphous
film, it is possible to realize a predominant,
polymorph or eutectic type of crystal-
lization, depending on the deviation degree
of the film composition from stoichiometry
[1]. The film composition deviation from
stoichiometry influences also on the crystal
lattice bending degree of spherulites being,
formed in amorphous films [2]. In V-0 sys-
tem, more than 11 compounds of vanadium
with oxygen have been found [3]. One of

507



A.G.Bagmut et al. /| The structure and crystallisation ...

those, vanadium dioxide (VO,), was ob-
tained also by laser evaporation of metal in
oxygen atmosphere [4, 5]. Yet the literary
data concerning structural diagnostics
(using electron diffraction and electron mi-
croscopy methods) of phase formation in the
V-0 system, are absent as far as we know.
The purpose of this work is to study the
influence of the substrate temperature T,
and of the oxygen pressure P(O,) in the
evaporation chamber on the structure and
phase composition of laser condensates of
vanadium using the electron diffraction and
electron microscopy investigation as well as
to study the features of the amorphous-
crystal phase transition as a result of the
film heat treatment.

The films were prepared on KC| sub-
strates ((001) orientation) by a standard
laser deposition technology [2, 6] using the
pulse sputtering of a high purity vanadium
target in oxygen atmosphere in a flow-
through mode. The film thickness ¢ was 25
to 30 nm. Nanosecond laser pulses at the
1.06 um wavelength in the @-switch mode
were used. The pulse repetition frequency
v =25 s 1. The substrate temperature T,
was varied from 20 up to 360°C. The oxygen
pressure in the evaporation chamber P(O,)
was varied from 5-1073 up to 1.3-1071 Pa; the

condensation angle [ of the laser erosion
plasma (to the normal to the substrate sur-
face) was varied from 9 to 28°. The film
structure was investigated by the transmis-
sion electron diffraction and electron mi-
croscopy using the analysis of bend extine-
tion contours technique [7] and measure-
ments of the relative density changes 1 of
the film substance at the amorphous to
crystal state transition [6]. It is known that
the crystal lattice of spherulite growing in
amorphous matrix is regularly curved [T7].
The local specific angle of the erystal lattice
turning 0,,. characterizes such a curvature.
It describes the rotation of crystal planes
per unit length of a crystal and is expressed
in deg/um. It was determined using zone-
axle pictures of bend extinction contours in
the electron-microscopic images of crystals
according to the relationship

(1)

0 =@arcsin A
loc W Zdhkl >

where W is the distance between pair of
bend extinction contours corresponding to
diffraction vectors g, and gpzp dj, the
interplanar distance; A, the electron wave-
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length. The specific integral angle of crystal
lattice turning ®;,; was determined as:

¢ 2
Oipg = L (2)

where L is the distance between the centers
of zone-axle pictures with zone axes di-
rected to [uyvyw;] and [uqvows]; ¢, the
angle between these zone axes.

The relative density change 1, accompany-
ing the crystallization, was determined as:

Ap (XAT ey (3)

In Eq.(3), Ap = pc—py, where p, and po
are the material density values in amor-
phous and crystal state, respectively; X,
and X, the distances between fixed labels
on the same site of a film before and after
crystallization. As the labels fixed to the
film, the solidified micro droplets of melt
usually observed at laser sputtering of a
metal ("spray” effect) were used.

The following results of electron-micro-
scopic investigations of the substrate tem-
perature Tg and the oxygen pressure in the
evaporation chamber P(O,) effects on the
film structure and phase composition have
been found. It has been established that at
fixed Tg, the oxygen content in the films
increases as P(O,) rises, while at fixed
P(O,) it decreases with increasing Tg. At
P(O,) of 5:1073 Pa, in the Tg interval from
20 up to 360°C the film of VOggq4 composi-
tion is formed on (001) KCI substrates at
laser sputtering of V target. All reflections
of the diffraction patterns presented in
Fig. 1 correspond to this compound VOg g in
accordance with data of the card file
No0.10-0818 [8] (vanadium oxide VO g; fcc
lattice with parameter ag= 0.412 nm). At
Tg=20°C, a polycrystal film (Fig. 1a) is
formed. Above 190°C (Fig. 1b), the VOqq
film grows at predominant orientation ac-
cording to the relation

(001) < 110 > VO, ¢//(001) < 110 > KCI.  (4)

At the same time, the presence of {111}
reflections in the diffraction pattern and of
a primary diffraction on twins (marked as
DD) [9] indicates that for some grains of
VO g, the following orientation relationship
takes place:

(111) < 110 > VO, ¢//(001) < 110 > KCl. (5)
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Fig. 1. Electron diffraction pictures of films deposited at laser sputtering of V on substrates (001)
KCl at P(O,) = 51073 Pa: T, = 20°C (a); Tg = 360°C (b).

The relations (4) and (5) are typical of
the epitaxial growth of metals films with
fee structure (for example Au) at condensa-
tion on (001) surfaces of alkali halide erys-
tals [10]. At P(O,) = 1.3-1071 Pa within the
T, interval from 20 up to 200°C, the con-
densates with amorphous (V,03) and crystal
(VOq g) components are formed. The amount
of fine-dispersed crystal VOg g phase in the
films increases with elevating substrate
temperature T, thus corresponding to the
general increasing of V content in the film.
This is in agreement with the general trend
to decreasing efficiency of oxygen capture
in the growing film at increasing T, at
fixed P(O,) [2].

The effect of phase composition frac-
tionation in the film depending on the
condensation angle [ of the plasma-vapor
flow has been revealed. The VOggq crystal
phase content in the laser condensates de-
creases with increasing [ (the angle §
being measured from the normal to the
substrate surface). The structure and
phase composition of films deposited at (3
= 10°C is illustrated by Figs. 2a and 2b.
In the initial state, the film is biphase:
both amorphous and crystal (VOgqg) phases
are present. After the film heating with
electron beam, the amorphous phase is
crystallized with formation of V5,04
spherulites. At B = 19°C, the VOg g crystal
phase has been not revealed by electron
diffraction and microscopy. An amorphous
single-phase condensate is formed (Figs. 2¢c,
2d). After the film crystallization by
means of electron beam, its composition
corresponds to V,05; (Fig. 2f). All reflec-
tions in this diffraction pattern belong to
V,03; and are in accordance with data of
the card file No.26-0278 [11] (vanadium
oxide V5,05; rhombohedral lattice with pa-
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rameters a = 0.4920 nm, ¢ = 1.3883 nm
and c/a = 2.8217).

Thus, with the reduction of B, the total
content of vanadium in the films in-
creases, while the oxygen one decreases.
Qualitatively, this is in agreement with
the character of angular distribution of
laser erosion plasma particles. For exam-
ple, the angular distribution diagrams of
neutral Co atoms under laser radiation
with the similar characteristics are "ex-
tended” along the normal to the sample
[12]. This results in an improvement of
so-called "effective” vacuum (i.e. to the
reduction of oxygen "effective” pressure)
[13] near the propagation axis of the
vapor-plasma flow. A flow of metal vapor
and plasma ejects oxygen from the propa-
gation axis to the periphery. It is natural
that in this case, the oxygen concentration
in films increases with enlarging conden-
sation angle P of laser erosion plasma. The
stability of amorphous component in laser
condensates of vanadium was investigated
under annealing of the prepared films on
the substrate. The annealing was realized
in vacuum after pumping-out of oxygen
without the re-pressurization of the evapo-
ration chamber. At annealing tempera-
tures T,,<450°C, no crystallization of
amorphous component was observed.

The amorphous films crystallize under
electron beam heating. At the initial stage
of transformation, three primary morpho-
logical types of V,03; crystals have been
observed. The rounded form crystals are
oriented so that the basic plane (001) of
V5,03 is parallel to the film surface. As to
strip-like and crescent-shaped crystals,
various crystallographic planes may be
parallel to the film surface. The same
three primary morphological forms were
observed before for Cr,O5 crystals (having
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Fig. 2. The structure of films deposited at laser sputtering of V at T, = 20°C in oxygen atmosphere
at P(O,) = 1.8-107! Pa: electron diffraction picture from a two-phase film (crystal VO, 4 and amor-
phous V,0;) in the initial state, the condensation angle of laser erosion plasma B =10° C (a);
micrograph of this film after its partial crystallization with electron beam (b), at the right top
corner of the micrograph the electron diffraction pattern of a V,0; spherulite is given; ¢, d
condensation at B = 19° C; the electron diffraction pattern and micrograph of this film after its
overall crystallization (e, f, respectively). The position of adjoined marks (microdrops of V) before
and after crystallization of a film is indicated by a dotted line 1-2-3.

crystal lattice similar to that of V,03)
growing in amorphous films prepared in
the same way by laser sputtering of Cr in
oxygen atmosphere [6]. As a rule, the ho-
mogeneous nucleation of strip-like crystals
takes place in amorphous matrix (the termi-
nology used in [6] is kept). The crescent-
shaped crystals are formed in the course of
trans-rotational distortion of strip-like crys-
tals. The rounded shape crystals can nucle-
ate both in the free state and in a bound
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state-heterogeneously on a side surface of a
strip-like or crescent-shaped crystal.

A typical example of morphology and
orientation evolution of the ecrystals is
shown in Fig. 8. First, a strip-like V,0;5
crystal (area 1) is nucleated oriented so that
the V,0; plane (1 0 5) is parallel to the
amorphous film surface. During the growth
process the crystal lattice turns about an
axis perpendicular to the (1 2 0) planes at
the angle 6; 5 = 14.48° (6, 5 being the angle
between directions of zone axes [211] and

Functional materials, 13, 3, 2006
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zone axle [212] V.05

1 mp
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Fig. 8. The structure and morphology of V,0; crystals growing at the electron beam heating of
amorphous films in a column of an electron microscope. 1 and 2, the different areas of the same
strip-shaped crystal. 3, the rounded crystal (the terminology used in [6] is kept). The reflections
belonging to above-mentioned zones of crystal planes are connected with dashed lines (at two
selected areas of diffraction patterns positioned in the left part of the micrograph).

[212] at areas 1 and 2 of the crystal). Then
the rounded crystal 3 grows epitaxially at
the side crystal surface in the area 2 as on
a seed. The crystal lattice of a crystal 3 is
rotated with respect to the area 2 at the
angle 0y 3 =17.06° (053 is the angle be-
tween directions of zone axes [212] and
[001] of areas 2 and 38, respectively). The
crystal 8 is oriented so that the V,05 planes
(0 0 1) are parallel to the amorphous film
surface. As a rule, the crystals of this ori-
entation have the rounded form, that is just
observed in this case. The resulting rotation
angle 0; 3 = 31.54° (6, 3 being the angle be-
tween directions of zone axes [211] and [001]
of areas 1 and 3, respectively). Accurate to
two decimal places, 0;3=0;9+ 033 In
areas 1—-2-38 of epitaxial joint V,03 crystals,
the following relation is valid:

(120)3[2111;//(120)5[ 21215/ /(120)3[ 00115, (g)

where the planes (I 2 0) of V,05 are perpendicu-
lar to the film surface and their orientation is
the same in all three areas of the film (Fig. 3).
The crystallization of amorphous phase
is accompanied by increasing film material
density. The typical picture of a poly-
morph (i.e. at unchanged film composi-
tion) transition from amorphous to crystal
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state is shown in Figs. 2d and 2f. The bro-
ken dashed line 1-2—3 connects the conju-
gated labels, the distance between those
being changed after the film crystallization.
This makes it possible to measure the rela-
tive V,03 density changes 1 accompanying
the amorphous-to-crystal transition using
expression (8). For example, the change of
the distance between labels 2 and 8 in Fig.
2d is such that X,/X~- = 1.032. According
to (3), n 9.9 %. The statistical processing
of the numerical data obtained using a num-
ber of microphotos, the average value of n is
about 9.2 %.

The positive value of mn indicates the
increasing density of the film material
after its crystallization. Therefore, the
V,05 crystal nucleus growing in amor-
phous matrix is always subjected to ten-
sile stress. As a result, the crystal bends
in a regular fashion, as is seen in Fig. 4.
In this figure, the straight lines denote
the mutual unambiguous connection be-
tween reflections in the diffraction pat-
terns and bend extinction contours in the
microphotograph. The selected area dif-
fraction pattern from the area 4 is related
to a rounded crystal grown heterogene-
ously on a side surface of a strip-like one.
The presence of a contrast bend extinction
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Fig. 4. The changes in zone-axial pictures (1-2—38) along a strip-like V,0; crystal. The straight lines
show the unambiguous connection between reflections (in electron diffraction patterns) and bend
extinction contours (in the micrograph). The selected area of diffraction pattern from area 4 relates
to the rounded crystal grown heterogeneously on a side surface of a strip-like one.

contours and of a varying zone axis pic-
tures (1-2—-3) in the image of a strip-like
V,05; crystal makes it possible to obtain
the numerical characteristics of the crys-
tal lattice bending using the formulas (1)
and (2). The measured results are shown in
the Table. According to this table, the cur-
vature of the V,05 crystal lattice attains
~42 deg/pm.

Thus, to conclude, at laser sputtering of
vanadium in oxygen atmosphere, the cap-
ture of oxygen and its concentration C(O)
in films at a fixed substrate temperature T,
grows with oxygen pressure P(O,) in the
evaporation chamber whileat fixed P(O,), it
decreases with increasing T,. At P(O,) =
5-1073 Pa, within the T, range from 20 up to
360°C, the crystal condensate VOg g is formed.
Above 190°C, the VO q film grows with a pre-
dominant  (001)<110>VOQg4//(001)<110>KClI
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orientation. At P(O,) =1.8-10"! Pa, in the
T, range from 20 up to 200°C, the conden-
sates containing amorphous (V,03) and
crystal (VOgg) components are formed. The
fractionation of the film structure and
phase composition depending on the conden-
sation angle B of the vapor-plasma flow has
been revealed. With growing [, the amor-
phous phase amount and oxygen contents in
the film is increased. The crystallization of
amorphous V,03 phase is accompanied by
increasing of the material density byt 9.2 %.
The V,0; spherulites growing in amorphous
films have a curved crystal lattice. The value
of its curvature attains 42 deg/pum.

This work has been done under the par-
tial financial support by INTAS (Grant
No.00-100).
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Table. Characteristics of lattice bending in V,0, crystal growing at crystallization of amorphous

film (according to Fig. 4)

Zone |Zone axis| Integral lattice bending between zones | Local lattice bending between contours
number| indices i and k (h k1) and (h kD)
[u v w] L (um) o*, deg intik, (h k1D Parameters of bending
(deg/pm) _ .
1 [151] | L;,=0.52 14.5 27.9 116 d(A) 1.685
W (um) 0.043
05 (deg/um) 29.3
213 d(A) 2.172
W (um) 0.050
eloc (deg/um) 19.52
2 031 Lys =0.30 11.4 38.0 213 d(A) 2.172
05, (deg/pm) 20.77
126 d(A) 1.685
W (um) 0.032
0,0 (deg/pm) 39.32
113 d(A) 2.172
W (um) 0.054
eloc (deg/um) 18.07
300 d(A) 1.420
W (um) 0.036
05, (deg/pm) 41.47
3 021 Ly, =0.80 24.3 30.4 300 d (A) 1.420
W (um) 0.050
0y, (deg/pm) 29.86

Note: L is the distance between the centers of zone-axial patterns with zones directed to

[u; v; w;] and [u; v, w,]. ¢* is the angle between these zone axes. @

ik

ine " 18 a specific integral

angle of crystal lattice turn between these zone axes; d, interplanar distance. W is the distance
between pair of bend extinction contours. ®, . is the local specific angle of crystal lattice turn.
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CrpykTypa Ta KpHcTagi3amia JJa3epHUX KOHJIEHCATIB
BaHaiI0, OCadKeHUX B aTMocdepi KHUCHIO

O.''Bazmym, C.M.I'puzopos, B.A./Kyukoe, B.IO.Konocos,
B.M.Kocesuu, J|.B.MenvHhiuenko

MeTtomamu esekTpoHorpadii Ta mpocBiuyBaHOI e€JIeKTPOHHOI MiKpPOCKOIIiI 8 BUKOpPHCTaH-
HAM MeTOAMEK ' in situ” i aHa;isy SriHHMX eKCTHUHKI[IOHHHUX KOHTYDiB AiarHocToBaHOo (aso-
BUIl CKJaA Ta CTPYKTYPY NJIiBOK, OCAJKEeHUX JIa3ePHUM POSHUIIOBaHHAM V B atrMmochepi
xucuw. [Toxasano, mo B inTepsani Temmeparyp mizkaanku T, (20-360°C) u TuCKy KHCHIO y
BunaposysanbHiii kKamepi P(O,) (5:1073-1,3-107! IIa) upu dikcosaniii T, smicT KucHI B
mriBkax spocrae 3 migsumennam P(O,), a npu dikcosanomy P(O,) BoHO smemmyerncsa 3i
spocramaam T,. Beranosiero obnacri icrysamus i ckiajg Kpucramivroi (VOoyg) Ta amop@Hoi
(V,03) das, a Takox edexT PpakiioHyBaHHA CKJIaLy ILUIBKH 32 KyTOM KOHJeHCAIii mapo-
mrasmoBoro motoky. Chepormitu V,0;, mo pocryre B amopdHiit miiBii, MaioTe 30rHYTY
Kpucramxiungy pemritky. Bemmumna sruny csarae ~42°/mrm. Kpucranisanis amopduoi dasu
V,0; cynpoBomKyeThCA 3pOCTAaHHAM IMinbHOCTI Ha 9,2 %.
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