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Effects of the substrate temperature T'g (20-420°C) and the oxygen pressure in the
evaporation chamber P(O,) (107°-10"2 Torr) on the structure and phase composition of
films obtained by pulse laser sputtering of a chromium target have been studied by
electron microscopy (using the extinction bending contour technique to analyze the crystal
lattice bending). At a fixed Tg, the oxygen content in amorphous films increases with
increasing P(O,), while at a fixed P(O,), it decreases with elevating T'q. The influence of
amorphous matrix composition and thickness ¢# on the structure and morphology of crys-
tals growing under annealing of the films by an electron beam has been studied. The
bending of spherulite crystal lattice has been found to decrease with increasing over-
stoichiometric Cr concentration in amorphous matrix and with increasing distance up to
the center of an zone-axial pattern of the spherulite. At small film thickness t<t*~2.5 to
3 nm, the crystallization is hindered due to dimensional and impurity effect of the
amorphous state stabilization.

IIpoBeneHo 9I€KTPOHHO-MUKPOCKOIIMYECKOe HCCIeqoBaHue (C MCIIOJb30BAHMEM TeXHHUKN
aHaJM3a HCKPUBJIEHHUS KPHUCTAJLINYECKOM DPEIIeTKX MeTOJAOM M3IMMOHBIX 9KCTUHKIIMOHHBIX
KOHTYDOB) BJIMAHWUA TeMneparypbl momaosxku Tg (20-420°C) m naBjeHuWsa Kucaopoia B
ucnapurenbHoil kamepe P(O,) (107°-10"2 ropp) Ha CTPYKTYpy U (PABOBBIH COCTAB ILJIEHOK,
IIOJNIYYEHHBIX JIA3ePHBIM DaclblieHneM MumeHu xpoma. Ilpm ¢urcuposannoit Ty comepsxa-
HHe KHICJI0poJa B aMOP(MHEIX ILNIeHKax Bospactaer ¢ ysenuuenuem P(O,), a mpu dukcuposaH-
Hom P(O,) — ymenbmaercs ¢ poctom T'g. MaydeHo BIUAHUE COCTABA W TOJNIIUHBI { aMophHOH
MATPUIILI HA CTPYKTYPY U MOP(OJOrUI0 KPHUCTAJNJIOB, PACTYIIUX IIPU OTXKUTE IJIEHOK dJIEK-
TPOHHBIM JyudoM. IIOKasaHo, UTO HCKPHUBJIEHNE KPUCTANJUUYECKON pelleTKN c(epoJUTOB
YMeHbIIIaeTCcd ¢ YBeJUUYEeHNeM KOHIEHTPAaIluM B aMOP(HOM MaTpuile M30LITOUHOTO CBEPXCTe-
XHUOMETPUUECKOTO0 XpOMa M C YBeJWUYEHHEeM PACCTOSHUS J0 IeHTPa 30HHO-0CEBOM KapTUHBI
cepoanra. IIpu t<t*~2,5-3 HM KpHCTALIMUBALNS 3aTPyAHEHA BCJELCTBHE IIPOSBICHUS pas-
MepHO-IpuMecHOro addeKrTa cTadbuansanuy aMOP(PHOro COCTOAHUA.

© 2006 — Institute for Single Crystals

The parameters defining the structural
and phase state of a thin-film condensate at
laser sputtering of metal targets, include
the density of vapor-plasma flow of sput-
tered metal and the presence of high-energy
microparticles therein; the flow density of
residual gas particles in the evaporation
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chamber; the ability of metal to adsorb gas
impurities and to form chemical compounds
therewith; the substrate type, orientation,
and temperature. For the case of metal con-
densation on a substrate at room tempera-
ture, a diagram has been constructed re-
flecting the film structural condition de-
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pending on the ration of gas (oxygen) and
metal atomic flows hitting the surface of a
growing film as well as on the metal ad-
sorption and chemical activity [1]. It is
shown that as the relative fraction of the
metal component in the flow is decreased,
the following structures are consecutively
realized in laser condensates of Cr: crystal
metal; films with amorphous component at
metal grain boundaries; amorphous con-
glomerate structures; and oxygenated
phases with a composition close to the
stoichiometric oxide.

The structural and morphological crys-
tallization features of amorphous films pre-
pared by laser sputtering of chromium fol-
lowed by condensation of the erosion prod-
ucts on substrates at room temperature
have been investigated in [2, 3]. It was es-
tablished that annealing of amorphous oxy-
gen-containing chromium laser condensates
of a composition close to the stoichiometric
one composition (Cr,O3) causes a polymor-
phic crystallization (without changing of
the chemical composition). The relative den-
sity average increasing at crystallization of
amorphous Cr,O5; films is about 7.2 %.
During the Cry,O3 crystal nucleus growth,
a complex trans-rotational distortion of
the crystal lattice takes place, which is
inherent in the spherulite formation proc-
ess at an amorphous film crystallization
[4, 5]. At the trans-rotational distortion,
the crystal lattice is formed with a con-
tinuous monotonous bending (up to 120
degree per micrometer) about an axis
lying in the film plane. The crystal itself
remains flat [56]. The integrated and local
bends of crystal lattices for Cry,04
spherulites of various configurations have
been determined in [2, 3].

The aim of this work is (i) to study the
influence of the substrate temperature Tgq
and the oxygen pressure P(O,) in the evapo-
ration chamber on the structure and phase
composition of chromium laser condensates
by electron microscopy; (ii) to study the in-
fluence of the film thickness ¢ and the
amorphous matrix composition on the struc-
ture and morphology of crystals growing
during annealing of amorphous films with
electron beam.

The targets of high purity chromium
where sputtered using the emission pulses
of an AIG:Nd3* laser (1.06 pm wavelength)
operating in the @-switch mode. The pulse
repetition frequency v = 25 Hz. The prod-
ucts of laser erosion where condensed on
orienting substrates cleaved out of KCI sin-
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gle crystals along the cleavage planes (001)
and on neutral substrates of KCI| single
crystals covered with thin carbon film
(transparent for an electron beam). The sub-
strate temperature Tg was varied from 20 to
420°C. The evaporation chamber was initially
evacuated down to a pressure P~1075 Torr.
Then oxygen was introduced up to required
pressure using a SNA-2 bleeding system. The
Cr target was sputtered in oxygen atmosphere
at a pressure P(O,) ~ 107® to 1072 Torr in a
flow-through mode. The films were sepa-
rated from the substrates in distilled water
and then transferred onto object grids for
electron microscopy. The phase transforma-
tion from amorphous to a crystalline state
was initiated using local heating with elec-
tron beam in the microscope column (the
"in situ” technique). The structures were
analyzed by electron diffraction and trans-
mission electron microscopy (EM-100L,
TEM-125K) using the bent extinction contour
technique [2—-5]. Using the electron-micro-
scopic images, the specific local rotation
angle of the crystal lattice 0;,. (describing
rotation of crystal planes per unit length of
the crystal in °/um) according to the relation:

360 . A
Q0c = nWarcsm[2dth, (4 )]

where W is the distance between a pair of
bent extinction contours corresponding to
diffraction vectors g, and grzp; dyy;, inter-
plane spacing; A, the electron wavelength.
The film thickness ¢ was determined
using a technique [4] from the relation

dz, w
‘= ﬂ, 2)
re

where ¢ is the distance between interference
images of a bent extinction contour in dark
field (Fig. 1). For a case given in Fig. 1
(d300 = 1431 A; . = 0.037 A and W/e = 3.92),
it follows from (2) that ¢ ~ 217 A.

The thickness ¢ influence on the film
crystallization character was studied on films
of variable thickness deposited using the
"wedge” technique. A thin metal plate with
smooth peaked edge masked the substrate
surface, thus allowing to obtain a significant
film thickness gradient (grad ¢t ~ 3-4 A/ pum).
In this case, the film thickness was changed
monotonously from zero up to the maximal
value ¢,,,.,~22 nm within 1 or 2 cells of the
electron microscope object grid.
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Fig. 1. A scheme illustrating the determination of the film thickness ¢ and the local rotation angle
of crystal lattice planes 0,,.: (a) light field electron-microscopic image of a Cr,O, spherulite (the

loc*®

zone axis oriented along [001]); (b) the same area in the reflection light of 800 Cr,0,.

Influence of gas environment and con-
densation temperature on structure and
phase composition of chromium laser con-
densates. The substrate temperature Tg ef-
fect on the film structure formation was
studied at a fixed oxygen pressure P(O,) =
1073 Torr at temperature Tg varying from
20 to 420°C. The results obtained are illus-
trated by the data of Table 1. In a tempera-
ture interval Tg= 20-150°C, single-phase
amorphous films with structure close to
Cr,03 oxide are formed. At Tg= 200-
300°C, two-phase condensates are formed
comprising finely dispersed Cr crystals and
amorphous Cr,O; (Fig. 2a). An enlarged

Table 1. Structure and phase composition
of Cr laser condensates

Tg, °C|P(O,), Torr | Condensate structure and
phase composition
20 1075 Amorphous Cr and Cr-O
1073 Amorphous Cr,04
1072 Amorphous Cr,04
100 1073 Amorphous Cr,04
150 1073 Amorphous Cr,04
200 1073 Amorphous Cr,O5 and Cr
crystals
300 10°° Cr crystals
1073 Amorphous Cr,05 and Cr
crystals
350 1073 Cr,O5 and Cr crystals
420 1073 Cr,05 and Cr crystals
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dark-field image of Cr precipitate is pre-
sented in the left top corner of the micro-
photograph in Fig. 2b. The effect of epitaxy
of chromium microparticles on KCI is
clearly seen in orientation relation:

(001)<110>Cr||(001)<100>KCI. (3)

The epitaxy effect is intensified as Tg
increases. The content of chromium crystals
in a film increases, too. At Tg= 3850-
420°C, two-phase crystalline condensates
are formed containing finely dispersed Cr
and CryO5 crystals (Figs. 2c and 38d). The
orientation relation of Cr,O5 and Cr lattices
takes place:

<441>Cr,04|<001>Cr, (4)

where the (001) Cr,O5 planes are practically
parallel to (101) Cr ones.

It is natural that on the heated-up KCI
substrates the effect is revealed at the same
relation (3) at chromium laser evaporation
in vacuum (P = 107° Torr). In the presence
of amorphous carbon thin-film underlayer,
no epitaxy effect is observed. The compari-
son of data presented in Table 1 indicates
that at fixed P(O,), the oxygen capture effi-
ciency by the growing film decreases with
the increasing substrate temperature Tg.

Crystallization of films with amorphous
component: internal bending of the
spherulite crystal lattice. The crystallization
morphological features of films including
amorphous Cr,Oz component was investi-
gated by "in situ” electron microscopy. To
evaluate quantitatively the internal distor-
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Fig. 2. Structure of Cr condensates laser-sputtered in oxygen at P(O,) = 1073 Torr: (a) electron
diffraction pattern of a film containing oriented crystalline Cr inclusions in an amorphous matrix
(initial state, Tg = 200°C); (b) the same film after a partial crystallization under electron beam (in
the upper top corner, the enlarged dark-field image of the film in the light of Cr 110 reflection);
(c) electron diffraction pattern of a crystalline film (T'g = 420°C); (d) microphotograph of the same
film (in the upper top corner, the microdiffraction pattern).

tion of CryO5 spherulite crystal lattice, mi-
crophotographs of crystals with distinct
[001] zone-axial patterns of bent extinction
contours (as in Fig. la) have been used.
Only the pairs of bend contours correspond-
ing to diffraction vectors g;;; and gzp were
taken into account for which triplets of hkl
indices were 300, 030, and 330.

At fixed pressure P(O,) = 1073 Torr, the
amorphous component was present in the
films at condensation temperatures T'g = 20,
100, 150, 200, and 300°C (Table 1). The
sample size for each Tg corresponded to 50—
100 pairs of bent extinction contours. Since
in (1) the distance W between pair of bent
extinction contours corresponding to dif-
fraction vectors g, and ggpz depends on
the distance y up to the zone-axial pattern
center, all measurements were carried out
at the fixed y values of 0.075; 0.100;
0.125; 0.150 and 0.175 pm.

The statistical evaluation results of
measurements performed using the relation
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(1) are presented in Fig. 8. There are the
following regularities. (i). As the condensa-
tion temperature Tg increases, the specific
local crystal lattice rotation angle 6;,. tends
to increase (Fig. 3a). The amorphous low-
temperature laser condensates are enriched
in Cr and do not correspond to stoichiomet-
ric composition of Cry,O;. As the Tg in-
creases, chromium precipitates as a separate
crystal phase, and the composition of amor-
phous film component approaches the
stoichiometric composition Cr,O5. Hence, it
is to conclude that as the excess concentra-
tion of over-stoichiometric chromium in
amorphous film increases, the 0;,. value de-
creases. (ii). The 6,,. decreases also with
increasing distance y to the zone-axial pat-
tern center (Fig. 3b).

Heterogeneous nucleation and conjunc-
tion of CryO5 crystals differing in orienta-
tion and morphology. It has been established
before [2] that the crystals of three main
morphological types are formed at the in-
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Fig. 8. Crystal lattice distortion of Cr,04
spherulites growing in the amorphous compo-
nent of laser-sputtered Cr condensates under
the film heating by an electron beam: (a) 0,
dependence on Tg; (b) 0,,. dependence on the
distance y to the zone-axial pattern center.

itial transformation stage. The rounded
shape crystals are oriented with the basic
plane (001) parallel to the film surface. The
strip-like crystals and crescent-shaped ones
may be oriented with various planes parallel
to the film surface.

In this work, it has been found that as a
rule, the homogeneous nucleation of strip-
like crystals takes place in amorphous ma-
trix (the terminology used in [2] is kept).
The crescent-shaped crystals are formed
during the trans-rotational distortion of the
strip-like ones. The rounded shape crystals
can nucleate in the free state (Fig. 4a), as
well as in a bound state, heterogeneously at
the lateral surface of strip-like crystals.

012,
-

e

zone axle [121]; CryO4

030,
20,

. . 310,

zone axle [001], Cr,04

Fig. 4. (a) Two main morphologies of crystals
growing at crystallization of amorphous
Cr,05 films, strip-like (I) and rounded (2);
(b) oriented growth of a rounded crystal (2)
at the lateral surface of the strip-like one (I).

Fig. 4b illustrated the latter case. Under
heating of the film with electronic beam,
the strip-like crystal 1 homogeneously nu-
cleates and grows in amorphous matrix. An
interpretation of a selected diffraction pat-
tern (zone axis is [121]) has shown that the
(015) CryO4 planes are oriented parallel to the
film surface and the strip-like crystal long
axis is directed along [100] (Table 2, line 1).
The nucleation and growth of a rounded
shape crystal 2 occurs heterogeneously at the
lateral surface of the crystal 1 perpendicular
to the film surfaces and parallel to (012) of
Cry03. The relation (015),[10 0],// (0 01)5[1 0 0],
is carried out. The lattices of crystals 1 and 2
are rotated with respect to one another at the
angle [ = 32.83° about the common axis [100]

Table 2. Main conjugation types of two Cr,0; crystals having two main morphologies

No. Crystal morphology Orientation relation Rotation [Rotation Conjugated
.. axis angle planes
Strip-like Rounded B, perpendicular
[uvwl | (BED)| | [uvwle | [uvw]r | (RED) degree | to the film
plane)
1 [121] | (015) [100] [001] | (001) (015)1 [100]: || (001)2 [100]2 [100]1,2 | 32.3 | (01Z)1/(010)2
2 [T10] | (T10) [110] [001] | (001) (T10)1 [110]1 | (001)2 [110]2 [110]1,2 90 (011)1] (T10)2
3 [661] | (665) |[1 T 12]| [001] | (001) | (865)1 [1 T 12]1 || (001)2 [210]2 |[1 T 1211 | 75.2 | (110)1] (010)2
4 [001] | (001) [110] [001] | (001) (001)1 [110]1 | (001)2 [110]2 [100]1,2 | 0;180 | (I10)1] (T10)2

Remark: [uvw]y the zone axis indices; (hkl)‘, indices of the crystal plane parallel to the film surface:

[uvw],,,
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indices of direction parallel to the long axis of the needle-like crystal.
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Fig. 5. Consecutive crystallization steps of a variable thickness amorphous layer. The crystallization
front (CF) movement direction (towards the reducing thickness) is shown by an arrow: (a) line
G,—G, corresponding to the CF stop at ¢ < t* (2.5 to 3 nm); (b) the further CF moving (to the Gy—Gy
position) at a significantly increased heating intensity.

(B is the angle between axes of [121] and [001]
zones).

The study results for the most charac-
teristic conjunction types of Cr,Oj crystals
of various morphologies are shown in Table 2.
Data of that Table as well as the direct
electron-microscopic observations evidence
that at final stages, the crystal phase is
formed mainly by rounded shape crystals.
In this case, the crystal/vacuum interface
has the minimal energy, since it is pre-
sented with (0 0 1) Cr,O5 planes with the
least Miller indices.

Crystallization at variable amorphous
layer thickness. Fig. 5 presents an area of a
film with variable thickness ¢ deposited by
laser sputtering of chromium in oxygen at-
mosphere (P(O,) = 103 Torr, Tg=20°C) in
conditions of partial substrate surface
screening against the vapor-plasma flow. At
the film heating by an electron beam (at a
fixed beam current density) moving in the
direction of the film thickness reduction,
the crystallization front was moved in the
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same direction at a constant speed V' ~ 1 um/s.
The following effects were observed.

(i) The film crystallization stops when its
thickness becomes less than critical value
t*~2.5—-8 nm. In Fig. 5, the line G1—G4 cor-
responding to the first stop of the film
crystallization front is clearly visible. It di-
vides the crystalline (CR;) and amorphous
(AM) film areas. The area CR; is filled with
a crystalline Cr,O; phase which is oriented
so that zone axis [221] is perpendicular to
the film plane. Thus, the plane (225) Cr,04
is oriented in parallel to the film plane. A
similar effect is observed also at other ori-
entations of CryOj crystals in the CR; area,
in particular, when the (001) Cr,O3 plane is
parallel to the film plane.

(ii) The increasing heating intensity in-
itiates an insignificant movement of the
crystallization front in the direction of ¢
reduction up to the Gy,—G, line correspond-
ing to the second stop of the crystallization
front (Fig. 5b). The area CR, between
G1—G; and G9—Gy lines is filled with the

Functional materials, 13, 2, 2006
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crystalline Cr,O5 phase having the same ori-
entation as the CR;. It is followed by area
CRg enriched in chromium and represented
by finely dispersed crystalline phases of
Cr,O3 and Cr. The further film heating in-
itiates the sintering of chromium microerys-
tals and formation of agglomerates (AG),
where the sizes of Cr crystals in the film
plane may reach ~ 0.5 um (Fig. 5b). For
clariness sake, in the selected area of dif-
fraction pattern from the AG area, the re-
flections from planes belonging to the [110]
Cr zone are joined by a network of lines.

It has been noted [6] that the existence
areas of amorphous phases are limited in
the film thickness ¢ and in temperature T
and become extended noticeably in these pa-
rameters at introduction of impurities. The
dimensional effect is manifested itself as
the amorphous phase stabilization with re-
duction of the film thickness. Before, it was
established [7] taking amorphous Sb films
as an example that as the thickness reduces,
the characteristic kinetic time of crystal-
lization increases. At a fixed environmental
temperature, the amorphous state can be
kept infinitely, if the film thickness is less
than critical value ¢t* (in the case of Sb at
room temperature, t*~10 nm). According to
[6], a probable reason for the increase of the
amorphous-to-crystal transition temperature
with reduction of ¢ (at positive transition
heat) may consist in increasing surface en-
ergy at film crystallization. Besides, the
crystallization is connected with the over-
coming of an activation barrier separating
the amorphous and crystal states, its height
raising as ¢ reduces.

The presence of impurity in the film sta-
bilizes also the amorphous state. Wide-
spread is the opinion that the impurity
atoms induce formation of various types in-
teratomic bonds, that results in disruption
of coordination identical ver the whole vol-
ume [6]. The occurrence of a disordered
structure with mixed bonds appears to be
more favorable thermodynamically than the
formation of close packing with equal and
identical bonds.

The experimental data from this work,
where the film structure changes with
changing thickness, can be considered as a
manifestation of dimensional/impurity ef-
fect of amorphous state stabilization. If the
film thickness gradient was created inten-
tionally, the enrichment of a thin layer ad-
jacent to substrate in chromium was sponta-
neous. The latter may be due to the follow-
ing factors: (a) wvariation of oxygen
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adsorption ability of the surface during the
substrate filling by products of the target
laser sputtering; (b) displacement of impu-
rity chromium atoms at the crystallization
front from the crystal matrix into amor-
phous one; (c¢) deviation of the oxygen and
chromium atomic flow ratio towards the in-
creasing at the flow scattering at the edge
of the metal plate screening the wvapor-
plasma flow. To determine the influence ex-
tent of each of the listed factors requires a
further experimental research.

To conclude, amorphous films enriched
in chromium are crystallized under heating
with release of Cr and Cry0O5 crystals.
Amorphous films of the stoichiometric com-
position are crystallized forming Cry,O4
crystals only. At a fixed oxygen pressure in
the evaporation chamber, the oxygen cap-
ture efficiency of a film growing from laser
erosion plasma of chromium decreases as
the substrate temperature rises. In the sub-
strate temperature range from 3850 up to
420°C, two-phase crystalline condensates of
Cr and Cry,O3 are formed with the orienta-
tional connection of crystal lattices meeting
the relation <441> Cr,04 | <001> Cr. At the
crystallization of the amorphous film com-
ponent induced by an electron beam heat-
ing, the 6,,. angle characterizing the bend-
ing of spherulite crystal lattice decreases
with the increasing concentration of exces-
sive over-stoichiometric chromium. As well
as with increasing distance y to the center
of a zone axial pattern. In most cases, ho-
mogeneous nucleation of arbitrarily ori-
ented strip-like Cr,O5; crystals appear in
amorphous matrix at the crystallization.
The crescent-like crystals are formed in the
course of trans-rotational distortion of
strip-like crystals. The rounded shape crys-
tals are nucleated heterogeneously at the
lateral surface of strip-like and crescent-
like crystals of CryO3. When the film thick-
ness t<t“~2.5-8 nm, the film crystallization
is hindered due to a dimensional/impurity
effect of amorphous state stabilization.

This work has been supported financially
by INTAS (Grant N2.00-100).
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®a30yTBOpPEeHHA i KpUCTAJMi3almia MIIBOK, OCAKEeHHX
iMIyJbCHUM JIA3€PHUM PO3NMHUJICHHAM XPOMY
B atMocdepi KHCHIO

O.I' Bazmym, C.M.I'puzopos, B.A./"Kyuxoé, B.IO.Konocos,
B.M.Koceeuu, I''Il. Hukonaiuyx

IIpoBeneno eseKTPOHHO-MiKpOCKOmiuHe mocaimkenHs (i3 BUKOPHMCTAHHSM TeXHIKM aHaJi-
3y CKPUBJEHHS KPHUCTAIIUHHX IPATOK METOJOM BIHMHHUX EKCTUHKI[IMHMX KOHTYPiB) BILIHUBY
Temmepatypu migkmagku Tg (20—-420°C) i Tucky kucHoo y Bumapwiit xamepi P(O,) (1075-10"

TOPP) Ha CTPYKTYpPY i (hasoBUil CKJaJ HJIiBOK, OCAIKEHUX JIA3€PHUM POSIUJIEHHAM MileHi
xpomy. Ilpu (Qikcosaniii Ty BMicT KuCHIO B amMOp(QHUX IJIiBKaX 3pocTae 3i 361MbIIEHHAM
P(0O,)), a npu dixcoanomy P(0O,) — smenmyersca 3 pocrom Tg. BubueHo BIIUB cKIamy i
TOBIIMHU { aMOpP(HOI MaTpuUIl Ha CTPYKTYPy i MopdoJioriio KpUCTaJiB, 110 POCTYThb IIPU
Bigmasi nmiaiBoK ejleKTPOHHUM IpoMeHeM. IlokasaHo, IO CKPUBJIEHHS KPUCTAJTIUYHUX I'DATOK
cheposiTiB 3MEHIYIOTLCA 31 301JBIIEHHAM KOHIIeHTpaIlili B aMop@Hiii MaTpuIli HaIJUIIKOBO-
ro HAJCTeXiOMEeTPUUHOTOo XpoMy i 3i 30iMbIIEeHHAM BifcTaHi O IeHTpPa 30HHO-OCHOBOI KapTHU-
Hu cepomiry. Ilpu t<t*~2.5—8 HM Kpucramisamis yTpyLHeHa BHACIIZOK NIPOHABY PO3MipHO-
noMimikoBoro edekTy crabimisarii amopgHoro crany.
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