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Experimental data on concentrations and temperature stability of intergrain boundaries
and stacking faults in thin metal films of nanocrystalline structure are considered. The
defect formation in the course of condensation has been concluded to decrease the thin

film free energy.

AHanusupyioTcsa SKCIepUMeHTANIbHbIe NaHHBIE O KOHIEHTPAIlMM M TeMIepaTypHOM cTa-
OMJIBHOCTH MEJK3€PEHHBIX TPaHUIl U Oe(PeKTOB YIMaKOBKM B TOHKHX IIJIEHKAX METAJIJIOB C
HAHOKPUCTAJJINYECKON CTPYKTypoii. CresaH BBIBOJ, YTO oOpasoBaHue 9TUX He(eKTOB B IIPO-
mecce KOHIEHCAIIMMU yMEHbBIITaeT CBOOOJHYIO SHEPIUI0 TOHKUX IIJIEHOK.

It is commonly adopted that the higher is
the phase transformation rate or a physical
factor variation rate, the more non-equilib -
rium structure is formed and the more
probable are the subsequent spontaneous or
stimulated relaxation processes in the re-
spective materials. The application results
of "express” methods in material synthesis
and treatment being in wide use today,
however, indicate that the above standpoint
is to be corrected. First of all, it is just the
thin film preparation techniques in vacuum
using the electron beam, magnetron, and
laser sputtering that are the matters in
question. A characteristic feature of such
"express” techniques consists in that the
substance flow from the vapor plasma zone
to the condensation one on the substrate
exceeds substantially the diffusion flows
within the condensate bulk being formed.

In contrast to the common concepts, thin
films prepared by the above-mentioned ex -
press techniques and comprising structure
imperfections in high concentrations are
often very stable; that is why those tech-
niques are used widely. It becomes obvious
that the express techniques give rise (for
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reasons still unknown) some specific struc-
ture state that will be referred to as ex-
treme ones in what follows. In this work,
some kinds and properties of such extreme
structure states are considered and thermo -
dynamic and kinetic factors causing them
are analyzed.

Polycrystalline films of metals and metal
compounds with nanodispersed grains are
typical examples of extreme structure mate -
rials. The trend to grain subdispersity in
thin films can be so pronounced that it is
difficult to distinguish definitely amor-
phous films and polycrystalline ones [1]. A
clearly manifested dependence of the grain
dispersity in vacuum condensates on the
pressure and composition of the residual
gases in vacuum chambers [2, 3].

An increased imperfection of thin films,
first of all, an anomalous high density of
intergrain boundaries, is interpreted usu-
ally as an inevitable result of the extremely
nonequilibrium conditions during their for-
mation. This predominating point of view is
reflected in the fact that concepts of the
vacuum condensate non-equilibrium extent
and the grain dispersity level therein are
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used widely as synonyms. Large amounts of
the residual gas particles from the vacuum
chamber atmosphere is believed to be among
the formation reasons of the non-equilib-
rium structure films. As a result, the gas
content in the condensates may exceed con -
siderably its solubility limit. The commonly
used terms "the residual gas particle cap-
turing” or even "immuring” reflect the con -
cept of the quenching nature of the film
saturation with gas [4]. The experimental
data accumulated today, however, give rise
to doubts about the wvalidity of that inter-
pretation in all cases.

First of all, anomalous high size stability
of subdispersed grains in thin films draws
an attention. In bulk materials of metallur -
gic origin, the crystalline grains are known
to be of several tens of micrometers in size.
The material trend to the grain recrystalli-
zation and growth under annealing in-
creases as the initial grain size is reduced.
The grain size reduction down to tenths of
micrometer is possible only using some spe -
cial methods involving intense plastic defor -
mation [5]. In contrast, in thin vacuum con -
densates, it is a complicated technologic
problem to obtain grains of micrometer
size. Moreover, in many case, the higher is
the initial dispersity state, the less intense
is the recrystallizing grain growth in
nanocrystalline films.

As an example, the Table 1 presents the
grain size changes in aluminum films con -
densed in vacuum of 1073 Pa onto an un-
heated substrate (glass with NaCl inter-
layer). The purity of the metal evaporated
is 99.999 %. The texture-free films of dif-
ferent thickness were obtained simultane-
ously using different condensation rates
from 0.5 nm/s to 2.5 nm/s at the thickness
range of 15 to 76 nm. Therefore, the rela-
tive amount of residual gas particles was
higher in thinner films. The films separated
from substrates were annealed for 30 min
directly in an electron microscope using a
resistive heater.

Qualitatively similar results were ob-
tained when annealing tin films in vacuum:
the grain growth (25 nm in the initial
state) is not observed up to annealing tem-
peratures of 0.8T,. Bearing in mind that
the effective diffusion and grain recrystal-
lizing growth occur usually at 0.4 to 0.5T,,,
then it is seen clearly that the intergrain
boundaries in such films are not the ther-
modynamic non-equilibrium factors. In con-
trast, it is to be concluded that their forma-
tion in the course of non-equilibrium crys-
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Table 1. Grain size (nm) in annealed alumi-

num films
Annealing Film thickness, nm
temp., K| 45 40 55 75
300 22 26 29 31
400 20 25 27 32
550 20 28 27 37
700 24 30 34 43

tallization favors the formation of less non-
equilibrium and more stable condensate
than it would be in their absence.

It follows from the above that the inter-
grain boundaries formed in a finished mate -
rial (e.g. by deformation) differ substan-
tially from those formed during the film
preparation, i.e., during its "atom-by-atom
assemblage”. There are also other specific
defects in the thin film crystalline struc-
ture that are formed during its "assem-
blage” and favor a reduced thermodynamic
non-equilibrium of the film. In this sense,
we will characterize the extreme structure
films as materials with "assembled struc-
tures”.

In our opinion, the nanocrystalline films
with impurity particles of a specific kind
are localized at the intergrain boundaries
are a model of such "assembled structures”.
During the vacuum condensate crystal-
lization, some particles of residual gases
can really be "immured” in the growing
grain bulk, as is commonly believed. But a
specific kind thereof forms at the growing
grain surface bidimensional layers that re-
duce the specific surface energy as this is
done by adlayers at the free surface of any
solid. This may be due to a significant
chemical affinity between intrinsic and im -
purity atoms of a specific kind as well as to
the possible local relaxation of elastic and
Coulombian forces due to interaction of in-
trinsic and extrinsic point defects.

This standpoint is confirmed also by
characteristic changes of intergrain bound -
ary shapes. Fig. 1a presents the morphology
of 50 nm thick Ni films condensed in
50074 Pa vacuum onto glass ceramics with
NaCl interlayer at 500 K and then annealed
at 850 K after separation from the sub-
strate. In Fig. 1b, presented is the morphol -
ogy of Ni films differing from the above
only in that a flow of simultaneously evapo -
rated SiO (about 2 % wvol.) was mixed to
that of evaporated Ni. It is seen clearly that
the rectilinear pattern of intergrain bounda -
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Fig. 1. Grain morphology in Ni (a) and Ni-SiO
(b) films.

ries in pure Ni condensates is changed by
rounded and blurred grain contours in
Ni—SiO films. Thus, introduction of SiO into
Ni condensate weakened its trend to rectify
the intergrain boundaries and to reduce re-
spectively their total surface area.

If chemical bonds are formed between the
condensate grain surface atoms and residual
gas particles sorbed thereon, the grain sur-
face energy becomes lowered approximately
by the chemisorption energy value. More-
over, submonolayers of foreign atoms at the
free solid surfaces can form ordered 2D
structures as well as provoke the surface
rebuilding of the base material itself [6].
We believe that similar relaxation processes
may occur at inner surfaces of solids, too.
The impurity particles in such 2D aggre-
gates at intergrain boundaries have a
higher binding energy as compared to indi-
vidual impurities chemisorbed at the free
solid surface. Therefore, a fine-grained
polycrystalline condensate where the impu-
rities are localized at intergrain boundaries
may have a lower free energy than a coarse-
grained material that would be a homogene -
ous supersaturated solid solution formed
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due to the "immuring” of impurity particles
in the grain bulk.

The model of nanocrystalline structure
films with intergrain boundaries relaxed
due to impurities explains the temperature
stability of grain sizes in such materials.
Let a polycrystalline material has the Gibbs
free energy increased as compared to that
of a single crystal by A®, due to the inter-
grain boundary energy:

A®, = AH, - A(TS),, . (1)

Here, AH, and A(TS),. are changes in
enthalpy and bound energy, respectively,
due to presence of intergrain boundaries
and grain disordering in the material.

In Fig. 2a, the curve 1 presents the
Gibbs free energy ® change when the ther-
modynamic system transits from the vapor
phase to the supersaturated solid solution
with coarse grains. The curve 2 answers to
the transition to the fine-crystalline conden -
sate where the impurities are localized at
intergrain boundaries. It follows from the
Figure that in the second case, an energy
gain is attained

A®, = AH; - N(TS);. (2)

Here, AH; = AH,; — AH,5 is the enthalpy
lowering due to the "extrinsic relaxation”
of intergrain boundaries and A(TS), =
NTS), s — MTS),,;> the entropy term in-
crease due to a wider orientation variety in
the system containing grains of a higher
dispersity. This lowered thermodynamic
nonequilibrium extent (by A®;) reduces
thermodynamic stimulus to the subsequent
relaxation of nanodispersed films with im-
purity-loaded inrergrain boundaries of the
type mentioned. According to [7], the quan-
tity AF = F; - F, (Fig. 2b) is the "thermody-
namic force of transformation”. Moreover,
the recrystallization induced displacement
of an intergrain boundary with chemisorbed
impurities is impossible in essence, while
dissolution of the grain-boundary impuri-
ties in the nanodispersed grain bulk (fol-
lowed by the solid solution recrystallization)
would result in an increased (by A®;) solid
free energy. Therefore, the recrystallizing
grain growth in such materials is possible
only at high annealing temperatures when
the impurity solubility in the grains ap-
proaches their physical content averaged
over the whole film volume. This explains
also the reduced recrystallization effect in
films consisting of higher grain dispersity

Functional materials, 10, 3, 2003



P.A.Panchekha, A.G.Basov / Formation factors of stable...

Tan =

Fig. 2. Change of the Gibbs free energy @ at vapor condensation into various metastable structure
states (a) and at subsequent condensate transformation into equilibrium structure state due to
annealing (b). AT =T, -T, is the supercooling; T, T,, and T,, are the vapor, substrate, and
post-condensation anneal temperatures, respectively.

where the intergrain boundary displacement
would require a transition to a more super -
saturated state that in the case of coarser
grains.

From the standpoint of the intergrain
boundary model under consideration, data
on relative efficiency of different residual
gas components are of importance. We de-
termined the composition of gases in nio-
bium films using an Auger electron spec-
trometer (RIBER). The 70 nm thick Nb
films with 5 to 15 m grain size were ob-
tained in 1073 Pa vacuum under electron
beam evaporation of 99.9 % pure Nb bar
degassed previously at 1850 K in 107° Pa
vacuum for 12 h. It is seen from Fig. 3 that
it is oxygen that shows the higher content
among the gases found in the films, with
nitrogen and carbon occupying the next po-
sitions. For our consideration, it is of im-
portance that these gases are arranged in
the same sequence according to their chemi -
cal activity against metals [8]. The total
amount of the above gases in Nb films var-
ies from several atoms per cent up to sev-
eral tens (maximum about 40) atoms per
cent, depending on the condensation condi-
tions. This exceeds by two orders the solu-
bility of those gases at room temperature.

Taking such high impurity concentra-
tions into account, the data on the film
electron diffraction are of considerable in -
terest. The interplane distances calculated
from electron diffraction patterns corre-
spond to the bece Nb lattice and only the
films heated up to 700 K show diffraction
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Fig. 3. Concentration profiles of oxygen (1),
nitrogen (2), and carbon (3) across the Nb
film.

lines of NbOg g suboxide. The data evidence
clearly that the resigual gas impurities in
the Nb films are localized mainly in the
intergrain boundaries and not in the grain
lattice.

If nitrogen dominates in the residual
gas, the impurity effect on the intergrain
boundary extent in the Nb condensate is
observed to be pronounced, too. The elec-
tron microscope image (Fig. 4a) presents
the structure of a sample obtained in
5007° Pa vacuum on fluorophlogopite at
870 K. The samples presented in Fig. 4b
were prepared by Nb condensation at the
same temperature but after nitrogen bleed-
in up to 50073 Pa to the chamber evacuated
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A

Fig. 4. Grain morphology in Nb films con-
densed under different vacuum conditions: at
the residual pressure 5007° Pa (a) and after
nitrogen bleed-in up to 501073 Pa (b).

previously down to 5007° Pa. As a result,
the crystal size in the nitrogen-containing
Nb films is 20 to 35 nm while in the nitro-
gen-free films, the crystal grow up to 150
to 500 nm, the evaporation regime and con -
densation temperature being the same. We
believe that the nitrogen presence caused a
decrease in the intergrain boundary energy
resulting in a substantially increased length
thereof. Moreover, there is no predominant
grain orientation in the Nb films with re-
spect to the substrate in the presence of
nitrogen. This evidences also a reduced en-
ergy of the condensate-fluorophlogopite in-
terface energy.

Now let another imperfection type be
considered related to the "assembled struc-
tures” in vacuum condensates and showing
a temperature stability. The matters of
question are twin boundaries and stacking
faults. A high concentration of such struc-
ture defects in vacuum condensates is noted
by numerous authors, in particular consid -
ering chemical compounds. For example,
even grains of less than one micrometer size
in semiconductor films show wusually a
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"stack morphology”, that is, those are sub-
divided by twin boundaries and stacking
faults into many tens of parallel plates hav -
ing nanoscale thickness [9]. In fcc metal
films, the stacking faults and twins are ob-
served usually in nanoscale grains even at
the island stage of the condensate growth
[10] when distances between islands, and
thus the atomic diffusion paths, are compa -
rable with the island sizes.

We studied the stacking fault concentra-
tions in Al and Ag films condensed in
50073 Pa vacuum on unheated substrates
(glass with NaCl interlayer). The metal
evaporated were of 99.999 % purity. The
films of two thickness values (40 and
130 nm for Al, 45 and 160 nm for Ag) were
prepared simultaneously using a shield. The
films were cut into 15x10 mm?2 sections
which were assembled into several microme -
ters thick stacks. The stacks were examined
using a DRON-4M X-ray diffractometer
with the Bragg-Brentano focusing. The co-
herent scattering region dimensions were
determined basing on the diffraction line
broadening.The broadening fraction due to
geometry and microstrains was taken into
account by approximation [11]. The stack-
ing default concentration was determined
under account for both displacement of spe-
cific diffraction lines and their broadening
using the procedure described in [11].

The analysis has shown that there are no
stacking faults in Al films, since the angu-
lar dependence of the Bragg reflection
broadening [ is linear in coordinates

BcosO = f(sin® LE, {1/ Epz)- 3)

Here, 0 is the Bragg reflection angle; E, the
normal elastic module in the corresponding
crystallographic direction. In contrast, for
Ag films, two parallel straight lines are
seen clearly in the plots, namely, one for
(200) and (400) reflections and another, for
(111) and (222) ones. This is due to the
extra broadening of the (200) and (400) dif -
fraction lines caused by the stacking faults.
The structure characteristics of Ag films in
the as-prepared state and after vacuum an-
neal are presented in Table 2.

We believe that the high stacking fault
concentration in the films may be due to a
purely dimensional effect. The specific
Gibbs free energy in thin films exceeds that
in bulk solids by A®, ~ A~ due to a substan-
tial surface energy contribution to the en-
thalpy change AH,. The specific free energy
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increment due to this dimensional factor

Table 2. Grain size L and stacking fault
concentration a in Ag films

Film Tonnearr X | L, nm  |a, per cent
thickness,

nm

45 300 45 2.4
400 70 3.2
500 120 2.5

160 300 90 1.7
400 120 1.9

can be compensated by increased entropy

term A(T'S)g,,; due to formation of stacking
faults and twins in the film:

Aq)s = AHS - A(TS)sf . (4)

The stacking faults in fcc lattice are the
fcp phase plates of nanoscale thickness. The
specific energy values for fcec and fcp modi-
fications differ only by tenths per cent. But
such defects increase significantly the crys-
tal entropy because its translation symme -
try becomes deteriorated when passing a
stacking fault plane or a twin boundary.
Therefore, the total energy change A®, in
thin films caused by formation of those
structure defects can be insignificant as
compared to a bulk solid free of stacking
faults. This explains not only the formation
of stacking faults in the films in large
amounts but also their temperature stabil -
ity (Table 2). The stacking faults, while
being a thermodynamically necessary factor
for the Gibbs free energy decrease at early
film growth stages, loss their compensating
role as the film thickness increases; their
subsequent removal, however, is difficult.
Crossing the whole crystal (Fig. 5), those
are in the indifferent equilibrium state with
respect to any virtual plane-parallel dis-
placement. Moreover, such a displacement
would require coordination rebuilding in a
substantial fraction off the film wvolume.
The trend to recrystallizing grain growth
under annealing is more pronounced in Ag
films than in Al ones. Perhaps this results
from a lower chemical reactivity of silver
against the main residual gases present in
vacuum chamber.

Thus, numerous experimental data show
that two classes of structure imperfections
are to be distinguished in solids from the
standpoint of their origin and influence.
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Fig. 5. Stacking faults in Ag films.

The first can be formed in finished materi-
als due to subsequent treatments such as
straining, irradiation, etc. Formation of
such structure defects results in an in-
creased free energy of a solid body. The
second defect type includes those capable of
spontaneous formation in the course of con -
densation, i.e., "atom-by-atom assemblage”
of the material. Such defects provide a re-
duced free energy of the solid body under
formation as compared to the case when
those are absent. Taking into account the
principal distinction in the defect formation
causes and its influence on the structure
and the structure-sensitive properties of
materials, we use the term “assembled
structure” to denote the second defect class.
Since many of physical properties caused by
such structures are very useful and prospec -
tive [5], it would be not logical to use the
terms "defects” or "imperfections”.

It is obvious that it is just the assembled
structure films that are of practical inter-
est. In particular, an intentionally created
gas atmosphere during vacuum condensa-
tion of films can be used as a technologic
factor to control the film properties, such
as mechanical, electrical, sorption, mag-
netic, superconductive ones, etc. There is an
analogy with providing of the required con-
duction type and level in semiconductors
using the intentionally and controllably in-
troduced impurities.

Result of importance concerning gas con -
tent in vacuum condensates are presented in
the review [4]. In the works cited here, the
gases “captured” and "immured” in the
films are considered as a factor of non-equi -
librium but not as that favoring thermody -
namic relaxation of the growing films. In
our opinion, those factors are both of sig-
nificance and studied aimed at discrimina -
tion of their effects are actual. It is impor -
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tant also to elucidate how those factors in-
teract with other ones influencing the grain
size, e.g., the nucleation center density in
the condensate. The general selection crite-
ria for selection of chemical elements to
control the quality of films having the
properties defined by the grain high disper-
sity consist in that the impurity particles
are to be poorly soluble in the main mate-

rial and to have high chemisorption energy.
The structural variety is very wide. In

addition to the above-mentioned intergrain
boundaries where impurities and stacking
faults are localized compensating the excess
surface energy of thin films, these struc-
tures include intergrain boundaries in mul -
tiposition epitaxial films, crystallographic
planes consisting of the excess component
atoms in non-stoichiometric films (latent
non-stoichiometry free of point defects [9]),
intergrain boundaries in films of single-
block thickness, and perhaps many others
that are not identified to date. Their stud-
ies can provide novel opportunities for ma-
terial quality control.
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dakTopu hopmMyBaHHA CTAOIJIPHUX HAHOKPHCTAJIIYHHMX
TOHKHUX ILIIBOK

I1.O.Ilanuexa, A.I'.Bacos

AHani3yoThCs eKCIepUMMeHTaJbHI JaHi Ipo KOHIIEHTpAaIlilo i TeMmepaTypHy cTabilbHiCTH
Mi’K3epeHHUX T'PAaHUIL i JedeKTiB YIaKOBKHM y TOHKHX ILIiBKax MeTAJiB i3 HaHOKpHCTAJIid-
HOIO CTPYKTYypoio. 3p0O0JIeHO BMCHOBOK, IO YTBOPeHHS mux medeKTiB mig uyac KoHAeHcalril

3MEHIITY€E BiJIbHY eHeprilo TOHKUX IIiBOK.
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