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Abstract—Theresults of electron-microscopic studies of grain boundaries and the structure of fractures of tita-
nium boride- and nitride-based films obtained by nonreactive magnetron sputtering are considered. The chem-
ical and phase composition of the films is analyzed with the help of Auger electron spectroscopy and micro-
scopic electron diffraction analysis. The structure of boundaries and the presence of amorphousinclusions, dis-
locations, and other structural distortions are discussed and the nature of the deformation under indentation is

considered. © 2000 MAIK “ Nauka/lnterperiodica” .

In the continuation of our previous research [1], it
was interesting to obtain more detailed information on
the structure of grain boundariesin boride—nitride films
and to study the nature of their fractures. The structure
of boride and nitride films has been investigated by
many authors (see, for example, [2—11] and the review
[12]). Some of them [4—6, 12] noted the possibility of
amorphous phases forming as a result of nonequilib-
rium conditions of deposition. However, the data are
not systematic, and the information on the type of
boundaries, the presence of didocations, and peculiari-
ties of deformation in films based on interstitial phases
is extremely scarce. This stimulated the present
research using high-resolution transmission and scan-
ning electron microscopy.

1. SAMPLES AND EXPERIMENTAL TECHNIQUE
The method of obtaining films using TiB,—~TiN tar-

gets of various compositions was described in [1].

Characterigtics of investigated films

Some of the characteristics of the investigated films
deposited on silicon substrates are given in the table.
The structure was studied with the help of a JEM-3010
microscope with an accel erating voltage of 300 kV. The
experimental foils were prepared from films deposited
on razor blades and thinned by subsequent electrolytic
and ionic polishing. The crystallite size was estimated
on the basis of dark- and light-field images. The phase
composition was determined from x-ray diffraction and
microscopic electron diffraction data. The chemical
and structural composition of the films was estimated
from the Auger electron spectroscopic data (obtained
on aVarian Scanning Auger electron spectrometer).

The microhardness of the films on silicon substrates
was measured by the Vickers hardnesstest on aPMT-3
instrument using loads of 0.2-0.3 N; on the basis of
5-7 measurements, the value of H, corresponding to
the hardness of films proper was estimated by the
method [13] that makes it possible to eliminate the

L attice parame- Crvstal- HardnessH,,, GPa,
Film| Sputteringregime | Thick- | Struc- ters, nm I trgsize under load P, N Ho, Composition
type (target) ness, umtural type nm GPa P
a C 0.2 0.3

I DC(TiB,) 1 AlB, Unknown 2-5 34 24 70-80 Unknown

Il | HF(TiBy) 1.7 AlB, 0.3048(0.318| 35 31 215 |40-49| Ti(Bg.go00.05C0.03)1.61

Il | HF(50TiB~50TiN)| 0.4 NaCl |~0.428 053 26 21 47-54| Ti(Bg34Ng.4900.12Co.05)1.49
IV | HF(25TiB,~75TiN)| 1.3 NaCl [~0.4307 5-15 23 19 42-43 Unknown

Note: DC indicates sputtering under direct current conditions and HF is the high-frequency mode.
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effect of the substrate and film thickness on the results
of measurements.

Fractographic measurements were made on a scan-
ning microscope Hitachi S-4000 using a technique
[3, 8] alowing oneto observe the behavior of the mate-
rial at the center of deformation. In other words, we
studied the surface of cracks passing through pricks
appearing as a result of microindentation (under loads
of 1-5 N).

Preliminary results concerning the structure and
fractography of films| and 1V (seetable) were reported
in[8, 14].

2. DISCUSSION OF RESULTS
2.1. Sructure and Composition

Figure 1 shows some dark-field images of films that
visually indicate the presence of a nanocrystalline
structure with a crystallite size generally smaller than
5-15 nm (films I, Il, and 1V). Especialy small grains
are observed for films |11, deposited by sputtering from
targets of an equimolar composition and having the
smallest thickness.

Figure 2 illustrates several microscopic electron dif-
fraction patterns of the synthesized films. The electron
diffraction pattern obtained from one of the largest
crystallites of film 1V (Fig. 2c) confirmsthe presence of
a structure of the NaCl type. The values of lattice
parameters presented in the table were calculated pre-
dominantly from microscopic diffraction data, and,
hence, their accuracy isnot high. In our earlier publica-
tion[1], we discussed the difference between the lattice
parameters and the tabulated data, which is due to the
composition and the presence of a large humber of
impurities, aswell as to deformation-induced displace-
ments of diffraction maxima. According to Deng et al.
[5], considerable compressive residual stresses can be
expected in nitride—boride films.

A general analysis of x-ray and microscopic elec-
tron diffraction patterns also leads to the conclusion
that, in view of the absence of a visible halo, amor-
phous phases are either absent or scarce.

According to the results of the Auger analysis, the
distribution of elements over the film thickness was
quite uniform except in athin surface layer (6 ~ 30 nm).
It should be noted that these data correlate well with our
previous results [1] and confirm the formation of a pre-
stoichiometric phase on the basis of titanium diboride
and a superstoichiometric phase on the basis of tita
nium nitride. As before [1], while writing the structural
composition, we presumed that the film structure con-
tains only one phase (judging from x-ray and electron
diffraction patterns), and all interstitial atoms arein the
nonmetallic sublattice.

We did not observe any difference in the phase com-
position and structure between the films deposited on
silicon and steel substrates.
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2.2. High Resolution

Figure 3 shows some photographs obtained in the
direct resolution mode. It can be seen that, in contrast
to noncrystalline materials prepared by consolidating
ultrafine powders and normally characterized by a cer-
tain number of residual pores[15], film-type nanostruc-
tured objects are virtually free of pores. It can also be
observed that the overwhelming number of grains have
a dtripe structure typical of the crystaline state,
although individual regions could be characterized as
amorphous. One such region denoted by A is shown in
Fig. 3c. The number of regions with a blurred image, a
violation of the stripe structure, and an indication of
“amorphism” becomes so significant in the structure of
film 111l (Fig. 3e) that it createsthe impression that crys-
talline grains of size 0.5-2 nm are located in an amor-
phous matrix. It should be noted that the number of
NaCl unit cells (a ~ 0.43 nm) in a crystallite having a
size ~1 nm isjust eight, and according to simple esti-
mates, the fraction of boundary regions for crystallites

Fig. 1. Dark-field electron micrographs. () film | and
(b) 1.
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Fig. 2. Microscopic electron diffraction patterns: (a) film 1,
(b) 11, and (c) IV (single crystal, axis [001]).

of this size can be 50%, and even higher for aboundary
width ~0.3 nm. In the case of film 111, whose image dif-
fersin general from those of other films, we are actually
dealing with asort of crystallite-like clusters displaying
considerable structural distortions, which was also
detected from displacements of diffraction lines.

In all probability, the “amorphous’ nature of some
other regions is associated with the effect produced on
the image by numerous boundaries between crystal-
lites, which are not parallel to the el ectron beam, and by
above-mentioned possible internal stressesin the films.
Besides, the blurring of images is also quite likely for
crystallites having a size < 5 nm, whose number over
the thickness of a foil under investigation (normally
close to 5 nm) can be two or more, so that the interpre-
tation of the presence or absence of amorphous inclu-
sions becomes quite problematic. Thislooks significant
for films -1l (especialy for film I11) with fine crystal-
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lites dominating in the structure (see table). Thus, the
absence of amorphousinclusionsin films1V, aswell as
infilms| and Il to a considerable extent, appears quite
probable, while the situation with the object having fin-
est grains (film 111) is unclear on account of the large
fraction of boundary regions, although the absence of a
visual halo on x-ray and electron diffraction patterns
was noted for all types of the films under investigation
(see above).

In Figs. 3aand 3c, the boundaries between grains, at
which the crystalline structure of both grains is seen
more or less clearly, can be observed in many regions,
atomic stripes terminate at the boundaries whose struc-
ture is of the crystalline form (arrows in Fig. 3c). The
width of large-angle boundaries constitutes ~0.5 nm or
even less. In some cases, the presence of coherent
boundaries was detected.

Figure 3d shows, under a large magnification, the
lower right corner of the image of film |V depicted in
Fig. 3c, where there is a large grain approximately
20 nm in diameter. The clearly manifested inhomoge-
neous contrast (the focusing varied over distances
shorter than 5 nm) can be attributed to internal stresses
and the difference in composition, but the latter is
unlikely.

Finally, an important point in observing direct-reso-
lution structures is the detection of dislocations and
other structure distortions. Bending of stripesin stripe
patterns is noticeable in many cases (see, for example,
Fig. 3a). We can aso distinguish several edge disloca-
tions, which are also seen clearly in the limits of the
large nanacrystal in film IV (see Fig. 3d). In the struc-
ture of hexagonal films (Figs. 3a and 3b), didocations
are observed less frequently and are mainly located
near boundaries.

It is well known [16, 17] that the presence and
motion of dislocations in small crystaline objects is
limited not only by frictional forces of the lattice
(Peierls-Nabarro stress agy ), but also to a considerable
extent by the so-called image forces emerging at inter-
faces and determining the stability of dislocations. The
estimates obtained by Gryaznov et al. [17] for anumber
of metallic nanocrystals (Cu, Al, Ni, and Fe) indicate
that the characteristic linear size for these materials,
below which the existence of edge didocations is
highly improbable, is 2-24 nm. Unfortunately, the
information on op, for the refractory compounds under
investigation is extremely scarce. If we use the estimate
of the critical shear stress for TiN (o, = 3.7 GPa) [18]
and assume, as is usualy done for refractory com-
pounds [19], that opy ~ O), then from the expression
N\ = 0.04Gb/opy [17], where G is the shear modulus
(248 GPa [1, 19]) and b is the Burgers vector
(0.298 nm), we obtain the characteristic linear size, \ ~
0.8 nm, below which the probability of existence of
edge didocations in nanocrystals is very low. This
value isin satisfactory agreement with our experimen-
tal results. The approximate nature of the estimates for
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Fig. 3. Photographs of afilm structure made in direct resolution mode: (a) film I, (b) 11, (c) IV, (d) IV (one crystallite), and (e) I11.

N\ does not allow us, however, to find the difference
between phases based on TiN and TiB, nanocrystals.

2.3. Fractography

Figure 4 shows characteristic fractures of filmswith
acubic (a—c) and a hexagonal (d, €) structure. Judging
from the plane of imprint and fracture, the deformation
in the former case is more or less homogeneous, while
in the latter case the step formation and localization of
shear strains in the direction of force exerted by an
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indentor are quite obvious, and the deformation appears
to be nonhomogeneous. When large loads (>1 N) are
applied during indentation, annular and radial cracks
are formed at the imprint surfaces in the case of cubic
films (see Fig. 4b), asisusually observed in the case of
hardness measurements in brittle solids, but no shear
steps were observed in the load range under investiga
tion (up to 5 N). An analysis of fractures of hexagonal
films showsthat the height and width of stepsvary from
~100 nm to several hundred nanometers.
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Fig. 4. Fractographs of fracturesin (a—c) TiN-based filmswith a cubic structure and (d, €) TiB,-based films with ahexagonal struc-

ture. (Courtesy of K.Y. Maand A. Bloyce[27].)

Localized nonhomogeneous deformation is known
to occur in many types of solids: metallic glasses, met-
alsand alloys (including single crystals), ionic crystals,
polymers, etc. The nature of this phenomenon is being
discussed widely, although no satisfactory explanation
of this effect have been obtained as yet (see, for exam-
ple, [20-23]). On the other hand, in recent publications
concerning the deformation of nanostructured materi-
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as (prepared from ultrafine powders of Fe, Fe—Cu, and
ZrO, + 3%Y ,05), the step formation and | ocali zation of
shear strains were also reported [24—26]. In this con-
nection, the nonhomogeneous deformation we detected
for the first time [8] in nanostructured TiB,-based films
with a hexagonal structure is not surprising. However,
it is not clear why TiN-base nanostructured films with
a cubic structure are deformed homogeneously, which
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can a'so be confirmed by an analysis of the fractures of
thistype of filmsin [3, 8, 27]. It was proposed [14, 28]
that thisis due to different numbers of independent slip
systems in TiB, (two systems of the type

{1010} 11200 and in TiN (five systems of the type
{111} A100. However, recently information on the
behavior of dislocations in monocrystaline films and
polycrystalline compacts of TiN [18, 29] convincingly
provesthe preferred slip along the { 110} -type planesin
the same direction [1100(the number of independent
dip systemsis also two in this case).

Peculiarities of the deformation of cubic and hexag-
onal boride—nitride films can also be attributed hypo-
thetically to the difference in the behavior of bound-
aries between columns in these films. In the former
case, a clearly manifested columnar structure is
observed as a rule (see Fig. 4c¢), and a uniform dlip
along columns under the action of the indentor is obvi-
ous. In the latter case, the columnar structure is less
pronounced (see Fig. 4d), and deformation is localized
through step formation, although the mechanism of this
phenomenon (asfor other objectslisted above [20-26])
remains unclear and requires further investigations.

It isimportant to note that the objects under investi-
gation are brittle by nature and are characterized by
intercrystallite fracture [28]. Neverthel ess, the presence
of intracrystallite disl ocations noted above (see Fig. 3d)
facilitates the manifestation of plastic deformation, a
unique example of which is depicted in Fig. 4c. The
residual deformation of a part of “columns’ in brittle
TiN after indentation can be seen clearly; hence dislo-
cations in compounds of this type may be not only of
the sessile type, although the destruction pattern is
often of the brittle (cleavage) type.

Note that the microhardness of film | (see table,
reduced values of Hg), displaying typically nonhomo-
geneous deformation, is considerably higher than that
of film 1V being deformed homogeneously. The differ-
ence in the hardness of hexagona films (I and II)
obtained under different conditions of magnetron syn-
thesis, which was also observed by other authors (see
[15]), remains unclear.

Thus, the high-resol ution transmission and scanning
electron microscopy reveadled that amorphous inclu-
sions and interlayers at the boundaries between crystal -
lites are absent for most nanostructured nitride—boride
filmsunder investigation and the boundaries have apre-
dominantly crystalline structure. For film Il1, with a
crystallite size 0.5-3 nm, the situation remains unclear
and requires further investigation. The presence of
intracrystallite edge dislocations is confirmed by esti-
mates obtained in [16, 17]. The deformation under
indentation of films can be of ahomogeneous or anon-
homogeneous, localized type, which is hypothetically
atributed to the difference in the behavior of the
columnar structure of the films. The proposed possibil-
ity of plastic deformation of “columns’ of TiN corre-
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lates with the presence of intracrystallite dislocations
revealed experimentally.
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