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High-purity nanocrystalline niobium~Nb! thin films have been deposited using high-pressure
magnetron sputter deposition. Increasing the pressure of the sputtering gas during deposition has
systematically led to reduced crystallite sizes in these films. Based on x-ray and electron diffraction
results, it is observed that the nanocrystalline Nb films exhibit a significantly large lattice expansion
with reduction in crystallite size. There is however, no change in the bcc crystal structure on
reduction in crystallite size to below 5 nm. The lattice expansion in nanocrystalline Nb has been
simulated by employing a recently proposed model based on linear elasticity and by appropriately
modifying it to incorporate a crystallite-size-dependent width of the grain boundary. ©2003
American Institute of Physics.@DOI: 10.1063/1.1582361#

The currently widespread interest in the broad area of
nanomaterials is primarily due to the properties exhibited by
these materials.1,2 A wide variety of processing techniques
are being employed by research groups around the world to
synthesize nanomaterials. These include mechanical milling
and alloying,3–5 controlled devitrification of amorphous
materials,6–8 inert gas condensation and subsequent
compaction,8–10 and sputter deposition.11,12 From the struc-
tural viewpoint, nanocrystalline materials are often visual-
ized as consisting of two components: the grain interior and
a large volume fraction of grain boundary.1 The grain bound-
ary separates the interior of one grain from its adjacent one.
With reduction in the average grain or crystallite size, there
appears to be changes in the crystal lattice of nanocrystalline
materials, as evidenced by reports in the literature.3,7,11These
include examples of lattice expansion,3,11 contraction,13,14

and distortion,7 with reduction in the crystallite size for dif-
ferent nanocrystalline materials. Furthermore, while there
have been quite a few attempts at rationalizing the origin of
lattice changes in nanocrystalline materials,11,15,16there still
appears to be a lack of a coherent framework for understand-
ing such changes as a function of the crystallite size.

In a recent study, it has been reported that nanocrystal-
line niobium, prepared by high-energy ball-milling, exhibits
a lattice expansion with decreasing grain size, eventually un-
dergoing an allotropic phase transformation from bcc to fcc
when the average crystallite size is reduced below
;10 nm.3,17 While this is a rather interesting observation,
there appears to be some uncertainty regarding this phase
transformation since earlier reports speculate the possible
formation of the fcc NbN compound in ball-milled nanocrys-
talline Nb.5 Unfortunately, the presence of interstitial con-
taminants~O, N! introduced from the atmosphere as well as
others introduced from the media used for milling~typically

hardened steel balls! in nanocrystalline ball-milled material
can make it rather difficult to delineate the actual influence
of crystallite size on structure and properties. Therefore, the
current study focuses on the synthesis and structural charac-
terization of high-purity nanocrystalline Nb thin films.

The nanocrystalline Nb thin films have been deposited
using high-pressure magnetron sputtering. This technique
has been developed rather recently and consequently has not
yet been used extensively for synthesis of nanomaterials.12

However, the technique appears to be a promising one, espe-
cially for the synthesis of high-purity nanocrystalline mate-
rials. The sputter deposition was carried out in a custom-built
UHV chamber with a base pressure prior to sputtering;5
31028 Torr. All depositions were carried out on oxidized Si
substrates which had a thick (;200-nm) thermally grown
amorphous oxide on the surface. The only processing vari-
able that was systematically altered was the pressure of Ar
gas in the chamber during sputtering. The Ar pressure was
varied from 2 to 100 mTorr. Films were deposited at pres-
sures of 2, 10, 50, and 100 mTorr. All the films were depos-
ited for a 1 h at a dcpower of 200 W. The target used for the
sputter deposition was a commercially purchased elemental
Nb target of 99.99% purity. Prior to introduction into the
sputtering chamber, the Ar gas was purified by passing it
through a gettering furnace consisting of a Ti sponge main-
tained at a temperature of 1073 K. The as-deposited Nb films
have been characterized using x-ray diffraction~XRD! and
transmission electron microscopy~TEM!. The XRD studies
were carried out in a Scintag XDS 2000 diffractometer using
Cu Ka as the incident radiation, while the TEM studies were
carried out in a FEI/Philips CM200 electron microscope op-
erating at 200 kV. The electron diffraction studies have been
carried out using a camera length of 700 mm in the TEM.

XRD patterns, in the Bragg reflection geometry, from
four films deposited at different Ar pressures, are shown Fig.
1~a!. The primary peak visible for all four Nb films can be
consistently indexed as the$110% peak corresponding to the
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bcc phase. As the Ar pressure increases, there is a systematic
increase in the peak width full width at half-maximum. Since
the peak width is inversely proportional to the XRD domain
size ~or crystallite size!,18 the increase in peak width indi-
cates a reduction in the mean crystallite size with increase in
Ar pressure during sputtering. Based on the Debye–Scherrer
broadening,18 the mean crystallite size has been calculated
for these four films from the width of the$110% bcc Nb peak.
In addition to the increasing width, there is also a systematic
shift of the $110% peak to smaller 2u values with increasing
pressure of Ar@seen in Fig. 1~a!#. Such a shift indicates an
increase in the interplanar spacing of$110% bcc planes. This
suggests a possible lattice expansion or distortion in nano-
crystalline Nb with reducing crystallite size. The XRD re-
sults were corroborated with electron diffraction results. Se-
lected area electron diffraction patterns from the four
nanocrystalline Nb films are shown in Figs. 1~b!–1~e!. The
rings in all the four patterns can be consistently indexed
based on a single bcc phase, suggesting that there is no
change or distortion in crystal structure with decreasing crys-
tallite size. However, the lattice parameter of this bcc phase
increases with increase in the pressure of sputtering gas or
decrease in the crystallite size. The values of the lattice pa-
rameter measured from electron diffraction studies were in
agreement with those measured from the$110% bcc peak in
the XRD pattern. A plot of the bcc lattice parameter as a

function of the crystallite size, measured from the Debye–
Scherrer broadening of the$110% peak in the XRD pattern, is
shown in Fig. 2~a!. The increase in lattice parameter with
decreasing crystallite size appears to exhibit a smooth,
monotonic, nonlinear trend. No phase transformation from

FIG. 1. ~a! XRD patterns from the nanocrystalline Nb films deposited at
different pressures of the sputtering gas.~b!–~e! Electron diffraction patterns
in the plan-view geometry from the same Nb films.

FIG. 2. ~a! Experimentally observed variation in the lattice parameter of the
bcc Nb phase in the nanocrystalline Nb films as a function of the crystallite
size. ~b! Predicted plots of the lattice expansion in nanocrystalline Nb
(Dr /r 0) as a function of the crystallite sizeL for various widthsd of the
grain boundary and the experimentally determined values.~c! Plot of the
variation ofd as a function ofL.
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bcc to fcc is observed in these nanocrystalline Nb films, even
though the crystallite sizes for three of the films are substan-
tially smaller than 10 nm. This suggests a possible influence
of contaminants as well as the high degrees of strain intro-
duced at very high strain rates during ball-milling, affecting
the phase transformation reported in ball-milled nanocrystal-
line Nb for crystallite sizes below;10 nm.3,17 In compari-
son, the nanocrystalline Nb thin films deposited by high-
pressure magnetron sputtering are expected to have a
relatively lower degree of strain.

The lattice expansion in nanocrystalline nobium has
been rationalized using a recently proposed model based on
linear elasticity.16 According to this model, the excess free
volume of grain boundaries, arising from their highly disor-
dered structure, results in a stress field within the grains
causing an expansion of the lattice.16 By considering a
nanometer-sized polycrystal model that consists of square-
shaped crystallites with an orthogonal system of grain
boundaries, the normalized lattice expansion can be ex-
pressed as follows:

Dr

r 0
5

r̄ 2r 0

r 0
5

1

2L

d~d12a0!

d1a0
~A3 11DV21!, ~1!

where r̄ is the mean lattice parameter of the distorted crys-
tallite, r 0 is the lattice parameter of the perfect crystallite,L
is the mean grain or crystallite size,d is the mean width of
the grain boundaries,a0 is the nearest-neighbor separation of
the perfect lattice, andDV is the excess free volume of the
grain boundaries. It should be noted that the mean crystallite
sizeL is smaller than the film thickness in all cases.

The excess free volume associated with the grain bound-
aries can be calculated using the following expression:17

DV5
~L1d/2!22L2

L2 . ~2!

In most prior calculations of the excess free volume, the
width of the grain boundary has been assumed to be a con-
stant (d'1 nm), independent of the grain size.19 The pre-
dicted values of the normalized lattice expansion for nano-
crystalline Nb, calculated using Eqs.~1! and ~2!, have been
plotted as a function of grain size in Fig. 2~b!. The graphs for
three different values of the width of the grain boundary (d
51, 1.5, and 1.9 nm! have been plotted. The experimentally
measured values of lattice expansion for the different grain
sizes are also plotted in the same figure for comparison. Ini-
tially, the predicted curve ford51 nm was plotted for com-
parison with the experimental values. While the experimental
value is in good agreement with the predicted value, withd
51 nm at a grain size of 11.3 nm, the experimental values
exceed the predictions (d51 nm) for smaller grain sizes.
Subsequently, predicted curves have been plotted ford
51.5 nm andd51.9 nm. These values ofd have been se-
lected based on the best fit of the experimental data for
smaller crystallite sizes. The predicted value of lattice expan-
sion for d51.5 nm agrees well with the experimental value
for L56.9 nm, and forL54.8 and 4.6 nm there is good
agreement withd51.9 nm. These results clearly indicate a
possible change in the widthd of the grain boundary. It
appears that as the grain size decreases, the grain boundary

width increases. The experimental values of the grain size
and the fitted values of the grain boundary width have been
plotted in Fig. 2~c!. Furthermore, the variation ind with L
has been fitted using the exponential relationship:

d50.52813.017 exp~20.164L !. ~3!

Fitting the value ofd to L via an exponential relation-
ship appears to make physical sense since one would expect
that as the grain size increased, the boundary width would
tend towards a constant value for large grain sizes. From the
curve fitting, the grain boundary width for Nb at large grain
sizes (.40 nm) is expected to bed'0.5 nm. Using Eq.~3!
for calculatingd as a function ofL in Eqs. ~1! and ~2!, the
normalized lattice expansion has been plotted as a function
of L in Fig. 2~b!. It should be noted that the three curves
plotted previously based on Eqs.~1! and~2! assumed a con-
stant value ofd for each curve. This predicted curve is in
excellent agreement with all the four experimental data
points marked on the same figure.

To summarize, high-purity nanocrystalline Nb films with
average crystallite sizes in the range of 5 to 12 nm have been
deposited using the technique of high-pressure magnetron
sputtering. The crystallite sizes in these films were inversely
related to the pressure of Ar used for sputtering, which was
varied from 2 to 100 mTorr. With reduction in crystallite
size, there is a substantial expansion of the bcc lattice of
nanocrystalline Nb. This lattice expansion does not appear to
be accompanied with an allotropic phase transformation
from bcc to fcc Nb, as reported earlier in the literature. The
experimentally observed lattice expansion in nanocrystalline
Nb is in excellent agreement with predictions afforded by a
recently proposed model based on linear elasticity and sug-
gests that the width of the grain boundary is likely to be a
function of and not independent of the grain size in these
nanocrystalline materials.
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