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The present study reports the use of swift heavy ion irradiation as a means to tailor the hardness of
chromium nanorod coatings. Arrays of slanted and straight Cr nanorods, 1–2 �m long and
300–500 nm in diameter, were grown by dc magnetron sputter glancing angle deposition on Si�100�
substrates patterned with 500 nm diameter polystyrene spheres. The samples were irradiated with
100 MeV Ag+8 ions at three different fluence values of 1013, 5�1013, and 1014 ions /cm2, while
maintaining the samples at 80 K temperature. The as-deposited samples exhibit a fibrous structure
that smoothens after irradiation. Nanoindentation tests performed on these samples reveal that the
hardness of the nanorods increases with fluence. For slanted nanorods, the samples irradiated at
maximum fluence show an almost 300% increase in hardness as compared to their pristine
counterparts. The corresponding increase in the case of straight nanorods was observed to be 77%.
This fluence-dependent hardness in Cr nanorods is explained in terms of an ion-irradiation induced
defect formation and a decrease in the grain size, as confirmed by glancing angle x-ray

diffraction. © 2008 American Vacuum Society. �DOI: 10.1116/1.2834683�
I. INTRODUCTION

The unification of electrical and mechanical expertises at
the submicron scale has led to nano/microelectromechanical
systems �N/MEMS�.1 Size miniaturization and enhanced per-
formance are the key motivations in the ongoing research in
these fields. The areas of thin films and nanolaminated coat-
ings are, thus, increasingly being explored due to their wide
range of applications in microelectronics, NEMS, and opto-
electronics. The surface and near-surface properties of thin
films and nanolaminated coatings influence the overall per-
formance of thin films and nanostructured materials render-
ing their characterization important. Mechanical properties,
in particular, control the durability, wear tear, fracture tough-
ness, and reliability of the devices and/or their protective
coatings. Therefore, techniques such as nanoindentation are
required to quantitatively determine such properties at sub-
micron scales.2,3 Moreover, improving the mechanical prop-
erties of such structures by post-deposition treatments is both
challenging and an exciting field for research, and is ad-
dressed in the present study.

In the last decade, glancing angle deposition �GLAD� has
emerged as one of the techniques to engineer structures at
submicron length scales, yielding unique new materials and
device properties.4–6 During GLAD, the vapor flux is inci-
dent on the substrate at grazing angles. By controllably ro-
tating the substrate with respect to the incident flux, the
shape and microstructure of the thin films can be sculpted
during growth. The controlled substrate rotation can lead to
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tilted, chevronlike, helical, and straight nanostructures in-
cluding vertical rods,7–9 zigzags,10 spirals,11,12 and Y
shapes.13 Structures grown by GLAD usually have columnar
growth, due to shadowing and limited surface diffusion of
deposited atoms, and have been shown to exhibit unique
properties. For instance, thin columnar films of Cr nanorods
have been demonstrated to work as pressure sensors,14 ZnO
nanowires as nanogenerators,15 and Si nanosprings coated by
Co as electromechanical actuators.11 Although a few studies
discuss the mechanical properties of Cr thin
films/nanostructures,16,17 there have been limited studies on
the influence of post-deposition treatment on mechanical
properties of nanostructures. For instance, the effect of Ar+

ion irradiation on the microstructure of columnar Cr thin
films has been studied in the low energy �0.5–20 keV� range
during deposition.18 Hones et al. report that the hardness of
CrOx thin films grown in a mixed Ar and O2 atmosphere
increases with oxygen partial pressure, reaches a maximum
when 15%–25% oxygen is present in the sputtering gas, and
thereafter decreases.19

The conventional post-deposition methods for tailoring
the mechanical properties of materials include heat treat-
ment, low energy ion implantation, low energy ion irradia-
tion, and swift heavy ion irradiation. Of these, the method of
ion implantation involves deliberate addition of impurity at-
oms and may not be desirable from an application point of
view. Nonetheless, implantation has been employed success-
fully to modify the mechanical properties of materials. It has
been shown that implantation of 60 keV Cu− ions reduces
the hardness of MgAl2O4 single crystal wafers.20 On the

other hand, Devanathan et al. have reported that the hardness
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and Young’s modulus of single crystal MgAl2O4 wafers can
be varied by irradiating the wafers with 400 keV Xe2+ ions at
100 K.21 The effect of ion beam irradiation on the mechani-
cal properties of materials in the high energy range has also
been reported. Nakao et al. discuss the effect of 2 MeV Si+

ions on the microstructure and mechanical properties of alu-
mina films.22 Swift heavy ion irradiation has been utilized to
increase the hardness of Cr films grown on SS304 substrates
by irradiating them with 75 MeV Ni+5 ions at ambient
temperature.23 The spring-constant and Young’s modulus
values of Si nanorods are reported to decrease as a result of
swift heavy ion irradiation.24 In the present work, swift
heavy ion irradiation is employed to modify the mechanical
properties of Cr nanorods. This post-deposition treatment is
done at ion energies that do not result in implantation. Nev-
ertheless, the ions induce defects in Cr nanorods leading to a
dramatic, up to fourfold increase in the measured hardness.

II. EXPERIMENTAL DETAILS

Silicon�100� substrates, cleaned and patterned using
500 nm diameter polystyrene spheres, were used for depos-
iting Cr nanorod coatings. The polystyrene spheres self-
assemble in hexagonal close-packed monolayers on the sub-
strate and serve as nucleation sites for the subsequent growth
of the nanorods.25 The Cr nanorod coatings were grown by
dc magnetron sputter glancing angle deposition. The deposi-
tion was carried out at 1.5 mTorr using 99.999% pure Ar as
the sputtering gas. A Cr target �99.95% pure� was positioned
at 10 cm from the substrate surface. No external substrate
heating was employed during growth and the sputtering was
carried out at a constant power of 750 W.

Three sets of samples �I, II, and III� differing in their
geometries and dimensions were grown. Samples I and II
consist of 2 �m long slanted nanorods making an angle of
about 20° from the vertical and measuring 400 and 300 nm
diameters, respectively. Sample III consists of straight nano-
rods, 1 �m in length and measuring 500 nm in diameter. The
dimensions of the nanorods mentioned above were deter-
mined from surface micrographs acquired by a JEOL
JSM6335 field emission scanning electron microscope
�SEM� operated at 5 kV with an emission current of 12 �A.

For irradiation, the electronic �Se� and nuclear �Sn� energy
losses for 100 MeV Ag ions in a Cr matrix were predeter-
mined by Stopping Range of Ions in Matter �SRIM� which is
a Monte Carlo based simulation.26 The Cr nanorods were
irradiated with 100 MeV Ag+8 ions at three different fluences
�1013, 5�1013, and 1014 ions /cm2� in a 15 MV pelletron ac-
celerator at Inter University Accelerator Centre, New Delhi.
For this purpose, the samples were mounted on a liquid ni-
trogen �LN2� cooled ladder that comprised of a hollow cop-
per block at one of its ends, and in which the level of liquid
nitrogen was maintained during irradiation. Identical samples
taken from each set I, II, and III were termed as “B,” “C,”
and “D” in the increasing order of fluence while “A” being
reserved for pristine samples. The samples IA, IIA, and IIIA
were mounted on the topmost part of the LN2 ladder to serve

as pristine sample for the three sets and to maintain all the
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samples �i.e., A, B, C, and D� under identical conditions. A
contact was made at the corners of the samples using silver
paste to avoid charging of the samples during irradiation and
to provide an electrical path for the accumulated charge to
flow.

The nanohardness of the Cr nanorods was tested by a
diamond Berkovich-type tip attached in an atomic force mi-
croscope �AFM� �NanoScope IVa, Veeco-DI, NY�. The
spring constant of the cantilever used for indentation experi-
ments was 242 N /m. The sensitivity of the diamond tip was
calibrated prior to nanoindentation experiments. The dia-
mond tip was first indented on a sapphire sample at a small
loading force. The slope of the corresponding deflection-
distance plot was used to set the sensitivity for further ex-
periments. After calibration, the loading force was optimized
for the nanoindentation experiments. Starting from a low
value, the load was increased in steps until indent marks
were visible in the nanorods. This load was then used for
subsequent indentations. Five indents per sample were made
at the same load to determine the hardness.

Structural characterization of the nanorods was carried
out using glancing angle x-ray diffraction �GAXRD�
equipped with Cu K� radiation source using a Philips X’pert
PRO system. The diffractograms were recorded at a step size
of 0.01° and a counting time of 2 s at each step. Glancing
angle was maintained at 0.5° to reduce influence from the
substrate. The grain sizes were computed from the full width
at half maximum �FWHM� of the strongest Cr�110� peak. In
the following sections, the results of surface morphology,
nanoindentation, and GAXRD studies are presented for the
Cr nanorod samples.

III. RESULTS AND DISCUSSION

As already mentioned, the nanorods were grown over
polystyrene spheres that act as nucleation sites for the sub-
sequent growth of nanorods. The as-deposited Cr nanorod
coatings exhibit fibrous structures. Figure 1 shows a SEM
micrograph of sample IIIA where the fibrous growth can be
clearly seen. Interestingly, the nanorods do not grow as a
single column but seem to be a collection of fibers that coa-
lesce and grow together in the form of a nanorod bundle over
the polystyrene spheres. Smoothening of this fibrous growth
is observed on irradiating the Cr nanorods by 100 MeV Ag+8

ions, as shown in Figs. 2�a� and 2�b�. By comparing the SEM
micrographs of pristine and irradiated samples, it is observed
that the average length of the nanorods does not change ap-
preciably. However, the difference in the densities of Cr na-
norods as apparent from Figs. 2�a� and 2�b� is due to pattern-
ing faults and does not result from ion irradiation.

At 100 MeV energy, the range of Ag ions in Cr is 6.4 �m.
Thus, for nanorods of 1–2 �m lengths, the probability of
implantation is negligible. It is mentioned that during irradia-
tion, the samples were maintained at 80 K temperature in
order to freeze the defects generated during ion irradiation.
During irradiation, an energetic ion loses its energy as it
passes through a target material, and the interaction between

them depends on the incident energy, i.e., whether it is in



growth of the nanorods can be clearly seen.

an identical sample ID irradiated at highest fluence of 10 ions /cm .
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keV or MeV range. In the high energy �few hundreds of
MeV� range, the electronic energy losses �Se� due to inelastic
collision of incident ions with the electrons of the target
dominate, whereas in the low energy ��keV� range, the
nuclear energy losses �Sn� due to their elastic collision with
the atoms of the target producing lattice damage are domi-
nant. The variation of Se and Sn with depth in Cr matrix for
100 MeV Ag ions is shown in Fig. 3. The Se /Sn ratio for
100 MeV Ag ions was determined to be �180 by SRIM, sug-
gesting that the defects created within the Cr matrix are al-
most exclusively due to electronic energy losses. The two
blue dotted lines at depths of 1 and 2 �m indicate the re-
spective lengths of the straight and slanted nanorods investi-
gated in the present work.

In general, the effect of swift heavy ions on metallic sys-
tems causes ionization of the target atoms along the trajec-
tory of the incident ions. At 100 MeV ion energy, it is diffi-
cult to create permanent defect zones �tracks� in metallic
systems.27 The ionization caused by the incident ion along its
trajectory within the target and in its wake field is quickly
neutralized by the high density of free electrons that exist in
metals. The time taken by the incident ions to transfer their
energy to the electronic subsystem is of the order of 10−15 s.
Due to strong electron-phonon coupling in the case of tran-
sition metals, the electrons transfer their energies to the
phonons in �10−13 s.28 Once the energy is transferred to the
atomic subsystem, it is possible for the atoms to migrate
from their positions. Thus, irradiation with few hundreds of
MeV ions is unlikely to yield permanent damage zones in
metallic systems; however, defects may be created. This may
alter the grain boundaries23 and result in modifying the me-
chanical properties. This aspect is discussed later with the
results from glancing angle x-ray diffraction of the Cr nano-
rods as a function of the fluence. The effect of swift heavy
ion irradiation on the nanohardness of the Cr nanorods as

FIG. 3. Variation of Se and Sn with depth for 100 MeV Ag+8 ions in Cr
matrix as determined by SRIM. Ratio of Se /Sn is �180. Thus, the defects can
be considered to be due to electronic energy losses only. The two blue lines
at 1 and 2 �m indicate the length of the straight and slanted nanorods,
respectively.
FIG. 1. SEM micrograph showing the tilted view of the as-deposited Cr
straight nanorod sample �IIIA�. The nanorods are grown on Si �100� sub-
strate patterned with 500 nm diameter polystyrene spheres. The fibrous
FIG. 2. SEM micrographs showing the effect of swift heavy ion irradiation
on the morphology of the 400 nm diameter Cr slanted nanorods �sample I�
by 100 MeV Ag ions. The fibrous growth of nanorods is clearly visible for
�a� pristine sample IA, which smoothens after irradiation as seen in �b� for

14 2
 determined by nanoindentation is now discussed.
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The nanohardness values reported in this work are an av-
erage calculated from five indentations made on each
sample. During indentation, starting from zero load �P�, the
load is increased in steps until a predetermined value of Pmax

is reached, after which the load is decreased in steps to zero.
Figure 4 is a typical force-penetration curve showing the
complete cycle of loading and unloading for sample IA. The
loading and unloading curves shown here do not overlap
each other, implying that the material has deformed plasti-
cally by some amount. The hardness of any material is its
resistance toward plastic deformation and has been defined
on many scales. The Meyer hardness that takes into account
the indenter geometry is defined as the ratio of Pmax to the

FIG. 4. Representative force-penetration curve. The points Pmax and hc indi-
cate the point of maximum load and indentation depth, respectively. The
indentation depth has been determined by Doerner-Nix method.

FIG. 5. AFM micrographs showing three of the five indent marks on the sam

�b� after indentation.
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projected area of contact �Ac�. Depending on the indenter
geometry, the projected area of contact varies with contact
depth �hc�.

29 The contact depth is also the indentation depth
of the indent mark made by the indenter.

For a Berkovich indenter, the tip has a trigonal base on
which three triangular faces meet at a vertex. The Berkovich
tip used in the present experiments had an apex angle of 60°
rendering the tip shape as a regular tetrahedron. The pro-
jected area of contact for the Berkovich-type tip is, thus,
given by the area of the trigonal base of the indenter. There-
fore, Ac is given as ��3 /4�a2, where “a” is the side of the
regular tetrahedron. Figure 5 depicts an AFM micrograph
where a region with three indent marks has been encircled
for clarity. Since the indent marks were not always visible
after indenting the nanorods, the nanohardness values have
been calculated from the unloading part of the force-
penetration curves following the method of Doerner and
Nix.30 The method assumes that when the load is removed,
the initial recovery in the material is elastic in nature. The
slope of the unloading curve at maximum load is extrapo-
lated to meet the penetration axis from where hc is deter-
mined as hc=hmax− Pmax /S, where S is the slope of the un-
loading curve at maximum load. For the Berkovich-type
indenter, hc=�2 /3a. Hence, Ac=3�3hc

2 /8. Knowing Ac, the
hardness can be calculated. The hardness values calculated
from the nanoindentation results show an increasing trend
with fluence for all the samples, as shown in Figure 6. Com-
paring the hardness at maximum fluence with respect to pris-
tine samples, there is a fourfold increase in the case of
slanted nanorods and twofold increase in the case of straight
nanorods. In addition, varying the fluence by an order of
magnitude increases the hardness by almost 50% in the case
of slanted nanorods and about 8% in the case of straight

IIA. The encircled portion in �a� shows the region before indentation and in
ple I
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nanorods. The results confirm that it is difficult to plastically
deform the irradiated nanorods due to their increased hard-
ness. The nanohardness values for the pristine straight nano-
rods are �2.5 times higher than those for the slanted nano-
rods at the same load. Since the maximum penetration depths
for all the samples are within 7% of the total film thickness,
the substrate effects are not expected to be present in the
hardness values.31

The GAXRD patterns for all the sets of samples show the
presence of a Bragg peak at 2� value of 44° corresponding to
Cr�110�. Figure 7 shows a representative glancing angle
x-ray diffractogram for sample III. The FWHM values for
the three sets show an overall increasing trend with fluence.
In particular, the FWHM observed for samples IA–ID, IIA–
IID, and IIIA–IIID are observed to vary from 0.37° to 0.90°,
from 0.46° to 0.58°, and from 0.39° to 0.58° for IIIA and
IIID, respectively. The observed broadening may be due to
defect formation and/or decrease in the grain size of irradi-
ated Cr nanorods. SRIM simulations show that 100 MeV Ag
ions produce 2890 vacancies per incident ion in the Cr ma-
trix. Assuming that this causes strain broadening in the
FWHM values reported above, it is expected that a compari-
son of the calculated lattice parameters of B, C, and D
samples for Cr�110� peak would reflect a significant change
as compared to sample A for each set. The calculations, how-
ever, show a change of less than 0.04%, implying that strain
broadening can be safely neglected. Thus, assuming that the
broadening is solely due to decreasing grain sizes, changes in
the grain sizes have been computed using the Scherrer for-
mula given as t=0.9� /� cos �, where t is the grain size, � is
the Cu K� radiation wavelength �1.54 Å�, � is the FWHM in
radians, and 2� is the value at which the diffraction peak is
observed. The grain sizes computed from Cr�110� peaks for
the samples indicate that the grains become smaller in size

FIG. 6. Variation of hardness with fluence is plotted for all the three sets. The
Cr nanorods show an overall increasing trend in the hardness values. The
solid lines are a guide for the eyes.
with increasing fluence. The estimated grain size for samples
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IA–ID, IIA–IID, and IIIA–IIID have been calculated to re-
duce from 23 to 9, from 19 to 15, and from 21 to 14 nm,
respectively. The grain size reduction on irradiation for both
slanted and straight nanorods suggests a significant change in
their microstructure and can be associated with modification
in the grain boundaries.

We now discuss the possible mechanisms responsible for
the observed hardening of the nanorods. The swift heavy ion
irradiation of materials is known to create defects in the ma-
terial. Depending on the target material, the defects can be
permanent or can anneal out after irradiation. Different mod-
els have been proposed to explain the effect of ion irradiation
on the three broad classes of materials, viz., metal, semicon-
ductors, and insulators. Whereas it is easy to create defects in
insulators and semiconductors, it is extremely difficult to cre-
ate damage zones in metallic systems at energies of a few
hundred MeV. However, permanent defect zones �tracks� in
metals have been observed at MeV irradiation by fullerenes
or in the GeV range.32,33 The irradiation of Cr nanorods by
100 MeV Ag+8 ions in the present work implies that tracks
are not possible in the Cr nanorods. Therefore, Se is unlikely
to produce structural modification in Cr metal. However, the
grain boundaries can serve as sites where the localization of
energy transferred through Se is possible. Therefore, the
grain boundaries may alter during the irradiation resulting in
grain structure refinement. As a result, the total surface area
of the grains increases significantly, impeding the motion of
dislocations. The situation can be viewed as the strengthen-

FIG. 7. Typical GAXRD pattern obtained for pristine and irradiated straight
Cr nanorods �sample III� is shown. The strongest Bragg peak is observed at
2� value of 44°. The Cr �110� peak is also present in samples I and II �not
shown�.
ing of the nanorods by grain size reduction.
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IV. CONCLUSIONS

Arrays of slanted and straight Cr nanorods were grown by
dc magnetron sputter glancing angle deposition on patterned
Si�100� substrates. The nanorods were subjected to 100 MeV
Ag+8 ions irradiation at different fluences at liquid nitrogen
temperature. Nanoindentation shows that the hardness of the
slanted Cr nanorods increases by �300% for the maximum
fluence value of 1014 ions /cm2. For straight nanorods, this
increase is 77%. The fluence-dependent hardness in these Cr
rods is explained in terms of ion-irradiation induced defect
formation that leads to finer grain sizes in irradiated samples.
These fine grains aid in the pinning of dislocations, which is
particularly effective due to the nanoscale dimensions of the
Cr rods. Thus, swift heavy ion irradiation can be employed to
effectively tailor the hardness of the nanostructures by ex-
ploring the possibilities of different ion energies, fluences,
and incident ions.

ACKNOWLEDGMENTS

This research work is supported by Department of Sci-
ence and Technology, India, Grant No. SR/FTP/PS-41/2005.
One of the authors �R.N.� gratefully acknowledges CSIR,
India for providing Senior Research Fellowship. We are
thankful to Pelletron group at Inter University Accelerator
Center, New Delhi, India for proiding irradiation facility.

1M. Roukes, Phys. World 14, 25 �2001�.
2J. R. Withers and D. E. Aston, Adv. Colloid Interface Sci. 120, 57 �2006�.
3X. Li, H. Gao, C. J. Murphy, and K. K. Caswell, Nano Lett. 3, 1495
�2003�.

4M. Hawkeye and M. J. Brett, J. Vac. Sci. Technol. A 25, 1317 �2007�, and
references therein.

5Y.-P. Zhao, D.-X. Ye, G.-C. Wang, and T.-M. Lu, Nano Lett. 2, 351
�2002�.

6K. Robbie and M. J. Brett, J. Vac. Sci. Technol. A 15, 1460 �1997�.
7
M. Malac and R. F. Egerton, J. Vac. Sci. Technol. A 19, 158 �2001�.

J. Vac. Sci. Technol. A, Vol. 26, No. 4, Jul/Aug 2008
8B. Dick, M. J. Brett, and T. Smy, J. Vac. Sci. Technol. B 21, 2569 �2003�.
9T. Karabacak, A. Mallikarjunan, J. P. Singh, D. Ye, G.-C. Wang, and
T.-M. Lu, Appl. Phys. Lett. 83, 3096 �2003�.

10R. Messier, V. C. Venugopal, and P. D. Sunal, J. Vac. Sci. Technol. A 18,
1538 �2000�.

11J. P. Singh, D.-L. Liu, D.-X. Ye, R. C. Picu, T.-M. Lu, and G.-C. Wang,
Appl. Phys. Lett. 84, 3657 �2004�.

12S. Kennedy, M. J. Brett, O. Toader, and S. John, Nano Lett. 2, 59 �2002�.
13J. Wang, H. Huang, S. V. Kesapragada, and D. Gall, Nano Lett. 5, 2505

�2005�.
14S. V. Kesapragada, P. Victor, O. Nalamasu, and D. Gall, Nano Lett. 6,

854 �2006�.
15Z. L. Wang and J. Song, Science 312, 242 �2006�.
16S. G. Nilsson, X. Borrisé, and L. Montelius, Appl. Phys. Lett. 85, 3555

�2004�.
17J. Lintymer, N. Martin, J.-M. Chappé, P. Delobelle, and J. Takadoum,

Surf. Coat. Technol. 200, 269 �2005�.
18N. Kuratani, A. Ebe, and K. Ogata, J. Vac. Sci. Technol. A 16, 2489

�1998�.
19P. Hones, M. Diserens, and F. Lévy, Surf. Coat. Technol. 120–121, 277

�1999�.
20C. G. Lee, T. Ohmura, Y. Takeda, S. Matsuoka, and N. Kishimoto, J.

Nucl. Mater. 326, 211 �2004�.
21R. Devanathan, N. Yu, K. E. Sickafus, and M. Nastasi, J. Nucl. Mater.

232, 59 �1996�.
22S. Nakao, P. Jin, D. Music, U. Helmersson, M. Ikeyama, Y. Miyagawa,

and S. Miyagawa, Surf. Coat. Technol. 158–159, 534 �2002�.
23A. Jain, S. Loganathan, J. D. Kanjilal, and G. K. Mehta, Vacuum 46, 369

�1995�.
24R. Nagar, F. Singh, D.-X. Ye, T.-M. Lu, D. Kanjilal, B. R. Mehta, and J.

P. Singh �unpublished�.
25S. V. Kesapragada and D. Gall, Thin Solid Films 494, 234 �2006�.
26J. F. Ziegler and P. Biersack, SRIM-2006 software �www.srim.org�.
27M. Toulemonde, C. Dufour, and E. Paumier, Phys. Rev. B 46, 14362

�1992�.
28C. Dufour et al., J. Phys.: Condens. Matter 5, 4573 �1993�.
29T.-H. Fang and W. J. Chang, Microelectron. Eng. 65, 231 �2003�.
30M. F. Doerner and W. D. Nix, J. Mater. Res. 1, 601 �1986�.
31D. Tabor, The Hardness of Metals �Clarendon, Oxford, 1951�, Chapter

IX, p. 41.
32H. Dammak, A. Dunlop, D. Lesueur, A. Brunelle, S. Della-Negra, and Y.

L. Beyec, Phys. Rev. Lett. 74, 1135 �1995�.
33
A. Audouard et al., Phys. Rev. Lett. 65, 875 �1990�.


