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Abstract

Common failure mechanisms in microelectronics such as electromigration, creep and fatigue can be positively influenced by micro-
structure optimization. In this paper a new mechanism of microstructure optimization in thin metal films is proposed. Post-deposition
ion bombardment can produce an in-plane texture in originally highly fiber textured thin metal films by a selective grain growth process.
In extreme cases the in-plane texture becomes as sharp as the out-of-plane fiber texture. A subset of grains oriented for ion channeling
was found to grow significantly at the expense of the remaining grain fraction. We studied the selective grain growth as a function of ion
species (N+, Ne+, Ar+), ion energy (1–3.5 MeV) and target temperature (liquid nitrogen to 400 �C). In a textured thin film the degree of
preferred in-plane orientation can be strongly influenced by ion bombardment, and therefore this technique has the potential to become a
powerful tool for the enhancement of reliability in micro- and nanosystems.
� 2006 Acta Materialia Inc. Published by Elsevier Ltd. All rights reserved.
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1. Introduction

The texture of thin metal films can be controlled by ion
bombardment assisted deposition [1–3]. Dong and Srolo-
vitz [1,2] report in their theoretical work two main effects
that influence film texture during deposition: (a) the anisot-
ropy of the sputter rate, and (b) the anisotropic generation
of defects due to ion bombardment; the latter effect is the
stronger. Due to anisotropic defect generation, less dam-
aged grains grow at the expense of strongly damaged
grains. Minimization of the free volume energy is the driv-
ing force.

Changes to thin film texture caused by post-deposition
ion bombardment were observed by Spolenak et al. [4,5]
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in a focused ion beam (FIB) microscope. They observed
selective ion-induced grain growth in near-surface regions
of thin gold and copper films by 30 keV Ga+ bombard-
ment, where the grains showing channeling grow at the
expense of the grains showing no channeling. Since the
cross-section for defect generation is reduced under chan-
neling when compared to non-channeling conditions, the
results are qualitatively consistent with the simulations of
Dong and Srolovitz [1,2] and the experimental observa-
tions of Park et al. [3], respectively.

To date, no selective grain growth by ion bombardment
in the 1.0–4.0 MeV range has been observed. In the present
work, experiments with a variety of ion species, ion bom-
bardment temperatures (Tirr) and ion energies were per-
formed to control the texture in existing thin gold films.
Because of the high ion energy the effect was observable
also in non-near-surface regions in the 500–1000 nm depth
range. Since the influence of ion bombardment on the
rights reserved.
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average grain size is well known [6,7], in the present paper
we focus on the development of in-plane textures.

2. Experimental

Polycrystalline gold thin films were deposited under
ultrahigh vacuum conditions (10�9 mbar) on a silicon sub-
strate coated with 50 nm SiO2 and 50 nm Si3N4 by magne-
tron sputtering at room temperature (RT). Before
deposition, the substrate surface was cleaned by 1 keV
Ar+ bombardment for 1 min. The thin gold films show a
strong (111) fiber texture parallel to the surface normal.
The grains have a mean diameter of approximately 80 nm
and a columnar structure; the thicknesses of the films are
500 and 1000 nm.

The [110] axes are the main channeling axes in the face-
centered cubic (fcc) lattice. Since one [111] axis of any
grain is parallel to the surface normal, ion channeling along
[110] corresponds to an incident angle of 35.24� to the sur-
face normal (given by the angle between the [111] and
[110] directions, Fig. 1). Small variations in the incident
angle are permitted; their size should just be smaller than
the critical angle for axial ion channeling in crystals as
derived by Lindhard [8]

wc ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2Z1Z2e2

d � E

r
; ð1Þ

where Z1,2 are the atomic numbers of the incident ions and
target atoms, respectively, d the distance of adjacent atoms
in an atomic chain, E the ion energy in eV and
e2 = 14.4 eVÅ the square of the elementary charge. For
1 MeV N+, as used here in one of the irradiation experi-
[111]
[110]

35.24˚

Fig. 1. Schematic drawing of the experimental situation in a (111)
textured film. One [111] axis of any grain is parallel to the surface normal
while the other [111] axes are distributed randomly due to one degree of
freedom with respect to the surface normal. The [110] axes form a cone
with an angle of 35.24� to the surface normal.
ments, the critical angle for the [11 0] main channel axis
in gold is calculated to be 4.3�.

The thin films were irradiated with 1.0–3.5 MeV N+,
Ne+ and Ar+ ions with the ion beam direction at an angle
of 35.24� to the surface normal using the 6.5 MV Pelletron
accelerator of the Max Planck Institute (MPI) for Metals
Research in Stuttgart. The ion fluences were in the region
of 1017 ions/cm2 and the target currents in the 10–100 nA
range, depending on the ion species. The temperature dur-
ing ion irradiation was kept at either liquid nitrogen (LN2,
approximately �180 �C) temperature, RT or 400 �C,
respectively. After ion bombardment, the beam spots on
the target were measured using a dark-field optical micro-
scope to calculate the respective ion fluence from the total
ion charge collected on the target. Normalized pole figures,
obtained by electron backscatter diffraction (EBSD) using
an HKL Channel 5 EBSD detector in a LEO 1530 VP scan-
ning electron microscope at the MPI for Metals Research,
Stuttgart, display the thin film texture before and after ion
bombardment.

The area of the beam spot exceeded the grain size by
eight orders of magnitudes. Thus, only a few irradiated
grains showed channeling while the rest showed non-
channeling behavior. For a polycrystalline thin film with
(11 1) texture normal to the surface, but otherwise random
orientation, the percentage of grains showing channeling is
given by

p ¼ wc � n
4 � sin a

¼ Ai

A0

ð2Þ

for a > wc, where wc is the critical angle of the investigated
system, n the symmetry group Cn of the channeling system
with respect to the surface normal, and a the angle between
the beam and the surface normal. In the present case of
the [110] direction, n = 3, a = 35.24� and wc = wc([110],
E, Z1, Z2). This expression is equivalent to the normalized
subset Ai showing channeling of an area A0. In the current
investigations the critical angles are in the regime of 4�
which corresponds to approximately 9% of the grains (or
area) showing channeling.

In comparison to non-channeling, the interaction
between ions and lattice-atoms is strongly reduced due to
the lattice-steering effect during ion channeling [9], which
results in a non-uniform generation of defects in the thin
film. According to previous theoretical and experimental
investigations [1,2,4], we expect changes in the in-plane tex-
ture due to ion-induced selective grain growth, where the
fully rotational degree of freedom with respect to the
[11 1] axis (parallel to the surface normal) is reduced to a
cone of the size of the critical angle wc along the direction
of the incident ion beam.

3. Results

Fig. 2(a) shows the initial pole figure of an untreated
thin film (1000 nm thick). It exhibits a sharp peak in the
centre of the {11 1} pole figure corresponding to the
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(111) texture of the film parallel to the surface and a ring
corresponding to randomly distributed further {111}
planes which are tilted by an angle of w = 70.54� to the sur-
face normal.

In comparison to the as-deposited sample, the film irra-
diated with 3.5 MeV Ne+ at RT to a fluence of 3.2 ·
1017 ions/cm2 (Fig. 2(b)) shows a superposition of a ran-
dom (111) texture and a C3 symmetry around the [11 1]
axis: the (111) texture persists as indicated by the sharp
peak in the centre of the {111} pole figure, while the pre-
viously random in-plane orientation has changed to a
favored in-plane orientation. Since the mean grain size
has increased from 80 nm to approximately 1000 nm, we
assume that the development of the favored in-plane orien-
tation is due to selective ion-induced grain growth.
Fig. 2. EBSD pole figures of (a) an untreated Au sample and (b) an Au sample
at RT. The arrow shows the projection of the ion beam. Sample thickness 10

Fig. 3. Pole figures of Au samples irradiated at RT with (a) 3.5 MeV N+ and (b
corresponding projection of the ion beam. Sample thickness 1000 nm.
Irradiation of 1000 nm thin films with 1 MeV N+ ions
and 3.5 MeV N+ ions, but the same fluence of �4 ·
1017 ions/cm2 at RT, shows the influence of the ion energy
on the ion-induced selective grain growth (Fig. 3). At
3.5 MeV only a weak C3 symmetry is observed in compar-
ison to the irradiation with ions of lower energy where the
random signal is reduced and a clear C3 symmetry
obtained.

In order to investigate the temperature dependence of
this selective growth process 500 nm Au films were irradi-
ated with 1 MeV N+ ions at high temperature (400 �C)
and at LN2 temperature with a fluence of 1017 ions/cm2

(Fig. 4). At 400 �C a weak C3 symmetry with a wide angu-
lar distribution of the orientation of the grains is observed
(Fig. 4(a)), while at LN2 temperature a superposition of
which was irradiated with 3.5 MeV Ne+ to a fluence of 3.2 · 1017 ions/cm2

00 nm.

) 1 MeV N+ ions to a fluence of �4 · 1017 ions/cm2. The arrows show the
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two C3 symmetries with sharp peaks is obtained (Fig. 4(b)).
The superposition of two C3 symmetries is due to two
‘‘active’’ channel axes. The additionally observed peak,
rotated by an angle of �80�, corresponds to an active
[320] channel axis. The widths (FWHM) of the peaks are
6� for [110] and 4� for [32 0] which are slightly smaller than
the by a geometrical factor corrected apex angles (opening
angle of the cone) of the system (10� for [110] and 5� for
[320]). The obtained C3 symmetry at LN2 temperature is
considerably sharper than at 400 �C.

In order to check the dependence on ion mass, a
500 nm Au film was irradiated with 2.5 MeV Ar+ ions
and a fluence of 1.5 · 1017 ions/cm2 at LN2 temperature.
Fig. 4. EBSD pole figures of 500 nm Au irradiated with 1 MeV N+ to a fluence
the corresponding projection of the ion beam.
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Fig. 5. (a) EBSD pole figures of 500 nm Au irradiated with 2.5 MeV Ar+ and
the ion beam), (b) corresponding grain map and (c) corresponding angle distr
directions are negligible and not shown. The white areas are unindexed parts
The pole figure (Fig. 5) shows very narrow peaks which
are in good agreement with those of a single crystal. In
the in-plane grain map, 94.3% of the identifiable scanned
surface is aligned in the same direction. The angular dis-
tribution of the peaks is approximately 5� (FWHM),
which is much smaller than the corrected apex angle of
approximately 10.5� for the system. Only a few single
grains are observed in the grain map, and the grains ori-
ented in the same direction are affiliated to domains. In
comparison to the findings of Spolenak et al. [4,5], the
effect occurs throughout the entire film thickness as can
be seen in the FIB picture of the EBSD-scanned area
(Fig. 6).
of 1017 ions/cm2 at (a) 400 �C and (b) LN2 temperature. The arrows show
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of the surface.



Fig. 6. FIB image (tilt angle: 45�, ions: 30 keV Ga+, target current: 5 pA,
secondary electron mode) of a cross-section of the 500 nm Au thin film on
Si substrate irradiated with 2.5 MeV Ar+ and a fluence of 1.5 · 1017 ions/
cm2 at LN2 temperature. The FIB section was made on the area used for
EBSD analysis (cf. Fig. 5). The large dark part corresponds to the Si
substrate, the intermediate gray layer shows the Au layer and the bright
thin coverage on the top of the gold film is due to carbon deposition
during EBSD measurements. There are still some small embeddings with
different contrast in the Au layer but in comparison to previous studies
[4,5], the selective ion-induced grain growth occurs throughout the entire
film thickness in the majority of the grains (compare Fig. 6 in [4]).
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4. Discussion

We assume a model with columnar grains (length
t = film thickness) with quadratic base of an initial edge
length di. A fraction p (see Eq. (2)) of these grains may have
the proper orientation for channeling. A limitation for ion-
induced grain growth is set by the film thickness: if the
grains have an initial edge length di of the size of the film
thickness t, the grain growth is strongly inhibited as
reported by Li et al. [7] and Mullins [10]. For growth to
occur, the initial edge length of the grains, di, must be sig-
nificantly smaller than the length t of the columnar grains.
In order to obtain full texture control, the grains must exhi-
bit a minimum initial aspect ratio a (film thickness t divided
by the initial edge length dmin

i ) which is given by

amin ¼
t

dmin
i

¼ 1ffiffiffiffi
pi

p ; ð3Þ

where pi is the initial percentage of grains showing channel-
ing. If ion-induced selective grain growth is the only grain
growth mechanism, full texture control in gold is possible
at an aspect ratio of a > 3.3 for channeling of 1 MeV N+

along the [110] main channeling axis (see Eq. (2) for
n = 3). If the aspect ratio of the grains has decreased by
a factor f > 1 from a to â ¼ a=f (due to grain growth),
the percentage p̂ of the aligned area is given by

p̂ ¼
bA
A0

¼ pi � f 2; ð4Þ
where pi is the initial percentage of the area showing chan-
neling, bA the aligned and A0 the total area. For full texture
control the percentage p̂ is equal to 1, which yields
f ¼

ffiffiffiffiffiffiffiffiffi
1=pi

p
for the maximum possible growth factor in

the frame of the present model. If there are different (not
equivalent) axes showing channeling, the overall percent-
age of the aligned area is given by the superposition of
the respective contributions

p̂tot ¼
X

j

p̂j: ð5Þ

The grain size in the 3.5 MeV Ne+ experiment has chan-
ged by f � 11 which is larger than the calculated value
of 4 (see Eqs. (1)–(3)) for full texture control. Since the
texture has not changed completely from random to single
crystalline orientation (cf. Fig. 2) we conclude that both
selective as well as normal non-directional grain growth
have occurred simultaneously. Hence we have to distin-
guish between these two contributions to ion-induced
grain growth.

The energy dependence (alignment of the surface after
ion irradiation: �31% for 3.5 MeV N+ and �44% for
1 MeV N+) evident from the irradiations at 3.5 MeV N+

and 1.0 MeV N+ is most probably due to the energy depen-
dence of the generation of defects in the thin film which is
governed by the nuclear stopping power. It is – in the pres-
ent energy range – proportional to [11]

dE
dx

����
n

/ lnðEÞ
2E

: ð6Þ

Therefore fewer defects are deposited in the thin film than
at lower ion energy. From SRIM calculations [12], a theo-
retical depth-dependent defect concentration according to

qðxÞ ¼ fluence � number of defects ðxÞ
ion � length

; ð7Þ

can be obtained, where the ‘‘number of defects/(ion Æ
length)’’ is obtained by the SRIM code as a function of
depth x in the same sample. The units of q are number
of defects/volume, which corresponds to a defect density.
q actually represents the produced concentration of vacan-
cies, but does not take into account losses by, for example,
recombination with interstitials. For 1.0 MeV N+, approx-
imately four times the defects of 3.5 MeV N+ are generated
within the top 500 nm of the thin film according to SRIM.
From this we conclude that ion-induced selective grain
growth depends on the overall generation of defects per
volume instead of the fluence. It should also be noted that
the critical angle for ion channeling and therefore the
required initial minimum aspect ratio depend on the ion
energy as evident from Eqs. (1)–(3).

A key observation is that the selective grain growth pro-
cess is more pronounced at LN2 temperature than at higher
temperatures. For 1 MeV N+ bombardment at LN2 tem-
perature (1017 ions/cm2) the average grain diameter has
increased by a factor of 2.9 which is close to the calculated
value of 2.6 for full texture control.
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The superposition of two C3 symmetries seen in Fig. 4,
which has not been observed before, is due to small sample
misalignment. At these energies the cone of the [11 0] main
channel direction and the cone of the additional [320]
channeling axis show an overlap that can result in ion
channeling in both directions and in selective ion-induced
grain growth in two favored directions. Nevertheless, the
pole figure shows the superposition of two sharp C3 sym-
metries in addition to a low random signal.

The well-oriented grains observed in most of the pole
figures are affiliated to continuous domains only after
2.5 MeV Ar+ bombardment. The rate of defect generation
in this case is considerably higher than with N+ and Ne+

ions which is due to (a) the increased nuclear stopping
power caused by the larger ion nuclear charge and mass
of the Ar+ ions and, therefore a much higher defect pro-
duction rate, and (b) possibly due to a higher target current
(100 nA for 2.5 MeV Ar+, 10–15 nA for 1 MeV N+ and
40–45 nA for 3.5 MeV Ne+). In comparison to 1 MeV
N+ and 3.5 MeV Ne+, the defect generation rate for
2.5 MeV Ar+ is higher by factors of 35 and 15, respectively.
Hence, we conclude that the amount of damage and possi-
bly also the damage rate have great influence on the ion-
induced selective grain growth.

Our results are consistent with theoretical and experi-
mental investigations of Carter [12], Dong and Srolovitz
[1,2], Park et al. [3] and Spolenak et al. [4]. However, in
the bimolecular model for grain boundary motion pro-
posed by Atwater et al. [6], the boundary shifts into the less
damaged grain, which is contrary to our experimental
observations. Hence, as mentioned earlier, we have to dis-
tinguish between normal, non-directional and selective
grain growth processes.

The non-directional grain growth can be described by
the established models for grain growth driven by grain
boundary energy minimization [6]. In the following, we
propose a model according to Zaiser et al. [13] for ion-
induced transformation of graphite into diamond that
could account for the observed effects. We consider a grain
boundary between a grain oriented favorably for channel-
ing and a grain oriented unfavorably for channeling. The
channeling effect causes an inhomogeneous generation of
defects, i.e. many defects in the grain not permitting chan-
neling and by about one order of magnitude less in grains
permitting channeling. The atoms in the grain boundary
oscillate with Debye’s frequency xD about their current
positions. During the oscillation, desorption from one side
and reorganization of the atoms on the corresponding
opposite side of the grain boundary take place. Desorption
from the highly damaged side and reorganization on the
opposite, less-damaged side releases energy, since the free
volume energy Fges is higher in the grain with defects.
The observed temperature dependence (irradiation at
LN2 temperature, RT and 400 �C) is most probably due
to the immobility of the vacancies at low temperatures
[14,15] where only interstitials can migrate to the grain
boundaries resulting in the observed selective grain growth.
At 400 �C, i.e. well above stage III temperatures, vacancies
also become mobile, and therefore strongly increased anni-
hilation of vacancies and interstitials in the matrix as well
as at the grain boundary occurs, resulting in less-pro-
nounced directional grain growth.

Finally, the sign of the boundary shift depends on the
gradient in chemical potential Dl given by [4]

dr
dt
¼ M effðDlGB þ DldefectsÞ; ð8Þ

where DlGB is the difference in chemical potential as
determined by the minimization of grain boundary volume,
Dldefects the difference in chemical potential due to differ-
ences in volume defect density, Meff the effective grain
boundary mobility and r the grain radius. At high temper-
atures (e.g. 400 �C) the annihilation of vacancies and
interstitials occurs at a high rate and thus the defect gradi-
ent term Dldefects is reduced and normal grain growth dom-
inates (cf. Fig. 4). At low temperatures (e.g. �180 �C)
vacancies are immobilized and Dldefects consequently be-
comes dominant. Grain growth of grains oriented for chan-
neling is strongly enhanced at these temperatures.
However, the proposed model for selective ion-induced
grain growth is speculative since to date no experimental
data for selective ion-induced grain growth kinetics are
available.

5. Summary and outlook

Ion bombardment under channeling condition results in
ion-induced selective grain growth in thin gold films. We
have shown that the ion energy, the ion species and partic-
ularly the temperature during irradiation influence the
selective grain growth process. Surprisingly, the effect is
much more pronounced for ion bombardment at LN2 tem-
perature than at RT and 400 �C, which probably is due to
the increased annihilation of vacancies and interstitials at
elevated temperatures. For irradiation with Ar+ ions at
LN2 temperature a nearly complete single-crystalline
microstructure is obtained. Local differences in free volume
energy DF due to the anisotropic generation of defects dur-
ing ion irradiation (ion channeling effect) are deemed to be
the driving forces for this process.

Further experiments will be performed to investigate the
applicability in micro- and nanosystems, e.g. the extension
to other common materials like copper. In addition key
experiments are envisioned that investigate the kinetics of
the growth process to formulate a quantitative model for
selective ion-induced grain growth.
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