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A B S T R A C T

The irradiation effect of swift heavy ions on palladium (Pd) films deposited on 6H-SiC was investigated. The
samples were irradiated by Xe26+ ions with the energy of 167MeV at fluences of 1× 1013 cm−2 and
3×1014 cm−2 at room temperature. Phase identification, residual stress and surface morphology were in-
vestigated with X-ray diffraction (XRD) and scanning electron microscopy (SEM). The XRD results showed that
the as-deposited sample was composed of Pd and SiC with no evidence of a reaction between Pd and SiC. No
reaction was observed for the lower irradiation fluence, only an increase in the Pd peak intensities was observed
indicating improvement in the crystallinity of the material. A reaction between Pd and SiC forming PdSi and
Pd2Si was observed after irradiation at a fluence of 3×1014 cm−2. The stress measurements indicated that the
films were having tensile and biaxial stress not exceeding 200MPa. A decrease in stress values was observed with
an increase in irradiation fluence. The surface morphology of the as-deposited was flat and composed of small
granules. There was an increase in granule sizes due to irradiation at 1×1013 cm−2. Irradiating at
3×1014 cm−2 caused grain agglomeration and clustering.

1. Introduction

Silicon carbide (SiC) material is used in a number of applications in
different fields because of its good chemical, mechanical and electrical
properties [1]. The four properties of SiC which set it aside from other
materials are: relatively high melting temperature, low neutron cap-
ture, high thermal conductivity and the size of its electronic band gap
[2]. These properties enables SiC to be used as a structural material in
nuclear reactors and in high power electronics [2–5].

SiC Schottky diodes are used in different device fabrication, but
cannot be used solely as high temperature hydrogen sensors because
they result in high power consumption and potential safety hazard [6].
Thus, the use of semiconductors (SiC) with metals such as palladium is
employed. Palladium (Pd) combined with SiC (Pd-SiC diodes) provides
promising results for use in high temperature gas sensors [7]. The
variation in the Schottky barrier upon hydrogen absorption makes the
Pd-SiC contact an effective hydrogen sensor [8,9]. Hydrogen absorption

in silicide is low, thus the Pd must remain intact during the operational
time to ensure device reliability [2].

In nuclear reactors, such as the high temperature gas cooled reactor
(pebble bed modular reactor), specifically in fuel kernel, SiC is the main
layer that prevents the release of fission products. There have been
some reports on the attack of SiC by Pd leading to the formation of
nodules of palladium silicides between the SiC and Pd interface
[10,11]. Some papers have even related the attack of SiC by palladium
to be the reason why SiC is not able to retain silver fission product
[10,11]. Reports on the interaction between Pd and SiC due to thermal
treatment are available, see ref [12–15]. More recently, the effect of
irradiation with swift heavy ions (SHI) and annealing of Pd-SiC contacts
have been reported [16]. The irradiation of Pd-SiC composites with
swift heavy ions will help to comprehend how effective the composite
will be when exposed to severe conditions (e.g. those used as hydrogen
sensors). Furthermore, information will be gained on whether the Pd
and SiC reaction observed in the fuel kernel are enhanced in the
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presence of irradiation.
There is limited to no information regarding residual stress varia-

tions, crystal structure changes and surface modification induced by
SHI irradiation of Pd-SiC composites. Residual stress is one of the major
factors which contributes to device reliability [17,18]. Properties such
as hardness, adhesion, fracture toughness, etc. for deposited films are
affected by residual stress [19]. Thus, residual stress can lead to various
film failures, including cracking and delamination [19]. Residual stress
is normally introduced by thermally induced stress, stress resulting
from film growth, externally applied and environmental stresses.
Therefore, the focus of this study is on the effect of SHI irradiation on
residual stress, structural changes and surface modifications.

2. Experimental procedure

A semi-insulating 6H-SiC single-crystal wafer was used in this ex-
periment. The wafer was cut into 5×5mm2 pieces using a diamond
scriber. The 5×5mm2 SiC pieces were then chemically cleaned (me-
thanol, HF, deionised water) to remove any contamination and the
native oxide layer. Pd films of more than 300 nm were deposited on the
6H-SiC wafers by resistive evaporation at a base pressure of
3.8× 10−6mbar, and 9.0×10−6mbar during evaporation at
University of Pretoria. The Inficon deposition rate monitor was used to
monitor the Pd thickness during the deposition process. The rate of
deposition was between 0.1 and 0.4 Å/s until the required thickness of
about 385 nm was obtained.

The Pd-SiC samples were then irradiated with swift heavy ions
Xe26+ at room temperature with an energy of 167MeV at the Joint
Institute for Nuclear Research (JINR), Dubna. The ion fluences were set
at 1×1013 and 3× 1014 ions/cm2. The Pd-SiC as-deposited and sam-
ples irradiated with SHIs were analysed using X-ray diffraction (XRD)
for phase identification and stress measurements, as well as scanning
electron microscopy (SEM) for morphology examination. A Bruker-AXS
D8 Advance diffractometer, equipped with theta-theta goniometer was
used for phase identification. X-ray diffraction (XRD) wide angle X-ray
Scattering WAXS using a Cu Kα radiation source was used for analysis.
For stress-strain, the investigations were performed using a Bruker D8
Discover diffractometer equipped with a theta-2theta goniometer. The
instrument was operated in a side-inclination mode. A copper tube
(energy=8 keV) operated in point focus mode was used for the ana-
lysis. The primary optics included a 0.8mm collimator mounted to a
graphite monochromator, with no optics on the secondary side. To
access the full stress tensor, measurements were carried out at three
azimuth angles ϕ, i.e. 0, 45 and 90° with a set of 8 tilt angles in steps of
10° measured for each azimuth angle. To access negative tilt angles,
each ϕ was rotated by 180°. To ensure high sensitivity, the Pd (2 2 2)
reflections at 86.62° (2θ) were selected for the investigations.
Measurements were done on two lateral points across the sample sur-
face and the diffracted beam was collected using an area detector,
Vantec500. Stress-strain determination was carried out using the
manufacturer’s proprietary Leptos v6.02 software.

The average crystallite sizes from the XRD pattern were calculated
using the Scherrer Eq. (1) [20]:

=B k
Lcos (1)

where B is the FWHM, λ is the wavelength (1.540 Å), L is the crystal
size, θ is the diffraction 2θ angle and k is the peak sharp factor which is
about 0.94 for the cubic structure [20].

The surface morphology of the Pd-SiC samples before and after SHI
irradiation were analysed using the Zeiss Ultra 55 field emission scan-
ning electron microscope (SEM). The beam used was set at 0.5 kV so as
to disclose surface features before and after irradiation.

3. Results and discussion

3.1. X-ray diffraction (XRD)

Fig. 1 shows the XRD pattern of the Pd-SiC samples before and after
irradiation. The XRD results showed that the as-deposited sample was
composed of Pd and SiC. The observed SiC peaks suggest that the X-rays
penetrated through the Pd layer. About eight palladium peaks were
present at the 2θ angles of 40.42°, 47.05°, 68.50°, 82.71°, 86.96°,
105.24°, 120.14° and 125.34° and were attributed to (1 1 1), (2 0 0),
(2 2 0), (3 1 1), (2 2 2), (4 0 0), (3 1 3) and (4 0 2) reflections respec-
tively. The Pd peaks were broad due to the nano-particle size effect. SiC
peaks were positioned at the 2θ angle at around 35.80°, 36.27°, 75.40°,
75.49° and 109.9° having (1 0 5), (1 0 1), (2 0 1), (0 0 3) and (1 0 1 5)
reflections respectively. This shows that the SiC on the as-deposition
sample had more than one phase of SiC with different orientation.

After irradiating the sample with Xe26+ SHI to a fluence of
1×1013 cm−2, the patterns showed a slight change in the intensity of
Pd peaks but no new phases formed. The peak area (area under the
curve) of the Pd peaks increased after the initial irradiation. The in-
crease in the peak area can be attributed to improvement in the crys-
tallinity of the polycrystalline Pd film when compared to the as-de-
posited. An increase in crystallinity is associated with increased
temperature. To see whether this is feasible, the ion ranges and energy
loss for Pd and SiC were calculated using the Monte Carlo computer
programme SRIM-2013 [21]. The electronic energy losses for a
167MeV xenon ion in Pd and SiC are 40.11 keV/nm and 20.40 keV/nm
respectively, while the nuclear energy losses are 0.210 keV/nm and

Fig. 1. XRD patterns for the Pd-SiC samples before and after irradiation with
Xe26+ swift heavy ions at room temperature.
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0.081 keV/nm respectively. Thus the dominant energy loss mechanism
for the incident xenon ions was electronic stopping not nuclear stop-
ping. Based on this energy loss factor, it is evident that the large amount
of energy deposited in the Pd film which increased its temperature. It is
well-known [22] that the average grain size of a film increases with
increasing temperature. This grain growth in the Pd film led to the
increase in the XRD Pd peak intensities and corresponding areas.

The SiC double peaks at high scattering angles combined to form
one peak at position 76.10°. The broadening on the SiC after irradiated
is because of the defects introduced by the irradiation [23]. That is,
irradiation causes structural (crystal) rearrangement during the irra-
diation process thereby introducing defects in the material.

The SiC peak at 109.9° was observed to increase after irradiation at
3× 1014 cm−2. The increase in the SiC after irradiation was probably
due to the increase in the sample temperature (large amount of energy
deposited during irradiation). That is, irradiation introduces defects in
the sample and simultaneously causes defects annealing (due to the
change in temperature).

Irradiating the samples to a fluence of 3×1014 cm−2 resulted in the
appearance of four new peaks. These peaks were identified as PdSi and
Pd2Si. The PdSi peaks were at 2-theta position of 54.18° and 91.15°
with (0 0 2) and (0 4 2) orientations respectively. The Pd2Si peaks were
observed at the 2theta positions of 48.72° and 61.45° with the or-
ientation of (3 0 0) and (1 1 2) respectively (see Fig. 1). This was an
indication that a reaction between Pd and SiC had occurred due to SHI
irradiation. The formation of Pd2Si was also observed by Njoroge et al.
[16] after irradiating Pd-SiC sample with Xe26+ SHI at room tem-
perature to a fluence of 4× 1014 cm−2. This shows that in the Pd and
SiC reaction, Pd2Si is the favoured product after irradiating at a fluence
of 1014 cm−2. In all the cases, the Pd peaks were observed, which
suggested that Pd had not fully reacted. Narrowing of and an increase in
intensities of the Pd peaks were observed. This was due to further in-
creases in the sizes of the Pd crystallites due to energy deposition of the
penetrating xenon ions.

The change in the Pd average crystallite size (grain size) was cal-
culated using the Scherrer equation and the results are tabulated in
Table 1. The Pd average crystallite size in the as-deposited was calcu-
lated to be 207.5 nm, which increased to 272.2 nm after irradiating at
the fluence of 1× 1013 cm−2. Irradiating the sample at 3×1014 cm−2

led to a further increase in the average crystallite size to 316.1 nm. The
change in the Pd average crystallite size was due to the irradiation of
the sample and the corresponding increase of temperature in the Pd
layer as discussed above. This indicates that increasing irradiation
fluence enhances crystallite growth.

3.2. Residual stress

Stress measurements were performed in order to investigate the
effect of irradiation with SHIs on the samples. Tables 2 and 3 depict the
stress measurement results obtained from XRD. The results illustrate
that the measured stress was tensile and equibiaxial for all the samples
and did not exceed 200MPa. Overall, the stress measurements tabu-
lated in Table 2, agreed within error bars, suggesting the stress state in
the coating was spatially homogenous. Table 3 shows the average stress
measured and the change in stress introduced by irradiation

(irradiation induced stress) with the as-deposited used as a frame of
reference. It is evident from Table 3 that upon initial irradiation, the
stress relaxed by ∼5% (compared to the as-deposited layer) to
183MPa. With further irradiation (3×1014 cm−2) it relaxed further to
∼174MPa. This stress reduction is due to the increase in temperature
in the Pd film following the swift heavy ion bombardment. This sug-
gests that the radiation-induced stress is compressive (showed by the
negative sign on Table 3). The reduction in tensile stress is caused by
compressive stress introduced by the irradiation.

Stress in thin films usually decreases with increasing temperature
for a few reasons. One of these is temperature related grain growth.
Grain growth in thin films is governed by minimization of the Gibbs
free energy in the film. This is manifested by minimization of the sur-
face, interface and strain energies between the different grains [22].
Thus, the preferential growth of grains is also affected by strain. Grains
with different orientations have different strain energy densities. The
strain energies contribute to grain growth by increasing the surface
energies of the atoms leading to enhanced surface diffusion of the atoms
on a particular crystal plane. This favours the growth of grains with
minimum strain energy, thereby reducing the stress in the film. Another
source of stress in thin films is the stress in grain boundaries. According
the Hoffman model [24–26] the grain boundary stress is inversely
proportional to the diameter of the grain. Thus, the films with larger
grains (i.e. the irradiated films) will have less stress than the as-de-
posited layer. Furthermore, this temperature increase due to irradiation
also annealed some of the defects such as dislocations, interstitials, etc.
in the crystallites, thereby, relieving some of the stress in the film.

3.3. Scanning electron microscopy (SEM)

To study the near surface morphology, SEM was conducted and the
images before and after irradiation are depicted in Fig. 2. The as-de-
posited sample was composed of relatively small Pd crystals (granules)
distributed on the SiC surface. The Pd film was uniformly deposited on
the SiC substrate. The samples irradiated with SHI to a fluence of
1×1013 cm−2 indicated an increase in the Pd granule sizes after the
initial irradiation. The Pd granules were also homogeneously dis-
tributed. The sample irradiated with a fluence of 3×1014 cm−2 led to
further increase in the granule sizes and grain coarsening. The surface
structure exhibited clustering and agglomeration of the granules. An
uneven grain growth throughout the surface was observed to occur with
some parts of the surface having a hill-like growth due to the agglom-
eration and the preferential growth of certain crystal planes in ac-
cordance with Wulf’s law [27], that is, a crystal surface with a higher
surface energy will grow proportionally faster than another surface
with a lower surface energy. This increases the surface area with a
lower surface energy, consequently the minimizing the total energy of
the crystal. This uneven growth mode produces topography on the film
surface.

The SEM results are in partial agreement with the XRD results as
shown by the increase in Pd intensity peak and increase in the average

Table 1
The grain sizes (crystallite sizes) calculated for the phases in the Pd-SiC sample
before and after irradiation at different fluences.

Irradiation fluence Crystallite size (nm)

Pd PdSi Pd2Si

As-deposited 208
1×1013/cm2 272
3×1014/cm2 316 119 117

Table 2
Residual stress values for the Pd before and after irradiating with swift heavy
ions.

Irradiation fluence Measurement Stress components (MPa)

σ11 σ22

as-deposited 1 192 ± 6 195 ± 6
2 191 ± 5 193 ± 5

1×1013/cm2 1 185 ± 6 186 ± 6
2 182 ± 5 181 ± 5

1×1014/cm2 1 171 ± 6 175 ± 6
2 172 ± 5 177 ± 5
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crystal size due to the irradiation. However, there is a striking differ-
ence between the XRD measured grain sizes and the crystal sizes seen in
the SEM images. This is due to the grain growth mode in deposited
layers on a substrate. It is well-known that the grains in deposited films
usually grow in a columnar structure [22]. This is due to the fact that
growth of the crystallite can only occur at the top crystal surfaces ex-
posed to the depositing atoms. CVD grown SiC also has a columnar
structure [28,29]. Since XRD measures the average crystal sizes, the
major contribution to those measurements came from the elongated
parts of the grains perpendicular to the film surface. Consequently,
grains seen by SEM will be significantly smaller than the values given in
Table 1.

4. Conclusions

The effect of swift heavy ions irradiation on thin Pd films deposited
on 6H-SiC was studied. The Pd-SiC couple were irradiated at room
temperature with 167MeV Xe26+ ions. X-ray diffraction analyses were
used for phase identification and residual stress measurements. SEM
was conducted to study the surface morphology of the samples. The
XRD phase identification results showed that the as-deposited Pd film
did not react with the SiC substrate to form any new phases. The SEM

indicated that the surface was composed of small Pd granules and it was
fairly flat. The sample irradiated to a fluence of 1× 1013 cm−2 showed
that no reaction between Pd and SiC had occurred but the sample
surface showed an increase in granule size and the development of
surface topography. The sample irradiated at 3× 1014 cm−2 indicated
that a reaction took place between Pd and SiC forming PdSi and Pd2Si.
The surface topography increased more with clustering and agglom-
eration of the granules on the sample surface.

The increase in average Pd grain size and increase in surface topo-
graphy with increasing swift heavy ion bombardment were due to an
increase in the temperature in the films. A SRIM simulation showed that
the electronic loss by the 167MeV Xe26+ ions in the Pd film was about
40 keV/nm. This large amount deposited energy led to a local increase
in temperature in a very short time resulting in solid phase epitaxy to
occur on the grain level.

The Pd films before and after irradiation had equibiaxial tensile
stress. The average stress for both the σ11 and σ22 components in the as-
deposited Pd films was 193 ± 6.2MPa. After 167MeV Xe26+ ion ir-
radiation to a fluence of 1×1013 cm−2, the stress relaxed by ∼5% and
by ∼10% for the higher fluence. The actual stress induced by irradia-
tion was compressive stress, thus a decrease in the tensile stress after
irradiation was observed.

Table 3
The average residual stress and actual stress caused by irradiation on Pd compared to the as-deposited.

Irradiation Fluence σ11 (MPa) (Average) Radiation- Induced σ11 (MPa) σ22 (MPa) (Average) Radiation- Induced σ22 (MPa)

As deposited 192 ± 6 0 194 ± 7 0
1×1013/cm2 183 ± 7 −9 183 ± 8 −11
3×1014/cm2 172 ± 6 −11 176 ± 7 −7

Fig. 2. SEM images of the Pd-SiC (a) before and after irradiating them with SHI at fluences of (b) 1×1013 ions/cm2 and (c) 3× 1014 ions/cm2 at room temperature.
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