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ABSTRACT 

Two sets of gold thin films of thickness of about 20 and 50 nm, grown by thermal evaporation method on (100) silicon wafers 
were irradiated by 197 MeV Au ions. Grazing incidence X-Ray diffraction (GIXRD) study has been revealed lattice expansion 
on decreasing the film thickness. 197 MeV Au ion irradiation was not affect either the cubic crystal structure of gold or its 
lattice parameter. Atomic force microscopy (AFM) study indicated that the evolution of the surface morphology with ion 
fluence crucially depended on the film thickness, the thinner film being more sensitive than the thicker one. Irradiation led to 
nanoparticles formation on the surface of the films. This observation is in contrast to the generally perceived damaging role of 
swift heavy ion (SHI) irradiation. Power spectral density analysis of the roughness along both the lateral and vertical directions 
demonstrated dominance of surface diffusion over volume diffusion induced by SHI irradiation. A comparison of the sputtering 
yield obtained from Rutherford back scattering (RBS) spectra of the irradiated films and transmission electron microscopy 
(TEM) of the particles sputtered from the films and collected by a catcher grid during irradiation indicated that more than the 
surface and volume diffusion processes, it is the irradiation induced sputtering that controls the overall surface morphology of 
the films. The surface roughness increase with ion fluence and the irradiation induced sputtering yield was found to be larger in 
thinner films. Film thickness dependence of the evolution of surface morphology and sputtering yield with 197 MeV Au ion 
irradiation clearly indicates the dominance of the electronic energy loss over the nuclear energy loss of the projectiles ions in the 
target medium and opens up the ways for examining the applicability of different models of ion-matter interaction in systems 
with reduced dimensions. Copyright © 2015 VBRI press.  
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Introduction  

An energetic ion traversing through a materials medium 
looses energy basically through two nearly independent 
processes: nuclear energy loss dE/dxn (Sn) due to the elastic 
collisions of the projectile ions with atoms of the solid and 
electronic energy loss dE/dxe (Se) due to the inelastic 

collisions with the target electrons [1]. In the keV range of 
the ion energy, the Sn induced processes dominates. In thin 
films, these processes lead to modification of the surface 

and interface [2-6], which is well understood on the basis of 

Sigmund’s theory [7]. When the ion energy is hundreds of 
MeV, the Se dominates over Sn in the modification of 
materials. When the Se exceeds a materials dependent 
threshold value, Seth, SHI induce cylindrical amorphized 
regions called latent tracks along their path in a crystalline 
matrix. Track formation process occurs in a time scale of a 
few ps to ns and hence is not directly accessible for 
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observation by any experimental technique. Several models 

like thermal spike [8], Coulomb explosion [9,10] and more 
refined models involving statistical deposition of the 

electronic stopping power [11], role of target inner-shell 

electron excitation [12], shock waves [13], athermal 

melting [14], exciton decay [15] etc. have been invoked 
over the years to explain the track formation phenomenon.  

In addition to creating amorphized latent tracks, the Se 
can lead to modification of the surface morphology of 

materials [16-19] due to two competing phenomena: 
sputtering and surface diffusion. The first process roughens 
and the second smoothens the surface. Recent studies have 
shown that in thin films, the effect of Se on the surface 
morphology can be very different from that in thick films 

and bulk materials [16]. A noble metal like gold is known 
to be insensitive in its bulk state to the Se induced effects of 
SHI. It has not been possible to produce latent tracks in 
gold as in many other highly conducting metals like silver 
copper, due to the presence of highly mobile conduction 
electrons. In thin film form however, gold has been shown 
to have pronounced sensitivity to SHI irradiation. Thinner 
films of gold for example exhibit larger sputtering as 
compared to thicker ones under SHI irradiation. 
Simulations of sputtering yield due to Sn induced effects do 
not show thickness dependent sputtering. This can arise 
only due to Se induced effects of SHI. In  this electronic  
energy  loss  regime,  Sigmund’s  theory  fails  to  explain  

the large  increase  in  sputtering  yield in thin films [20]. 
Though thermal spike model of ion matter interaction has 
been invoked to explain such observations, exact 
mechanism is still not clear. A detailed understanding of the 
electronic  sputtering  process  as well as the diffusion of 
matter induced by SHI leading to the modifications of the 
surface morphology is necessary to  understand  the  
fundamentals  of  interaction  of ions   with  the  matter.  

In the present work, we probe into the structural and 
morphological modifications and sputtering yield of gold 
thin films under the impact 197 MeV Au ions. In particular, 
we have examined the thickness dependent evolution of the 
surface morphology of gold thin films under both 
smoothening and roughening effects of SHI irradiation and 
showed that the evolution of their surface morphology 
becomes thickness dependent because of the thickness 
dependence of the sputtering yield under SHI irradiation. 

 

Experimental 

Materials and methods of preparation 

Gold thin films were deposited on (100) silicon substrates 

of  cm
2
 size. Deposition was performed in a high 

vacuum ( mbar) using 99.99% pure gold in the 

form of wire by thermal evaporation method at the Inter 
University Accelerator Centre (IUAC), New Delhi. Films 
were deposited at two different thicknesses (20 and 50 nm). 
Thickness was measured in-situ by quartz crystal monitor 
and ex-situ by Rutherford backscattering spectrometry 
(RBS).   
 

Ion beam parameters and ion irradiation 

The films were bombarded with 197 MeV ions using 

the 15 MV Pelletron accelerator at the IUAC, New Delhi. 

Irradiation was done at three different fluences: , 

 and  ions cm
-2

. The ions were 

incident perpendicular to the surface of the films. The ion 

beam was scanned over an area of  cm
2
. The vacuum 

in the chamber during irradiation was mbar. 
 

Characterization techniques 

Grazing incidence x-ray diffraction (GIXRD) analysis was 
performed using Brucker D8 advance x-ray diffractometer 

with CuKα radiation (= 1.5418 Å) to study crystallinity of 

the films. GIXRD measurements in the 2  range of 30
° 

- 
80

°
of the as-deposited as well as irradiated gold films were 

performed at a grazing angle of 2
° 

with a scan speed of 1
 

min
−1

. GIXRD measurements were done at the Department 
of Physics, Utkal University, Bhubaneswar. Atomic force 
microscopy (AFM) measurements were done to study 
evolution of the surface morphology and the microstructure 
of the films with ion fluence using ‘Nanoscope IIIA’ atomic 
force microscope of Digital Instruments at the IUAC, New 
Delhi. Power spectral density (PSD) analysis was done 
from the AFM images to extract the mechanisms, which is 
responsible for the surface morphology under SHI 
irradiation. Sputtering yield at different fluence was 
analyzed by ex-situ thickness measurement using RBS 
technique. RBS measurements were performed with 2MeV 
He

+
 ions using 1.7 MV Pelletron facility at the IUAC, New 

Delhi. The He
+
 ions were bombarded on the sample surface 

and backscattered ions were detected at an angle of 160
 
to 

the beam direction using silicon surface barrier detector. 

The sputtered particles at a fluence of  ions cm
-2 

were also collected in carbon coated copper TEM grids. 
The TEM measurements were carried out using 200 kV 
ultra high resolutions JEOL 2010, UHR facility at the 
Institute of Physics, Bhubaneswar. 
 

Results and discussion 

RBS spectra of the as deposited gold films were analyzed 
using the Rutherford Universal Manipulation Programme 
(RUMP) simulation code. The RUMP fitting for RBS 

spectra (Fig. 1) showed that thickness of the two sets of 
films is around 20 nm and 54 nm as against 20 nm and 50 
nm respectively obtained from quartz crystal monitor 
during deposition. 
 

 

Fig. 1. RBS spectrum of gold on Si along with the RUMP simulated 
spectrum for (a) 20 and (b) 50 nm films respectively. 
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The GIXRD pattern (Fig. 2) of the as deposited gold 
thin films and the films irradiated by 197 MeV Au ions at 
different fluences consist of peaks corresponding to the 
prominent reflection planes of gold with cubic structure and 
space group Fm3m as reported in the JCPDS files [Card 
No. 04-0784]. The ratio of the peak intensities match with 
that reported in JCPDS file indicating polycrystalline nature 
of the films. Lattice parameter of 4.0684Å for 50 nm and 
4.0706Å for 20 nm thin films obtained from the GIXRD 
spectra indicated lattice expansion on decreasing film 

thickness as has been reported earlier [21, 22]. The 

crystallite size estimated from the Scherrer equation [23] 
was 15 and 23 nm for 20 and 50 nm thick films 
respectively. Irradiation did not change these values much. 

 

 

Fig. 2. GIXRD pattern for (i) {(a) 20 and (b) 50 nm} gold films as-

deposited as well as irradiated at (ii) , (iii)  and (iv) 

 ions cm-2 fluences, respectively. 
 

Fig. 3 shows the changes in the surface features induced 
by 197 MeV Au ion irradiation in gold films of all 
thicknesses as probed by AFM and their corresponding 
grain size distribution with irradiation fluence. One µm 
scan AFM images indicate that the surface of the pristine 
films exhibits irregular shape grains with wide distribution 
of grain size for 20 nm thick film, but smooth and 
featureless for 50 nm thick film. As irradiation proceeds, 
uniformly distributed nanostructures develop in both the 
films. The size distribution histograms were obtained from 
surface profiles of the AFM images for different fluences. 
With increase of fluence, the average grain size was found 

to increase up to  ions cm
-2

 and then decrease for 

 ions cm
-2

. This observations indicate that 197 

MeV Au ion irradiation leads to growth of nanoparticles on 
the surfaces of gold thin films in the low fluence regime 
and fragmentation of the grains in the high fluence regime. 

Fig. 4 presents the surface roughness evolution of 20 
and 50 nm gold films as a function of ion fluence obtained 
from the AFM images. Irradiation did not influence the 
roughness much in the low fluence regime, but caused a 

significant increase at the fluence of   ions cm
-2

. 

The increase was more for 20 nm film than for 50 nm film, 
possibly due to enhanced sputtering for the lower thickness 
film as discussed later. 

AFM images of 1 µm scan size (Fig. 3) were utilized 

for PSD analysis [24]. The PSD curves of the as grown and 
the irradiated surfaces for 20 and 50 nm thick gold films are 

shown in Fig. 5. By fitting the high q region of Fig. 5 to 

equation-1[25], we obtain the roughness exponent δ.  
 

                                                             (1) 

where, C(q) is the PSD function, A is a constant and δ is 
the power-law exponent. The evolution of δ with irradiation 

fluence as obtained using Equation 1 is shown in Fig. 6.  
 

 

Fig. 3.  1µm× 1µm  AFM images of Pristine (i. a) 20 and (ii. a) 50 nm 

gold films and irradiated by 197MeV Au ion at {(b)  (c) 

 (d) } ions cm-2, and their corresponding grain size 
distribution at different fluences. 
 

 

Fig. 4. Roughness variation of 20 and 50 nm gold films with 197 MeV 
Au ion irradiation. 
 

 

Fig. 5. Plots of PSD versus spatial frequency q of (a) 20 and (b) 50 nm 
pristine gold surface as well as that irradiated at different fluences by 
197MeV Au ion. 

 
The value of δ indicates the mechanisms, which is 

responsible for the irradiation induced changes in the 

surface morphology [26]. In the present study the value of δ 
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for all irradiation fluences lies between 3 and 4, which 
indicate that the surface morphologies are governed by the 
combined effect of volume diffusion and surface diffusion 
processes. The increase of δ value towards 4 under 197 
MeV Au ion irradiation indicates that the surface diffusion 
becomes dominant over volume diffusion in the high 
fluence regime. 

 

 

Fig. 6. Variation of power-law exponent δ with ion fluence for both 20 
and 50 nm gold films. 
 

The magnified view of the RBS spectra due to gold (20 

and 50 nm) (Fig. 7) clearly reveals reduction of thickness 
of the films with 197 MeV Au ion irradiation fluence.  This 
can occur due to erosion of atomic and molecular species 

from the surface under ion impingement [27, 28]. To probe 
further into the sputtering dependence on thickness of the 
films under 197 MeV Au irradiation, the sputtering yield or 
Y (atoms/ion) of gold atoms was determined by using 

equation- 2 [29]. 
 

                                               (2) 

 

where N is the change in areal concentration 

(atoms/cm
2
) at two different fluences and f is the 

difference in corresponding fluence (ions/cm
2
) values. The 

gold atoms retained in the films after each fluence of 197 
MeV Au ion irradiation was estimated from the change in 

areal concentration with ion fluence (Fig. 7). The sputtering 
yield thus estimated, was 531 and 350 atoms per Au ion for 
20 and 50 nm thick films respectively. The electronic (Se) 
and nuclear (Sn) energy losses of 197 MeV Au ions in gold 
as obtained from SRIM (stopping and range of ions in 
matter) simulation, are 51 keV nm

-1
 and 0.69 keV nm

-1
 

respectively. The sputtering yield due to Sn for 197 MeV 
Au ion in gold also obtained from SRIM, is 2 atoms per 
incident ion. The much larger sputtering yield than what is 
predicted by the Sn induced process seen in our case thus 
arises due to electronic energy loss (Se). Further, thickness 
of the films has been found to be crucial parameter in 
determining the sputtering yield. The thinner films showed 
higher sputtering yield as compared to the thicker films. 
Gupta and Avasthi found the sputtering yield of 410 atoms 
per ion for 15 nm thick gold films and 235 atoms per ion in 

45 nm thick gold film at  ions cm
-2 

fluence for 200 

MeV Ag ion irradiation [16]. This result along with ours 
clearly establishes Se induced sputtering phenomenon in 
gold thin films. 

 

 

Fig.7. Evolution of RBS spectra and variation of areal concentration with 
irradiation fluence for (a) 20 and (b) 50 nm gold films. 
 

Sputtered gold nano particles from gold thin films 
irradiated by 197 MeV Au ions were collected in carbon 
coated copper catcher grids. Transmission electron 
microscopy (TEM) images of gold nano particles collected 

by catcher grids at the fluence of  ions cm
-2

 for 20 

and 50 nm thick films are shown in Fig. 8. The size 
distributions of the particles on the catcher grids of 20 nm 

and 50 nm films are also shown in Fig. 8. The average size 
of the sputtered particles was found to decrease from 11 nm 
for 20 nm thick film to 7 nm for 50 nm thick film on 

irradiation at the fluence of   ions cm
-2

. 

 

 
Fig. 8. TEM images and size distribution of sputtered nanoparticles 

collected on catcher grid at a fluence of  ions cm-2 from (a) 20 
nm and (b) 50 nm gold films respectively. 
 

The larger size of gold nanoparticles in thinner film 
again re-emphasized the importance of thickness 
dependence of Se induced sputtering yield in thin films. The 
high resolution transmission electron microscopy 

(HRTEM) images of a sputtered nanoparticle (Fig. 9 (a)) 

and its electron diffraction pattern (Fig. 9 (b)) reveal the 
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crystalline nature of the nanoparticles, and the spacing 
between two consecutive lattice planes (0.219 nm) 
corresponds to that of the (111) planes of gold. 

 

 

 

Fig. 9. (a) HRTEM Micrograph of gold nano particle and (b) Selected 
area diffraction pattern of nano particles collected in catcher grid. 
 

The unsolved mechanisms behind electronic sputtering 
during ion irradiation have attracted considerable 
experimental and theoretical attention. In particular, much 
interest has been devoted to understand the basic 
mechanisms behind creation of large clusters containing 
100 or more atoms and ejection of such large entities 
during ion irradiation. In the MeV range, ejection of 
species has been observed with SHI irradiation on thin 

films [30, 31]. This has been explained on the basis of 
confinement of energy spikes within the grains and thin 
films induced by ions. In present case, collected gold 
nanoparticles on catcher grids for 20 and 50 nm thick films 

at the fluence of  ions cm
-2

 with irradiation of 197 

MeV Au ions can be understood on the basis of thermal 
spike induced shock waves or pressure pulses due to ion 

impact [32]. Beyond a critical value of pressure generated 
due to shock waves, cluster of gold ions seem to get ejected 
out from the surface of the gold thin film, which are 
collected as nanoparticles on the catcher grid. Confinement 
of the energy deposited by SHI in thin films explains the 
observed larger size of nanoparticles emitted from thinner 
film. 
 

Conclusion 

This study has shown that while swift heavy ion irradiation 
does not influence the crystal structure and the crystallite 
size of gold thin films much, it greatly influences the 
surface morphology. The surface evolves under the 
combined influence of surface diffusion and sputtering 
leading to smoothening and roughening respectively. The 
later process was found to dominate at higher ion fluences, 
with a consequent large increase of roughness. Lowering of 
film thickness led to enhanced sputtering and larger 
increase of roughness with ion fluence, thus indicating the 
importance of the confinement of SHI induced thermal 
spike in the reduced dimension of the films. SHI irradiation 
also led to formation of nano-particles on the surface of the 
films as well as on the catcher grids used to collect the 
sputtered particles. Since SHI induced sputtering process in 
a thin films, in addition to being dependent on film 
thickness, can also depend on other target and projectile 
related parameters like surbstrate characteristics, mass and 
charge state of the projectile ions etc. Further studies in this 
direction may shed light on the details of ion-matter 
interaction mechanism. 
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