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Large electronically mediated sputtering in gold films
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Electronically mediated sputtering in thin gold films, bombarded with 200-MeV Ag ions, has been observed
by ex-situ thickness measurements of the film using x-ray reflectivity technique. The observed sputter yield
depends upon the film thickness and is about 410 atoms per incident ion for films of thickness 150 Å and 235
atoms per incident ion in 450-Å-thick film. This sputtering rate is a few orders of magnitude higher as
compared to that normally encountered in the regime of elastic collisions. Reduced mobility of the electrons
due to scattering from the surface and the grain boundaries plays an important role in enhancing the effects of
electronic excitations. Sputtering is accompanied by a significant smoothening of the film surface and smearing
of the boundaries between the grains.
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Energetic heavy ions lose their energy in a medium
elastic collisions with the target nuclei as well as by inelas
collisions that results in the electronic excitation of the tar
atoms. At projectile energies greater than 100 keV/amu
dominant energy loss mechanism is electronic excitation
the rate of electronic energy loss (dE/dx)e lies typically in
the range of 1–10 keV/Å. In insulators, the damage crea
via such a high electronic excitation was demonstrated s
eral decades back,1 and more recently, electronically med
ated sputtering has also been observed.2–4 In metals, for a
long time, such effects were considered to be unrealistic
the high mobility of the conduction electrons would~i! very
efficiently screen the ionized atoms, and~ii ! quickly smear
out the deposited energy. However, in recent years, suffic
evidence has been accumulated to show that, analogou
the case of insulators, electronic energy loss in metals
also create extensive atomic rearrangements;5–11 creation of
defects via electronic excitations, (dE/dx)e , has been ob-
served in many metals.5,6 Latent tracks have also been o
served above a certain threshold value of (dE/dx)e that var-
ies from metal to metal.7 Intermixing at metal-semiconducto
and metal-metal interfaces using GeV heavy ions has
been reported.8–11In Fe/Si multilayers, the efficiency of mix
ing with 650 MeV/U ions has been found to be several
ders of magnitude higher than that observed using ions
few 100 keV energies.8 These studies suggest that electro
excitations should also induce surface-related processes,
sputtering and morphological changes in metals. Howe
no direct observation of electronically mediated sputter
and associated changes in the surface morphology in me
targets has been reported as yet. Studies on sputtering at
energies in gold foils have so far been performed by colle
ing the sputtered atoms in a catcher foil and analyzing this
Rutherford backscattering spectrometry.12 The sputtering
yield has been found to be about 9 Au atoms per incid
230-MeV Au ion. Numerous studies on swift heavy-io
induced effects in metallic systems have demonstrated th
metallic thin films and multilayers, the effects of electron
energy loss are significantly enhanced, as compared to
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materials.8,10,13–15In a series of works on ion-beam induce
desorption of Au clusters on carbon backing, large deso
tion yields have been observed even for very low values
(dE/dx)e .13–15 Therefore, in the present work sputtering
Au thin films under the impact of 200-MeV Ag ions has be
studied by x-ray reflectivity measurements. The associa
changes in the surface morphology have also been stu
using atomic force microscopy.

Thin films of high-purity gold~99.99%! were deposited
on float-glass substrates in an ultrahigh vacuum of
31029 mbar using electron-beam evaporation, with a de
sition rate of 0.1 Å/s. Two sets of films with thicknesses
150 and 450 Å were prepared. Films from both sets w
bombarded with 200-MeV Ag ions to two different fluenc
of 1.031012 and 1.031013 ions/cm2 using 15UD Pelletron at
NSC, New Delhi. The ions were incident perpendicular
the Au films. The ion beam was scanned over an area o
31 cm2. The ion current was kept at 0.1–0.2 particle n
(1 pnA56.253109 ions/s). The vacuum in the chamber du
ing irradiation was;1027 mbar during irradiation.

The films were characterized using x-ray reflectivi
x-ray diffraction ~XRD! and atomic-force-microscopy
~AFM! measurements before and after irradiation. X-ray
flectivity and XRD measurements were done using Siem

FIG. 1. X-ray diffraction pattern of the as-deposited Au film
~a! 150-Å-thick film, ~b! 450-Å-thick film. The continuous curves
represent theoretical fits to the data.
©2001 The American Physical Society07-1
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FIG. 2. AFM pictures of Au films:~a! 150-Å-
thick film in as-deposited state,~b! 450-Å-thick
film in as-deposited state,~c! 450-Å-thick film
after irradiation with 200-MeV Ag ions to a flu-
ence of 1.031013 ions/cm2. Please note a differ-
ent horizontal scale in the last picture.
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D5000 diffractometer with CuKa radiation. XRD measure
ments were done in an asymmetric Bragg-Brentano ge
etry with the angle of incidence kept at 0.5°. AFM measu
ments were done using Digital Nanoscope II.

Figure 1 gives the x-ray diffractograms of the two sets
films before irradiation. Both films have a texture along~111!
15540
-
-

f

direction. Average crystalline size along the scattering vec
obtained using Scherrer method, was 110 and 350 Å in fi
of thicknesses 150 and 450 Å, respectively. Irradiation
not have any observable effect on the XRD patterns of
films. Figures 2~a!,~b! shows AFM pictures of the as
deposited films of thicknesses 150 and 450 Å. One may n
7-2
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that both the films are continuous with rather uniform gra
size. The average grain size in the film plane was estima
to be 350 Å in both the films.

Figure 3 gives the true specular x-ray reflectivity patte
of the two sets of the Au films before and after irradiation
a fluence of 1.031013 ions/cm2. The amplitudes of the x ray
specularly reflected from the two interfaces—air -to-gold a
gold-to-glass—interfere with each other giving rise to ‘‘Kie
sig oscillations,’’16 the period of which is determined b
the thickness of the gold film through the modified Bra
equation

FIG. 3. X-ray specular reflectivity patterns of Au films befo
and after irradiation with 200-MeV Ag ions to a fluence of 1
31013 ions/cm2: ~a! 150-Å-thick film, ~b! 450-Å-thick film. The
continuous curves represent theoretical fits to the data. The re
tivity curves of unirradiated specimens are shifted upwards rela
to the irradiated ones for the sake of clarity.
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whereun is the angle for the maximum of thenth interfer-
ence fringe,uc is the critical angle for total reflection, andt
is the thickness of the film. The critical angleuc depends
upon the refractive index of the gold film, which in tur
depends upon its mass density. Experimentally obtai
value ofuc suggests that the mass density of the film is clo
to that of bulk Au and does not change after irradiation. Hi
mass density of the film may be attributed to the fact that
deposition was done in an UHV environment with a ve
slow deposition rate. Reflectivity data was also computer
ted using the formalism of Parratt.17 The thickness of the film
and the average roughnesses of the two interfaces were t
as the fitting parameters. Refractive indexn512d2 ib of
the glass substrate was determined experimentally by fit
the reflectivity pattern of the substrate alone. The results
fitting are given in Table I.

From Table I one finds that within the experimental e
rors, the roughness of gold-to-glass interface remains
changed even after the irradiation to a fluence of
31013 ions/cm2. It may be noted that in a reflectivity pattern
the effect of a small intermixing at the interfaces is equiv
lent to that of an increased roughness~both lead to a less
steep gradient of electron density across the interfaces!. This
suggests that the irradiation results neither in any intermix
at the gold-glass interface nor in any further roughening
glass surface. This second aspect was further checked i
pendently by irradiating bare-float-glass substrates with 2
MeV Ag ions. X-ray reflectivity measurements show th
roughness of the glass surface remains unchanged even
a fluence of 1.031013 ions/cm2.

Perusal of Table I further shows that irradiation results
a reduction in the thickness of the films, the magnitude
which depends upon both the film thickness as well as
irradiation fluence. While irradiation to a fluence of 1
31012 ions/cm2 does not lead to any detectable change in
thickness, a fluence of 1.031013 ions/cm2 causes thickness
reduction of 7 and 4 Å in specimens of thicknesses 150 a
450 Å, respectively. The corresponding sputtering rates co

c-
e

mea-
TABLE I. Results of the fitting of x-ray specular reflectivity data of different films.t is the thickness of
the layer, ands is the rms roughness of the top interface of that layer. Subscripts 0 andi refer to the values
of the parameters before and after irradiation. Roughness values as determined from XRR and AFM
surements are reported separately.

Designated
Film
thickness
~Å!

Irradiation
fluence

~ions/cm2! Layer
t0

~Å!
t i

~Å!

s0

~Å!
s i

~Å!

XRR AFM XRR AFM

150 1012 Au 15261 15261 11.060.5 9.060.5 10.060.5 9.060.5
Glass ` ` 3.561.0 3.561.0

1013 Au 156 149 11.5 9.0 11.0 8.0
Glass ` ` 4.0 4.0

450 1012 Au 455 455 14.0 11.5 13.0 9.0
Glass ` ` 3.5 3.5

1013 Au 454 450 14.0 11.5 12.5 8.0
Glass ` ` 30 3.0
7-3
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out to be 410 and 235 atoms per incident Ag ion, resp
tively. Taking into account the uncertainities in the determ
nation of the film thicknesses and the irradiation fluences,
uncertainty in the sputtering rate comes out to be680 atoms
per incident ion.TRIM calculations give the estimates for th
electronic and nuclear energy losses by 200-MeV Ag ion
gold as 4.2 keV/Å and 16 eV/Å, respectively. Since the fi
thickness is small, the values of electronic energy loss
nuclear energy loss remain more or less uniform through
the thickness of the film. The sputtering yield due to t
nuclear collisions for the above value of (dE/dx)n , as cal-
culated using classical theory of Sigmund,18,19 comes out
to be only about 1.1 atom per incident ion. Thus, alm
all of the observed yield is due to electronically mediat
sputtering.

It may be noted that the sputtering yield per incident i
in the present case is a few orders of magnitude highe
compared to that normally encountered in the regime of
nuclear energy loss, and also as compared to that observ
some gold foils in the regime of electronic energy loss12

This large magnitude as well as film thickness dependenc
the electronic sputtering rate can be understood in term
the thermal spike model:20 According to the thermal spike
model, passage of the swift heavy-ion deposits a la
amount of energy in the electronic system of the so
Electron-electron interaction redistributes the energy wit
the electronic system leading to the thermalization of
energy. This occurs at a time scale of 10215– 10214s.
Electron-lattice interaction causes energy to transfer fr
electron system to lattice and thus inducing a lattice temp
ture increase at a time scale of 10213– 10212s. Temperature
of the thermal spike thus generated depends upon,~i! the
volume in which the energy imparted by the swift ion d
fuses due to the mobility of the hot electron gas, and~ii ! the
strength of electron-phonon coupling that determines the
ficiency of the transfer of energy from electronic system
the lattice. Scattering of the excited electrons from the fi
surface, substrate-film interface, and also from the gr
boundaries will reduce the mobility of the electrons as w
as will increase the electron-phonon interaction. Further
thin films density of structural defects is expected to be mu
higher as compared to the bulk material, which will furth
contribute to the reduction of electron mobility in films
Therefore, as compared to the bulk material, the tempera
:
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of the thermal spike is expected to be much higher in
case of thin films, thus enhancing the effects of electro
energy loss. Further, in the present case, AFM measurem
show that the grain size in film plane is the same for both
films of thicknesses 150 and 450 Å. Therefore, a larger s
tering rate in the case of 150-Å-thick film is mainly due
increased scattering of the excited electrons from the
surface and interface.

Ion irradiation also causes observable changes in the
face morphology of the films. Perusal of AFM micrograp
of as-prepared and irradiated specimens@Figs. 2~b!,~c!#
shows that the grain size remained unaffected by irradiat
however, a smearing of the grain boundary region is clea
visible after irradiation. Rms surface roughnesss was deter-
mined from the AFM scans on a frame of 131 mm2 size.
The average values ofs determined over five to eight frame
for each specimen are also reported in Table I. Roughn
measurements done using both x-ray reflectivity~XRR! and
AFM show that irradiation results in smoothening of the fi
surface. Significant surface smoothening is observed e
after an irradiation fluence of 1012 ions/cm2. The glass-film
interface is not significantly affected by irradiation. Smeari
of the grain boundaries and associated decrease in the
face roughness suggests that the thermal spike is not lim
to a single grain only, rather it spans a number of grains, t
resulting in atomic motion across the grain boundaries ca
ing them to smear out.

In conclusion, an enhanced electronically mediated sp
tering in Au film has been evidenced by direct measurem
of the reduction in the film thickness using x-ray reflectiv
measurement. Sputtering yield is more than two orders
magnitude higher than expected from elastic collision the
of Sigmund and is found to depend on the film thickne
The film-thickness dependence of the sputtering rate ca
understood in terms of the thermal spike model, in whic
reduced mobility of the electrons and a more efficient tra
fer of energy to the lattice due to scattering of the exci
electrons from the surface and grain boundaries in the
results in an increased temperature of the thermal spike
radiation also results in a smearing of the grain bounda
and a significant smoothening of the film surface.

Thanks are due to Dr. V. Ganesan and Mr. P. Sarava
for help in doing the AFM measurements.
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