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ABSTRACT

Electronic sputtering of carbon from hydrogenated amorphous carbon (a-C:H/Si) film and oxygen from
copper oxide (CuO/Si) film at different electronic energy loss (S)) value is reported. The sputtering is monitored
by online elastic recoil detection analysis (ERDA) technique and the yield (sputtered atoms/incident ion) is
determined. Two important results emerging out from this study are: (i) much higher yield of C and O from
a-C:H and CuO films as compared to conventional kinetic sputtering and (ii) sputtering yield increases with
increase in S, in both the cases. These observations are understood on the basis of thermal spike model of

ion-solid interaction.
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1. INTRODUCTION

Impingement of energetic particles on a solid may
result in the ejection of atoms or ionic species from the
surface known as sputtering. Depending upon the energy
of the incident ion and it’s charge state, sputtering process
can be classified into three categories, namely (i) kinetic
sputtering or collisional sputtering, (ii) electronic sputtering
and (iii) potential sputtering. Kinetic sputtering is a consequence
of the collision cascade produced by the incoming projectile
and higher generation of recoil atoms within the target.
Moving atoms in the cascade may eventually reach the
surface, and provided that the kinetic energy is large enough
to overcome the attractive potential of the solid, they may
escape from the solid and get sputtered. This process is
dominant when incident ion energy range is from keV to
a few MeV, where nuclear energy loss S is the prime energy
loss factor. However, the probability of such collision events
drops down when the incident energy is higher such as
tens to hundreds of MeV (as in the present case) and
hence, the sputtering yield (sputtered atoms/incident ion)
is expected to be low.

However, in this energy regime, sputtering yield sometimes
(after certain energy threshold) becomes too high (1000
atoms/ion or more) and cannot be calculated on the basis
of well-established sputtering formalism' based on the concept
of collision. In this energy regime, the sputtering process
is governed by electronic energy loss S, and hence, it is
designated as electronic sputtering® The energy threshold
of electronic sputtering strongly depends on the ion and
solid combination. Moreover, if the projectile ion is multiply
charged and is moving slowly, a particular form of electronic
sputtering can take place which has been termed as potential

sputtering®. In this case, the potential energy stored in
multiply charged ions (i.e., the energy necessary to produce
an ion of this charge state from its neutral atom) is liberated
when the ions recombine during impact on a solid surface
(formation of hollow atoms). Potential sputtering has only
been observed for certain target species and requires a
minimum potential energy®. Up till now kinetic sputtering
has been established as an essential process for many
technological applications, such as (i) thin film deposition,
(ii) sputter etching, (iii) ion milling, (iv) mass spectroscopy
analysis of materials, etc. However, electronic and potential
sputtering are still under fundamental study and need more
focused research to bring their utility in real life.

The present work is based on electronic sputtering
addressing the important issue of high sputtering yield.
Different authors have reported electronic sputtering yield
in different materials*® indicating very high yield (~10°
atoms/ion) in some cases. In case of a-C:H film, large
sputtering yield of C and H have been reported®® and
explained on the basis of thermal spike concept’. In case
of copper nitride films also, the same model was applied
to explain the high sputtering yield®. According to this
model, a thermal spike develops in the electronic subsystem
just after the passage of the ion. This eventually gets
transferred to the lattice via electron-phonon coupling and
a transient (~ picosecond to subnanosecond time scale )
temperature spike develops in the lattice subsystem. The
mathematical formalism of the model is based on two coupled
thermodynamic equations’, which show the dependence
of lattice temperature on spatial and temporal distribution
of energy. It is reported that the energy deposition is
prominent due to primary ionization and excitation within
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a zone of radial dimension of ~ 10 nm, and beyond this,
energy deposition by & electrons dominates. In this model,
the initial energy density is taken from a spatial distribution
function and Gaussian distribution of time®. In electronic
subsystem, electronic heat diffusivity and effective electron-
atom relaxation time (7) play major role to transient (~ 105 s)
temperature spike in the subsystem. The energy transfer
to the lattice depends on the electron-phonon coupling
factor (g), which is inversely proportional to t. Finally, the
spike temperature in the lattice is decided by it’s specific
heat and thermal conductivity.

Depending on the energy transferred to the atomic
subsystem and the reached temperature, specific phase
changes can be induced like transition from solid-to-liquid
phase or liquid-to-vapour phase. Sputtering may occur in
any of these phase transition stages, either from molten
phase or vapour phase’. However, the question of large
sputtering yield still remains unanswered, though, there
are many realistic figures reported by different authors
based on thermal spike models®!'. The effect may be purely
mediated by electronic energy loss or there may be a small
influence of nuclear energy loss also® depending upon ion
energy and the material under study. It was shown that
the microstructure of solids plays a crucial role in electronic
sputtering process*!?. For thin solid films having nanogranular
structure, the thermal energy may get confined within the
smaller grains, resulting in larger sputtering yield.

In this paper, the authors have reported (i) electronic
sputtering of carbon from hydrogenated amorphous carbon
(a-C:H) films under irradiation of 80 MeV Ni*", 150 MeV
Ag'¥* and 200 MeV Au'>* ions and (ii) electronic sputtering
of O from copper oxide for the same ions and energy is
presented. Sputtering process is monitored online using
elastic recoil detection analysis (ERDA) technique, which
has been established as a unique tool to study the electronic
sputtering of thin films*'Y. The results are discussed in
the light of thermal spike mechanism.

AE

2. EXPERIMENTAL

Three a-C:H/Si (300 nm) films of the same set were
irradiated by 80 MeV Ni®¥*, 150 MeV 4g"*" and 200 MeV
Au'" ions in a vacuum of 8 x 107 Torr, achieved by a
cryopump-based vacuum system. Similarly, three CuO/float
glass (210 nm) films of the same set were irradiated by the
same ions. The deposition process of the films was same
as reported earlier'’. The electronic S, and nuclear S energy
loss values for each of these incident ions were calculated
from computer simulation code SRIM'® and are given in
Table 1. A large area AE-E telescope detector'* was employed
to detect the recoil species coming from the films. Two-
dimensional spectrum of AE versus E, , (total energy, AE
+E ) was generated, which provided the discrimination
of different elements present in the film as recoil energy
bands as shown in Fig. 1.

The areal concentration of any element (N in
atoms/cm?) of elements present in any film was deduced
(within an error of 10 per cent) from the integral counts
R of the recoil energy spectra, with the help of the following
equation:

RSina.

N —_ e
Np(deQ (1)

dQ
where a is the target tilt angle, Q is the solid angle subtended
by the detector and ;% is the Rutherford’ recoil cross
section. This is then plotted wrt to the incident ion fluence.
The electronic sputtering yield or Y (atoms/ion) of any

element present in the film was determined by using the
following formula

AN (atoms | cm*)
Af (ions | cm®) @)

Where, AN is the change in areal concentration (atoms/
cm?) at two points (in the initial part of the plot) and Af

Y(atoms /ion) =

TOTAL ENERGY

Figure 1. Typical 2-D ERDA spectra of amorphous carbon film.Y-axis represents the total recoil energy and AE represents
a small amount of energy loss in the initial part of the detector telescope®.
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is the difference in corresponding fluence (ions/cm?) values.
The methodology for fluence-dependent areal concentration
analysis and determination of sputtering yield>®'*. The
structural analysis and surface morphology of the films
were studied by Raman spectroscopy and atomic force
microscopy (AFM).

3. RESULTS AND DISCUSSION

A typical Raman spectrum of amorphous carbon film
is shown in Fig. 2. It shows two distinct peaks; one at
~1570 cm™ and another at ~1355 c¢m’!, which are the
characteristics Raman lines of amorphous carbon'’. AFM
image of the same film is shown in Fig. 3, which shows
nanogranular nature of this film. Similar nanogranular surface
of CuO film is observed by AFM as shown in Fig. 4. The
main reason behind choosing nanostructured films in the
present study was because of pronounced effect of swift
heavy ion on nanophase materials. From the fluence-dependent
areal concentration studies, the sputtering yields of carbon
Y. from a-C:H film and that of oxygen Y, from CuO films
are calculated for different S, values and are plotted in
Figures 5 and 6 respectively. The Y, Y, values and corresponding
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Figure 2. Typical Raman spectrum of a-C:H film indicating
D and G characteristic bands.
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Figure 3. AFM image of a-C:H film surface.

S, S, values for different ion and energies are shown in
Table 1.

Two important results that emerge out from this study:
(i) large electronic sputtering of carbon and oxygen (as
shown in the figures), increases with increase in S, (ii)
higher yield of carbon from a-C:H film obtained as compared
to oxygen from CuO. The loss of H from a-C:H film has
already been studied °. The present results are understood
on the basis of thermal spike model and are discussed
below:

As it is evident from Table 1 that S is much higher
(several hundred times) compared to S, in all the cases,
the resulting large sputtering is definitely mediated by
electronic energy loss. Moreover, sputtering yield calculated
from SRIM and the theory based on collision process''®
is quite low(few atoms/ion), and hence, establishes that
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Figure 4. AFM image of CuO film surface.
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Figure 5. Sputtering yield of C (Y) from a-C:H films for
different S, values.
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Figure 6. Sputtering yield of O(Y,) from CuO films for
different S, values.

S does not play any role in large sputtering in this energy
regime. Therefore, it is important to understand the energy
loss process of incident ion inside the material and its
subsequent effects. From thermal spike model, it can be
considered that the energy deposited in the electronic
subsystem gets quickly coupled to the lattice subsystems
via a complex electron-phonon coupling mechanism, resulting
thermalisation of the later in picosecond time scale’. The
energy diffusion in the electronic and lattice subsystem
at time ¢ and at a distance 7 from the ion track, assuming
cylindrical geometry is described by two coupled differential
equations’

oT,
C até =V(KVT,)-g(T,.-T)+B(r,t)

e

pC(T)(Z—j:V(K(T)VT)+g(Te—T) 4

where, T, T, C, C(T) and K , K(T) are the temperature,
the specific heat and the thermal conductivity of the electronic
and atomic systems, respectively, p is the specific mass
of the lattice and g is the electron-phonon (e-p) coupling
constant. B(r¢) is the energy density supplied by the incident
ion to the electronic system at radius r and time t.

The initial energy density B (7,t) can be represented
by?®

Table 1. Sputtering yields, Y,

B(r,t) = bS,G(t)F(r) (4)

where bS, in the fraction of electronic energy loss,
F (r) is the spatial and G () is the temporal energy distribution
function.

Electron-phonon coupling, g is a free parameter in this
model and represents the strength of interaction between
the excited electrons and phonons. This is inversely proportional
to the electron-atom relaxation time (t) by the relation.

pC

S ®

Based on thermal spike model, the electronic sputtering
yield (Y) is calculated by determining temperature profile
at the surface of a material, and then evaluating it using
the formula'®

Y = [dt [dA®(T,U) (6)

where, 4 is the cross sectional area from where sputtering
takes place, @is the flux of evaporating atoms, which depends
on the temperature profile 7 and surface binding energy
U. Based on this formula, detailed derivation of sputtering
yield was performed by Johnson and Evatt'® and later
modified by Sigmund and Claussen'®. Here we will calculate
the sputtering yield based on Sigmund and Claussen model.
According to this model the sputtering yield is.

2 2 2
Y:o.o41(—2“”;]k8ﬂ 1-3( v ]

2 kT, (7
where, n is the atomic density,  is the radius of ion damge
zone from where material erosion takes place, k, is the
Boltzmann constant and 7, is the spike temperature.
Here, two most important physical quantities are » and
T,. Toulemonde,” et al. calculated the radius of cylindrical
amorphised zone inside the material created by ion, considering
the appearance of a molten phase due to thermal spike and
its rapid (~10"K/s to 10" K/s) quench’. Based on this
theory, the same group has calculated the track radius to
be ~ 4.8 nm*, in case of a-C:H for the S, value of ~ 11.5
keV/nm. For an approximate estimation of sputtering yield,
let this value be considered as r in the present case. It
has been mentioned that the threshold of S, for electronic
sputtering of carbon is 250 eV/A and the corresponding
temperature® is ~3000 K . Considering a linear relation of

Y,, corresponding electronic and nuclear energy losses and incident

ions with different ions and energies

Sample name Ion and energy Electronic energy  Nuclear energy loss  Sputtering yields:
loss (S.) (S,) Yc and Yo, (£10%)
(MeV) (keV/nm) (keV/nm) (atoms/ion)

a-C:H Ni*', 80 9.0 0.01 2.2 x 10*
Ag"", 150 15.0 0.04 3.5 x 10*
Au'", 200 21.0 0.14 5.8 x 10*

CuO Ni**, 80 14.0 0.03 1.8 x 107
Ag'¥, 150 22.0 0.08 3.9 x 10°
Au™*, 200 30.0 0.27 1.3 x 10°
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lattice temperature rise with S as suggested by Yavlinskii'’,
it was estimated the lattice temperature to be ~15681 K
corresponding to the present S, value (15 keV/nm), while
the sublimation temperature of carbon is 3652 K (i.e., 0.3
eV)¥. Taking n = 0.1/A3, one gets the sputtering yield of
carbon from equation (7) ~1.4 x 10° at./ion.

Though from this model, a large sputtering yield is
realised, there is a significant mismatch with ¥ (~3.5 x 10*
at./ion) value found from our experiment. This is due to
the fact that the sputtering yield strongly depends on the
structure of a-C:H network®. One also needs to consider
the influence of pressure pulse generated due to large
temperature spike in the lattice?'. There could be some
possibility that the temperature is carried away in the solid
medium from the core, and therefore, the theoretically estimated
temperature is an overestimation for the calculation of the
sputtering yield. One needs to modify it considering the
properties of the solid and hence demands detail investigation.
Based on Eqn (6), Y, for copper oxide can be calculated,
provided the r and 7|, values are known. Generally, incorporation
of H in the amorphous carbon network makes the network
polymeric and softer and hence in case of a-C:H film sputtering
yield is larger as compared to CuO. As electronic energy
loss is the main source of temperature in the lattice, the
increase in sputtering yield for higher S, values is obvious.
However, to scale the sputtering yield with S, the exact
knowledge of the following parameters, (i) atomic number
density, (ii) melting temperature and (iii) heat of melting
and (iv) sound velocity in the medium is important. Moreover,
the effect of pressure?’* over thermal spike has to be
considered, which needs further experimental and theoretical
studies.

5. CONCLUSIONS

Erosion of carbon from a-C:H film and depletion of
oxygen from CuO at different electronic energy losses S,
is studied by online elastic recoil detection analysis. It is
observed that (i) the electronic sputtering yield is appreciably
high in both the cases and increases with increase in S,
(i1) yield of C from a-C film is higher as compared to O
from CuO. The results are explained on the basis of thermal
spike model. Sputtering yield based on the theoretical calculation
overestimates the present experimental results, and hence,
a detailed investigation is required in this direction.
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