PHYSICAL REVIEW B 77, 155406 (2008)

Ion bombardment induced smoothing of amorphous metallic surfaces: Experiments versus
computer simulations
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Smoothing of rough amorphous metallic surfaces by bombardment with heavy ions in the low keV regime
is investigated by a combined experimental-simulational study. Vapor deposited rough amorphous
ZrgsAl; sCuyy 5 films are the basis for systematic in sifu scanning tunneling microscopy measurements on the
smoothing reaction due to 3 keV Kr* ion bombardment. The experimental results are directly compared to the
predictions of a multiscale simulation approach, which incorporates stochastic rate equations of the Langevin
type in combination with previously reported classical molecular dynamics simulations [Phys. Rev. B 75,
224107 (2007)] to model surface smoothing across length and time scales. The combined approach of experi-
ments and simulations clearly corroborates a key role of ion induced viscous flow and ballistic effects in low
keV heavy ion induced smoothing of amorphous metallic surfaces at ambient temperatures.
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I. INTRODUCTION

With a strongly increasing demand for miniaturization in
science and technology, controlling and manipulating surface
structures have attracted interest of numerous researchers
during the last decade. In this context, bombardment with
heavy ions has proven to be a very versatile tool to either
regularly structure surfaces (see, e.g., Refs. 1-3 for represen-
tative examples) or create ultrasmooth surfaces,*~® which are
desirable in electronic and magnetic applications. A recent
review on this topic is given in Ref. 7. For industrial use, ion
irradiation in the low keV regime is of particular interest,
since it can result in a great variety of surface structures
when using a broad range of conditions—in particular, ob-
lique incidence.!=? In ion driven systems, structure formation
usually occurs as a result of the interplay of roughening and
smoothing mechanisms, while the identification of the under-
lying physics is a long standing, yet greatly unresolved prob-
lem. The present work aims to address the physics of ion
induced surface smoothing mechanisms by employing a
combined experimental-simulational study using 3 keV Kr*
ion bombardment of amorphous metallic ZrgsAly sCuyg 5 sur-
faces as a model system.® In fact, thin films of this glassy
metallic alloy have proven to be very advantageous for quan-
titatively understanding growth properties”'? in the frame-
work of kinetic roughening and self-organized structure for-
mation. Previous studies on ion bombardment of this alloy
only focused on ions in the MeV energy range,*'3 where
surface modification can particularly be related to thermal
spike induced volume viscous flow.

In a recent work,'* molecular dynamics (MD) simulations
were employed to address the relative relevance of several
smoothing mechanisms during keV heavy ion bombardment,
among them are (i) surface diffusion, (ii) ion induced viscous
flow,*> and (iii) ballistic smoothing®—a topic that is being
controversially discussed in literature (e.g., Refs. 1-7). To
summarize the key tendencies for ion bombardment of an
amorphous CuTi model system at ambient temperatures, we
note that viscous and ballistic smoothings always overcome
surface diffusion in the case of low keV ion irradiation, while
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viscous flow increasingly dominates in the presence of
higher energies in the MeV range and smaller lateral surface
structures. In the present work, we aim to employ these find-
ings in a numerical solution of a coarse-grained stochastic
rate equation for verification in direct comparison with ex-
periments on smoothing by low keV ion bombardment.

Before proceeding to a detailed description of the experi-
mental and simulation methods, we first introduce basic con-
cepts for quantifying surface structure evolution. From pre-
vious experiments,'> we conclude that the surface
morphology under the present conditions can be well de-
scribed in the nonoverhang approximation by employing a
single-valued function, z=h(x,t), on the two dimensional
substrate plane, x=(x,y), viz., the so-called Monge param-
etrization. Under this assumption, the spatiotemporal evolu-
tion of the surface in the presence of an external stochastic
disturbance (i.e., ion bombardment) is described by stochas-
tic rate equations of the Langevin type, '

%:G[h(f,t)]+P+ &(x,1). (1)
Here, the functional G[h(x,)] (usually a sum of various de-
rivatives of & up to V*h) describes the modification rate of /
by surface processes, P constitutes a velocity contribution by
material removal, and ¢ represents spatially and temporally
uncorrelated Gaussian white noise due to the randomness of
the processes, i.e.,

<§()€’ t)>ensemble =0, (2)

(G DEX" 1) ensemble = 2ROX = x) 8t = 1), (3)

with the noise strength R. Employing a moving reference
frame, P can be omitted after a simple coordinate transfor-
mation, as in the following. The rms roughness o as well as
the power spectral density can be easily calculated using
(see, e.g., Ref. 15),
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o= \(h()*); )

and

C(q) = [FT[A()]P. (5)

Here, / is defined by h(¥)=h(x)—(h(x)); and FT represents a
Fourier transformation. Due to isotropy in the substrate
plane, the power spectral density is usually azimuthally av-
eraged without losing any information, resulting in C(g)
=(C (‘7)>Itil=q' In fact, C(g) has proven extremely useful for an
identification of surface-effective processes within a linear
approximation with respect to 4 in the limit of large times,'®
based on ideas of Herring and Mullins.!”!8 By Fourier trans-
forming the linear approximation of Eq. (1), we obtain

Ih(g,1)
at

4
=—h(g.0> b’ + &q.1), (6)
i=1

which has an exact numerical solution for the power spectral
density,*1°

b}

4 .

N\ T—exp(=23 b

Clg.n) = CO(Q)CXP<— 20, b,-q’) +R p(4 i=l q)
i=1 2i1big

)
assuming an initially rough surface [corresponding to Cy(q)].

In the presence of smoothing mechanisms, this leads to a
steady state behavior in the long-time limit,

Clg) = (®)

R
4 i
2 ,biq'
which unveils information on the magnitude of the coeffi-
cients b;.

II. EXPERIMENTAL DETAILS

As a paradigm to systematically address morphology evo-
lution of amorphous surfaces in the course of bombardment
with heavy ions, we choose vapor deposited glassy
ZrgsAly sCuyy s thin films, which are exposed to 3 keV Kr*
ions. As already detailed before,’~!% rough surfaces with cor-
rugations up to 10 nm are obtained when cocondensing
480 nm thick films with nominal rates of 0.79 nm/s from
three independently rate-controlled electron beam evapora-
tors onto SiO, substrates using ultrahigh vacuum conditions.

Our choice of ZrgsAl; sCuy; 5 is motivated by its high sta-
bility against crystallization during exposure to elevated
temperature® and ions,'> which even allows us to access the
supercooled liquid regime. The composition is maintained
within an accuracy of ~0.5 at % for our deposition param-
eters. Without breaking ultrahigh vacuum, the films are sub-
sequently ion bombarded at room temperature by sweeping a
3 keV Kr* ion beam, which is directed normal to the surface,
across the sample.!” While the ion fluence is calibrated with
a Faraday cup prior to bombardment, sample currents of ap-
proximately 0.4 uwA/cm? are kept throughout the experi-
ments up to final fluences of ®=4X 10" ions/cm?. When
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FIG. 1. (Color online) STM surface topographs of an originally
480 nm thick ZrgsAl; 5Cuyy 5 film (a) as grown and irradiated by
3 keV Kr* ions with fluences of (b) ®=7X 10" jons/cm?,
(c) ®=7x%10'1ions/cm?> and (d) ®=3X10"7 ions/cm? (image
size: 200 nm X 200 nm).

reaching a desired fluence, the irradiation process is tempo-
rarily interrupted for surface characterization by in sifu scan-
ning tunneling microscopy (STM).?® To address the surface
topography, sample areas of 200X200 nm?> and 400
X 400 nm? are scanned with electrochemically etched tung-
sten tips? in constant current mode (U=1.0 V; I=0.8 nA)
with 400 points per line resolution. Test experiments indi-
cated that surfaces were not critically affected by the inter-
mittent nature of the irradiation process nor by the exact
choice of the ion current within the experimentally acces-
sible ranges. At the end of the study, amorphicity of the films
is verified by ex sifu x-ray diffraction using Cug,, radiation in
a /20 diffractometer.

III. EXPERIMENTAL RESULTS

Figure 1 shows a selection of STM topographs, which
represent major stages of morphology evolution in the course
of 3 keV Kr* ion bombardment of rough ZrgsAl; 5Cu,; 5 thin
films. Besides the presented measurements, surfaces were
characterized for a total of 14 different fluences, which all
proved to be consistent with the selection of Fig. 1. Qualita-
tively, the mesoscopic hill-like structures of the as-grown
film successively smear out and finally disappear during ion
bombardment, while only weak, apparently random surface
corrugations of a much larger in-plane size are observed at a
fluence of 3 X 10'7 ions/cm?. In fact, the corrugations of as-
grown films seem to coalesce during irradiation, causing the
average lateral structure size to grow. In the following, we
quantitatively address this scenario, i.e., the spatiotemporal
evolution of surface corrugations, by calculating rms rough-
nesses and azimuthally averaged spectral power densities
C(g). To exclude artifacts from the limited sizes of the STM
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FIG. 2. (Color online) rms roughnesses as a function of ion
fluence for STM topographs (edge lengths of scan areas: L=200
and 400 nm) together with fits according to oo ®F,

scan areas on the one hand and the resolution of the STM
raster grid on the other, we chose to analyze squared areas
with two different edge lengths, L=200 nm and L=400 nm,
with 400 X 400 pixel each. As indicated by the double loga-
rithmic plot in Fig. 2, the rms roughnesses as functions of
fluence can be well described by power law scaling behavior,
as expected in kinetic roughening and/or smoothening
scenarios.!® For all fluences investigated, C(g) has been cal-
culated and plotted on a double logarithmic scale to obtain
the signatures of the dominant processes in linear approxi-
mation (Sec. I). However, to keep the graph in Fig. 3 con-
cise, we decided to restrict ourselves here only to represen-
tative fluences, which correspond to the main stages of
structure evolution. In the range of large enough wave vec-
tors ¢, where C(g) is expected to reach its steady state, the
data are well fitted by a power law, C(q) % g~*, as expected.
During ion bombardment, the exponent { decreases from ¢
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FIG. 3. (Color online) Power spectral densities as calculated for
STM topographs (Fig. 1) together with fits according to a power
law of C(q)*q~%.
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=4.34+0.04 (for the as prepared film) to {=2.96+0.03 (for
the surface with the highest ion induced smoothness). A fit of
the power spectral densities according to Eq. (7) yields
dominating processes with g to the power of 2 and 4 for the
smooth surface.?! In fact, both corresponding processes are
smoothing processes due to their respective algebraic signs.
The latter scenario is accompanied by a decrease in the in-
tensity of C(g), which most strongly appears for those wave
vectors which correspond to the dominating structure size of
the as-grown film. Thus, this finding quantitatively confirms
that ion induced film smoothing primarily proceeds by suc-
cessive elimination of the dominant surface modulations—
successively from smaller to larger length scales.

IV. MULTISCALE MODELING OF SURFACE SMOOTHING

Ion bombardment induced surface modification clearly
occurs on multiple length and time scales, consequently re-
quiring a multiscale simulation approach: While the size and
lifetime of an individual collision cascade (some nanometers
and picoseconds, respectively) need to be addressed by ato-
mistic simulations, mesoscopic structure formation on ex-
perimental time scales (microns and tens of minutes) re-
quires a coarse-grained model, which incorporates the
atomistic processes in an averaged or effective way. In the
present work, this is achieved by linking classical molecular
dynamics simulations with empirical potentials'* to a con-
tinuum description in the framework of stochastic rate equa-
tions of surface evolution. While both concepts for them-
selves are well established in literature,'>?> systematic
linkages have hardly been performed (see Ref. 6 for a recent
example).

For the case of film growth from vapor, we have shown in
previous publications®!! that experimental topographies and
their evolutions are well described by stochastic rate equa-
tions, assuming (i) surface diffusion, (ii) self-shadowing, and
(iii) overgrowth as dominant processes. We use this simu-
lated morphology for a 480 nm thick film as a starting point
for the present studies in the following. Upon bombardment
with heavy energetic ions in the low keV regime, surface
smoothing is predominantly governed by surface viscous
flow?*> and ballistic effects,® as also corroborated by the
analyses of the experimental power spectral densities (pro-
cesses with ¢ and g*—see Sec. III), yielding

oh(x,1)
ot

=C1V2h+C2V4h+ g(]?,t) (9)

Both deterministic terms on the right hand side represent
smoothing terms with coefficients ¢; >0 and ¢, <<0—in ac-
cordance with the fit of the experimental power spectra in
Sec. III. Expressions which relate ¢; and ¢, to materials
and/or physical properties, as well as a quantitative estimate
for their ratio, have been derived in Ref. 14. The resulting
expressions for the coefficients read

FQ6S
tan(a)

; (10)
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TABLE 1. Parametrization of Eq. (9).

Cq C R
[nm?/(ions/cm?)] [nm*/ (ions/cm?)] [nm*/ (ions/cm?)]
3.224x1071 -3.24x10713 2.152x107"7

3
a
ey== 12, (11)
37

where v, 7, a., ), and F denote the surface free energy, the
radiation induced viscosity, the average out of plane size of a
thermal spike, the average atomic volume, and the flux of
incoming ions, respectively. If ions hit the surface under off-
normal incidence, « is the angle of inclination and & de-
scribes the sum of ballistic atomic lateral displacements. In
Ref. 14, we identified a transition from a viscous flow to a
ballistic displacement dominated regime of surface smooth-
ing, where the lateral size of the surface corrugations, viz., its
dominant wavelength \, turned out to be the decisive quan-
tity. With the corresponding crossover wavelength between
both regimes,

FIG. 4. (Color online) Surface topographs from continuum
model simulations for representative ion fluences following
Eq. (9) and Table 1. (a) Starting point is a simulated 480 nm thick
vapor deposited ZrgsAl;sCuyrs film (Refs. 9 and 10), which
subsequently shows a [(b)—(d)] smoothing reaction as a function of
fluence: (a) ®=0ions/cm? (b) ®=2.5%10" jons/cm?, (c)
®=1.5%X10'%ions/cm?, and (d) ®=7.5%X10'®ions/cm? (image
sizes of 200X 200 nm?).
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3
t
\=2m e, tan(a) | (12)
3nFQS

the relation between both coefficients, ¢; and c,, is readily

expressed as
Ao \?
sz—(zﬂ_) Ci. (13)

In the range of low keV ion bombardment with an effective
sputter yield Y, the noise strength induced by sputtering is
giVCl’l by4,15,24

2R=FYQZ. (14)

In combination with Eq. (10), this results in the following
relation between R and cy:

1)

tan(a)
= T (15)

With Egs. (13)—(15) and the results of previous MD
simulations,'# it is possible to estimate all parameters, which
appear in Eq. (9). We would like to note that the flux of
incoming ions F' is represented by the value of our experi-
mental studies, while the sputter yield is additionally esti-
mated from MD simulations. As we have observed the pro-
duction of adatoms (i.e., loosely bound, highly mobile atoms
on the surface) in the MD simulations,'* it is reasonable to
assume that adatoms additionally induce a noisy roughness
on the atomistic scale similar to that of sputter erosion.
Therefore, Y will be assumed to be given by the sum of
sputtered atoms and adatoms produced per incoming ion in
the following. Taking this into account, the parameters for
the equation describing surface structure evolution are calcu-
lated and listed in Table I.
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FIG. 5. (Color online) rms roughnesses as a function of fluence
for continuum model simulations and STM data (image sizes
200X 200 nm?) with a fit according to o £2,
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FIG. 6. (Color online) Power spectral densities as extracted
from the numerical solution of the continuum model; results for
several fluences are presented together with fits according to a
power law of C(q)*q%.

V. MODELING RESULTS

Starting from a simulated®!'! 480 nm thick ZrgsAl; sCu, 5
film on SiO,, the ion induced surface smoothing reaction is
modeled by solving Eq. (9) with the parametrization of Table
I. This is numerically achieved by discretization in space
(using a square 200 X 200 nm? grid with a spatial resolution
of 1 nm and periodic boundaries in the substrate plane) and
application of the Euler scheme for temporal integration
(time step Ar=0.001 s), which has proven to supply reliable
solutions in previous systematic studies.” The evolution of
surface structures (Fig. 4) qualitatively reveals reasonable
consistency with the experimental results (Fig. 1): The sur-
face smoothens and the lateral structure size increases. The
corresponding rms roughnesses are plotted in Fig. 5 together
with the experimental data observed for the same image size
on double-logarithmic scales. We would like to note that we
choose the ion fluence as the intrinsic time scale of our stud-
ies, which is proportional to the time ¢ in the continuum
model with the ion flux being the proportionality factor. We
find a power law behavior in the continuum model with an
exponent close to its experimental counterpart. In Fig. 6, the
power spectral densities for representative stages in the evo-
lution of the continuum model are presented. The decay of
C(g) in the range of large ¢ values changes from a ¢~* be-
havior (as observed for film growth) to a ¢g~¢ behavior with
{=3.46%0.04.

VI. DISCUSSION

From Figs. 1-6, it becomes clear that the basic features of
the experimental observations can be reproduced by the
present continuum model. This is particularly true for the
evolution of the rms roughnesses in experiments and simu-
lations, which exhibit power law decays with almost identi-
cal exponents 3. As for the power spectral densities, we ob-
serve transitions to a less steep decay for large g values,
when comparing as-grown films with their irradiated coun-
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terparts in experiments and simulations. Compared to the
experiments, the decay remains slightly steeper in the con-
tinuum model. In fact, quantitative differences between ex-
periments and simulations are not too surprising, as the co-
efficients of the continuum model were based on MD
simulations on a CusTis, model glass due to availability of a
reliable potential, while the experiments had to be performed
on ZrgsAl;sCuyys to prevent crystallization. Although
CusoTisg and ZrgsAl; sCu,y; 5 surely share a lot of common
features (note particularly the close chemical similarity of Ti
and Zr), the unresolved impact of the Al content in glassy
dynamics?® and the absence of covalent bonds in the embed-
ded atom method description of CuTi surely constitute defi-
ciencies, which may well explain reduced roughnesses or,
similarly, lower effective ion fluences for simulations in Fig.
5. While consequently rescaling must be an integral part of
any quantitative comparison of quantities, such as fluence,
roughness, or power spectral density, the excellent agreement
in terms of scaling behavior is a strong indication of a correct
incorporation of the significant physics in the present model
description. In the following, we therefore focus on the scal-
ing exponents—of rms roughness and power spectral
densities—and their implications, in particular.

We first note that a tight relationship exists between the
scaling behavior of roughnesses and power spectral density:
The power law behavior of the rms roughness can be con-
cluded from the relation between roughness and power spec-
tral density, (o(t))>=/C(4,1)dg, and Eq. (7). Assuming
Co(g)=const leads to smoothing of the original structures
according to o(¢) « ¢ " if the dominating smoothing mecha-
nism corresponds to C(g) «g~'.2! As presently we are dealing
with a combination of smoothing processes primarily with
i=2 and i=4, we observe a power law decay of the rms
roughness o(f) «t#, with —1/2 < 8<-1/4. The effective ex-
ponent { in a fit according to C(g) = ¢, on the other hand, is
strongly related to dominant surface processes according to
Eq. (8). The fact that { exhibits larger values in the con-
tinuum model when compared to the experiment can be ex-
plained by the following argument: For the case of low keV
ion bombardment, the thickness of the surface layer, in
which viscous flow due to thermal spikes prevails, is small
compared to the structure size of the irradiated surface.
Therefore, smoothing due to viscous flow is basically repre-
sented by surface viscous flow in the present model,?® viz. a
V*h term in Eq. (9). Clearly, this process enters the power
spectral densities with a ¢* term. If the thickness of the
liquid layer is, however, larger than the structure size, vis-
cous smoothing would be governed by volume viscous flow
and enter the power spectral densities with a ¢g~' term.* More
realistically, the overall flow process therefore should possi-
bly be described by a superposition of volume and surface
viscous flow. In fact, if a small contribution to the overall
flow is contributed by volume viscous flow, a smaller value
of {—when compared to a pure surface process—should be
expected. Thus, the small deviation of { in experiments and
simulations presumably indicates a small portion of volume
viscous flow in the total viscous flow process in addition to
the overall dominating surface viscous flow.

Additionally, in the course of this work, we have
investigated’! a continuum model for ion irradiation with
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¢1<0 and ¢,<0, which mathematically corresponds to a
Bradley—Harper-type model.?® The latter results in exponents
B and ¢ with smaller and larger absolute values, respectively,
than the experiments and our continuum model. As an en-
hancement of the smoothing V*1 term would even increase
£, while a stronger roughening V?h term would decrease the
absolute value of B, a Bradley—Harper-type model clearly
leads to less agreement with the present experiments.

VII. CONCLUSIONS

In conclusion, we have shown that a structured amor-
phous surface can be smoothed by ion bombardment in the
low keV energy range. Additionally, we presented a mini-
mum continuum model, which is numerically solved. It ex-
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hibits agreement with the experimental results with regard to
the essential characteristics. The results from experiments
and continuum modeling corroborate the idea that surface
viscous flow and ballistic smoothing are constitutive mecha-
nisms during low keV ion bombardment under normal inci-
dence on structured amorphous surfaces at ambient tempera-
tures. Future research in this field might include further—
particularly  higher-order—extensions to the present
minimum model.
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