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Abstract
Native and Mo-seeded nanostructuring of the Si(100) surface during Ar+ ion bombardment is
investigated by means of real-time grazing-incidence small-angle x-ray scattering and atomic
force microscopy. During off-axis bombardment at room temperature, the native early-stage
growth kinetics of nanoripples on the surface is found to be in reasonable overall agreement
with theoretical predictions, particularly when an ion impact induced lateral mass redistribution
term is included. For normal-incidence bombardment at room temperature, a native short
wavelength smoothing of the amorphized Si surface is observed, suggesting that ion impact
induced lateral mass redistribution dominates the Bradley–Harper instability. During 5%
Mo-seeded normal-incidence bombardment at temperatures up to 450 ◦C, nanodots form with
heights decreasing as the substrate temperature increases. This trend is counter to that typically
observed for the growth of large cone structures on metals and suggests that the primary effect
of thermal energy here is in promoting surface smoothing, rather than increasing diffusion of
seed atoms to form protective clusters. During seeded bombardment at 650 ◦C the surface
remains crystalline and surface corrugations exhibit dynamic scaling characteristic of surface
diffusion-driven instabilities. This is the same behavior as is found in the absence of seeding
and its presence suggests that at this concentration seeding does not play a large role during
normal-incidence bombardment of the Si surface at high temperatures.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

Since at least 1942 it has been known that simultaneous ion
bombardment and deposition of trace impurities (‘seeding’)
can lead to the formation of well-defined surface structures
on metal targets [1]; these are typically on the micron size
scale. More recently, attention has focused on nanostructured
morphology development during seeding of semiconductor
targets. However, understanding seeding behavior during
ion bombardment of semiconductors is complicated by our
incomplete understanding of their ‘native’ behavior, i.e. their
behavior in the absence of seeding [2]. For the particular case
of Si substrates, the target examined in this work, studies of
the native surface evolution at room temperature have reported
that low-energy normal-incidence Ar+ bombardment causes

1 Present address: Department of Chemical Engineering, MIT, Cambridge,
MA 02139, USA.

nanodot formation [3–5], or that it does not [6]. Experiments
find that off-axis bombardment creates ripples [7, 8], but
some report that there is a window of incident angles over
which the surface remains smooth [4]. Moreover, there
is increasing realization that inadvertent seeding at low
levels can significantly influence the surface morphology
development [6, 9, 10]. In order to better understand
these issues, this work examines both the native and seeded
bombardment of Si using real-time grazing-incidence small-
angle x-ray scattering (GISAXS) and atomic force microscopy
(AFM).

Many semiconductors are amorphized by ion bombard-
ment at room temperature. For amorphous materials, the-
oretical understanding of native surface behavior during ion
bombardment is usually based on the Bradley–Harper (BH)
model [11], in which an amorphous plane surface is unstable
to height fluctuations, a consequence of Sigmund’s theory [12]
of sputter erosion. The BH theory makes well-defined predic-
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tions for the magnitude of the curvature instability though ex-
periments have typically reported somewhat larger values than
predicted by theory [2]. In the BH theory, competition between
curvature-driven instability and relaxation produces a maxi-
mum surface structure growth at an intermediate wavenum-
ber qmax. Studies have found that the dependence of qmax

on angle of bombardment, temperature, ion energy and/or ion
flux are consistent with BH expectations in the early stages of
bombardment (i.e. before nonlinearities dominate the surface
evolution) [13, 7]. Further complicating the picture are ob-
servations that ripples move in the direction opposite to that
predicted by the BH approach [14], possible effects of non-
Gaussian response functions [15, 16] and ion impact induced
lateral mass redistribution [17–19], which can smoothen amor-
phous surfaces during normal-incidence bombardment.

To better clarify the native relaxation on Si surfaces during
low-energy Ar+ bombardment, we begin these experiments
by examining the GISAXS structure factor evolution, which
allows the unambiguous extraction of the key instability
and relaxation parameters predicted by theory for off-axis
bombardment. Trying to directly study the effects of normal-
incidence bombardment without seeding can be challenging
since small amounts of inadvertent seeding from material
sputtered from other parts of the environment onto the
sample can potentially play a dominant role. We therefore
examine the evolution of a nanostructured sample during
normal-incidence bombardment—i.e. investigate whether the
bombardment inherently smoothens the surface on short length
scales. We find that such ripples are smoothened by the
bombardment, as has also been observed for sapphire and
silica [19].

After examining the native Si surface behavior during
bombardment, we consider Mo-seeded morphology develop-
ment on Si(100). The fundamental mechanisms involved in
nanostructure development during seeding on different materi-
als are still unclear. In their study of Cu target bombardment
with Mo seeding, Wehner and Hajicek [20] suggested that seed
atoms migrate on the surface to form regions of relatively high
seed concentration. If these regions have a lower sputter yield
than the substrate material, they could protect areas below them
and form nucleation sites for the cones. Further growth of the
cones relative to the surrounding material in this scenario is
due to continued migration of the seed atoms to the cones and
protection of the underlying material. A different approach was
articulated by Begrambekov et al [21] based upon their study of
W seeding of Cu during ion bombardment. According to their
theory, as the concentration of seed atoms increases at a point
on the surface, the surface stress in that location increases and
protuberances form to relieve the stress. In both the Wehner
and Hajicek [20] and the Begrambekov et al [21] approaches,
seed atom migration plays a vital role. Therefore cone growth
is typically enhanced at higher temperatures on metals, consis-
tent with the idea that seed migration forms an important part
of the cone formation process.

Early studies focused on seeding during ion bombardment
of metals. It is only more recently that seeding of Si targets
has received significant attention [22–26], particularly the for-
mation of ‘nanodots’ during normal-incidence bombardment

of Si with Mo seeding [6, 27, 28, 9, 10]. These nanodots are
typically of order 30 nm in width and 1 nm in height.

Our previous measurements of stress and nanodot growth
rate suggest that seed induced stress could play a major role
in nanodot formation on Si during seeding [28]. This is
somewhat similar to the suggestion of Begrambekov et al
[21] for metal seed cone formation, but possibly without the
need to form concentrated seed atom regions. However, other
mechanisms, such as the formation of protected regions, have
not been ruled out. Given the results of Tanemura et al
[26], showing the positive effect of increased temperature in
the formation of microrods, and the potentially vital role of
seed surface diffusion, it is expected that understanding the
temperature dependence of the nanodot formation kinetics may
give important clues about the underlying mechanisms at work
during seeding of Si. Therefore, to better investigate the nature
of the seeding mechanisms at work, this paper examines the
temperature dependence of morphology development on Si
during Ar+ bombardment with Mo seeding. The use of real-
time x-ray measurements is particularly advantageous for high
temperature studies since the surface morphology may change
during the cooling process for post facto studies.

2. Experiments

Ion bombardment experiments were performed in an ultra-high
vacuum (UHV) x-ray diffraction chamber with a base pressure
of 10−9 Torr. Seeding studies were performed using an Oxford
Scientific ‘OSPrey’ Microwave Plasma Source and ultra-high
purity Ar gas. The ion flux of the source was approximately
7 μm2 at 500 eV, as measured by a Faraday cup. The beam
diameter was approximately 3 cm. Si(100) samples were
bombarded with 500 eV Ar+ ions at temperatures ranging from
25 to 650 ◦C. Mo clips were used to hold the sample; they also
acted as the seeding sources. Post facto x-ray photoelectron
spectroscopy (XPS) measurements show that the concentration
of Mo on the Si surface after bombardment is approximately
5%. We have also performed in situ reflection high-energy
electron diffraction (RHEED) measurements on the samples.
As expected, these show that for temperatures below 400 ◦C,
the surface is amorphized. However, above 400 ◦C a transition
region from amorphous to crystalline is observed and at 650 ◦C
the surface remains crystalline.

Our experience is that the Oxford Scientific OSPrey
source can inadvertently provide a small stream of seed atoms
from its grids. For studies of native Si surface evolution during
bombardment, we therefore used a PHI ion gun from Physical
Electronic Inc. It is gridless and has an ion flux of 0.54 μm2

at 1000 eV. The beam diameter of this source is approximately
1 cm.

The real-time x-ray experiments were performed on
beamline X21 of the National Synchrotron Light Source
(NSLS), at Brookhaven National Laboratory. The GISAXS
measurements used a typical incident x-ray angle of 0.8◦
and an exit angle of 0.2◦; the x-ray energy was 11 keV.
A custom linear diode array x-ray detector constructed by
Dr Peter Siddons of Brookhaven National Laboratory was used
to monitor the x-ray scattering. After the ion bombardment, the
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(a)

(b) (c)

Figure 1. Selected GISAXS scans of the samples bombarded at 1000 eV at ion incidence angles of (a) 45◦, (b) 52.5◦ and (c) 60◦.

samples were taken out of the chamber and AFM analysis was
performed.

The scattered GISAXS intensity measured is related to the
height of the surface h(x, y):

I (qx , qy, qz) ∝
∣
∣
∣
∣

1

qz

∫ ∫

dx dy exp[i(qx x + qy y)]

× exp[iqzh(x, y)]
∣
∣
∣
∣

2

(1)

where qx , qy, qz are the Cartesian components of the x-ray
photon wavevector change and the z-direction is perpendicular
to the sample surface [29]. In the limit qzh(x, y) � 1,
expansion of equation (1) shows that the measured intensity is
proportional to the square of the Fourier transform of h(x, y).
We have found that during normal-incidence bombardment,
structures forming on the amorphized Si surface are isotropic
in the x–y plane, and hence qx and qy are equivalent—we can
then refer to them as simply q‖. Integrating GISAXS intensity
over q‖ gives the mean-square roughness.

3. Experimental results

3.1. Native surface morphology evolution

3.1.1. Formation of ripples during off-axis bombardment.
Silicon (100) surfaces were bombarded with 1000 eV Ar+
ions at different incidence angles ϕ away from the surface
normal: ϕ = 45◦, 52.5◦, and 60◦. Because of the x-ray
scattering geometry, the surface morphology evolution could

not be measured during the off-axis bombardment process
itself. Instead, every 10 min the bombardment was temporarily
stopped and the sample was rotated into position for the
GISAXS measurement. This bombardment and measurement
cycle was repeated five times for each sample corresponding to
50 min of total bombardment. After the ion bombardment, the
samples were removed from the chamber and AFM analysis
was performed. Measurements showed that the temperature of
the sample surface did not increase more than 5 ◦C throughout
the experiments due to the low ion flux of the source. RHEED
measurements during and after the bombardment showed that
the surface is amorphized during the process.

Figure 1 shows selected GISAXS scans of the samples—
the growth of structure factor peaks due to the development of a
correlated surface morphology is clearly seen. In the GISAXS
orientation used, the ripples examined have a wavevector
parallel to the projected ion beam direction. Post facto AFM
images show the formation of the correlated roughness, but
higher fluences than those examined here are required before
well-defined ripples are observed. By the time that such ripples
are observed in AFM, our experience suggests that nonlinear
effects beyond the linear BH description are often observed in
the GISAXS evolution.

Before examining detailed fits of the structure factor
evolution to linear BH theory, we first consider the overall
variation in roughening rate and characteristic wavelength with
ion incidence angle. These can be obtained from simple
Lorentzian fits of the final GISAXS patterns. The results
(figure 2) show that the correlation peak amplitude (and
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Figure 2. The correlation peak amplitudes and the characteristic
wavelengths for different incidence angles after 50 min of
bombardment.

therefore roughening rate) is highest at the largest angles ϕ

examined here. The dominant wavelength on the surface, λ ≈
(2π/qmax), decreases somewhat with increasing ion incidence
angle.

For a projected ion beam direction along the y-axis, the
modified BH linear theory for the change in height h at a given
point x, y on the sample is:

∂h

∂ t
= −υ0 + ξ∂yh + (νx + αx)∂

2
x h + (νy + αy)∂

2
y h

− Dxx ∂
4
x h − Dyy∂

4
y h − Dxy∂

2
x ∂

2
y h − (K + B)∇4h

+ ζ(x, y, t). (2)

The first term on the right is the average sputter erosion
rate which is constant throughout the process. The second
coefficient, ξ , is zero for normal-incidence bombardment and
determines the ripple velocity for off-normal bombardment.
However, it does not affect the structure factor growth [30].
The term νx,y is the BH curvature dependent roughening term
and αx,y is the lateral mass redistribution term. If (ν + α)
is negative then the surface is unstable to the growth of
fluctuation modes with wavenumber in the appropriate x- or
y-direction; if it is positive, then the surface is smoothened
by ion bombardment. For the studies of nanoripple formation
by off-axis bombardment reported in this work, the instability
in the y-direction is the dominant mode since this is the
projected ion beam direction. In equation (2), K is the ion
induced or thermally activated surface diffusion (SD) term.
The coefficient B is due to ion-enhanced surface viscous flow
(IVF) [31]. The surface erosion smoothing (SES) terms [30],
Dx,y , are due to higher order terms in the expansion of
Sigmund’s Gaussian expression for ion energy deposition in
the material. The noise term in equation (2) has the properties
〈ζ(r, t)〉 = 0 and 〈ζ(r, t)ζ(r′, t)〉 = n Aδ(r − r′)δ(t − t ′)
where A is the surface area.

The theoretical values of ν and D can be calculated from
the ion energy deposition depth a, the ion energy distribution
widths parallel and perpendicular to the incoming ions beams
σ,μ, the ion flux J and the sputter yield Y (θ) using relations

Figure 3. Fits of consecutive GISAXS scans to the modified BH
theory of equation (4) for the sample bombarded at 52.5◦.

Table 1. Experimental values of the linear theory coefficients from
fits of equation (4) to the GISAXS structure factor evolution.

Ion angle
(ϕ) (deg)

(νy + αy)exp

((×10−4) nm2 s−1)
(K + Dyy + B)exp

((×10−3) nm4 s−1)

45 −9.1 ± 0.1 2.6 ± 0.3
52.5 −14.0 ± 0.5 3.3 ± 0.2
60 −26.0 ± 0.6 5.9 ± 0.1

given by Makeev et al [32]. The IVF term B is:

B = γ d3

ηs
, (3)

where d is the depth of the amorphized layer (typically
assumed to be comparable to the ion penetration depth), γ is
the surface tension and ηs is the ion-enhanced viscosity of the
amorphous surface layer.

For scattering in the y-direction with qx = 0 the linear
equation (2) predicts a structure factor evolution:

S(qy, t) = S(qy, 0) exp[−2((νy + αy)q
2
y

+ (K + Dyy + B)q4
y)t] + [n/2((νy + αy)q

2
y

+ (K + Dyy + B)q4
y)]{1 − exp[−2((νy + αy)q

2
y

+ (K + Dyy + B)q4
y)t]}. (4)

To examine the applicability of the linear model and to
obtain the total curvature (νy + αy) and relaxation (K + B +
Dyy) coefficients, the kinetic evolution of the experimental
GISAXS structure factors in the y-direction at each ion
incidence angle were fit to equation (4). As seen in figure 3,
the fits are good. One point to note is that the full linear theory
with noise actually predicts a slight peak shift with time, as is
observed in this early regime. Results from the fits are given in
table 1.

As discussed above, using values of a, σ , μ and Y (θ) from
SRIM [33], theoretical values of νy can be calculated. The
ripples with wavevector in the y-direction should disappear
when νy becomes positive. However, the calculated values
of νy become positive for ϕ > 54◦, in disagreement with the
strong ripples we observe forming during 60◦ bombardment.
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(a)

(b)

Figure 4. Smoothening of nanoripples during normal-incidence bombardment of Si without seeding. Ion energies are (a) 500 eV and
(b) 1000 eV.

Since the SRIM calculations are believed to have limited
accuracy at low ion energies and the theoretical values of νy

and Dyy are quite sensitive to the values of a, σ , and μ used in
their calculation, we therefore consider only whether the BH
coefficients are comparable to those experimentally measured.
The calculated instability parameter νy is (1–2×10−3 nm2 s−1)
for medium bombardment angles ϕ. The value of the estimated
lateral mass redistribution term αy can be estimated using
SRIM calculations using the method outlined in [19]. The αy

coefficient decreases with increasing ion bombardment angle
and is approximately 2.5–4 × 10−4 nm2 s−1 in this angle
range. Thus the calculated value for (νy + αy) is comparable
in magnitude to the measured values of the net instability
curvature coefficient given in table 1, and we conclude that
BH agreement with experiment is reasonable. However, it
is noteworthy that the measured coefficient values show a
distinct decrease in magnitude with decreasing ϕ. Since the
BH parameter νy is relatively constant as normal incidence is
approached, this suggests that the lateral mass redistribution
term αy could be playing a somewhat larger role than the
estimates made using SRIM would suggest.

SRIM parameters can also be used to estimate the
contribution of the SES term Dyy to surface relaxation. The
SRIM values suggest that this term is of order 1×10−3 nm4 s−1

at low angles ϕ but changes sign at ϕ ∼ 40◦. The overall
magnitude is comparable to, but smaller than, that of the
experimentally observed sum of relaxation coefficients (K +
Dyy + B) in table 1. Given the inherent uncertainties in the
SRIM parameters entering into the calculation of Dyy , it is
therefore uncertain whether it is a major contributor or not.
Previous studies [19, 31] of amorphized semiconductor and

insulator surfaces have concluded that IVF plays a dominant
role. If it is assumed that it also plays a dominant role here,
equation (3) suggests that the ion-enhanced surface viscosity
ηs is of order 1012 Pa s. This is 3 orders of magnitude
larger than the value observed for the bombardment of sapphire
in [19]. However, the ion flux in that work was approximately
3 orders of magnitude larger than that used here. Therefore,
ηs approximately varies in inverse proportion to the ion flux,
as expected if ions excite local configurations allowing viscous
relaxation.

3.1.2. Nanoscale smoothing of ripples during normal-
incidence bombardment. To prepare starting samples for
these studies, Si(100) surfaces were first bombarded at 45◦ off-
normal incidence with 500 and 1000 eV Ar+ ions from the PHI
ion gun at room temperature to form nanoripples. The surfaces
were then bombarded with normal incidence Ar+ ions from
this source at room temperature; the ripples formed at 500 eV
were bombarded at normal incidence with 500 eV ions and the
ripples formed at 1000 eV were bombarded with 1000 eV ions.

Figure 4 shows the real-time GISAXS scans during
the smoothing of the ripples by 500 and 1000 eV ion
bombardment and initial and final AFM images of the surface.
The consecutive GISAXS scans of normal-incidence ion
bombardment are approximately 135 s apart. As seen in the
GISAXS scans, correlation peaks are initially observed on
each side of the specular peak, corresponding to the formation
of ripples after off-normal ion bombardment. The initial
GISAXS scans are marked in blue in figure 4 and the decay
of the intensities is shown with an arrow. As seen in the
figure, the intensities of the correlation peaks on both sides
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(a)

(b)

Figure 5. (a) Smoothening of nanoripple structure factor at two
different wavenumbers, (b) smoothing of overall surface roughness.
Lines are exponential decay fits.

of the specular peak decreased with time during normal-
incidence bombardment and at later times, the correlation
peaks almost completely disappear. This behavior is also seen
in the AFM images of figure 4; before the bombardment at
normal incidence the ripples can be seen clearly, however,
after the bombardment they are completely eroded and only
a background roughness is observed for both energies.

The time evolution of the GISAXS intensities at two
different wavenumbers is plotted in figure 5(a) for 1000 eV. As
seen in the figure, the intensities in the high-q region decay
faster than the low-q region, showing that the short length
scale ripples decay faster than the large length scale ripples.
Figure 5(b) shows the decay of roughness in time for 500
and 1000 eV, where the roughness values are calculated by
integrating the GISAXS intensities. As discussed above, the
accuracy of calculating νy from SRIM parameters is limited.
However, given the overall smoothing behavior of normal-
incidence bombardment, it appears likely that here the ion
induced lateral mass redistribution is larger than the BH
instability.

3.2. Mo-seeded surface morphology evolution

3.2.1. Qualitative features. Figure 6 shows the real-time
evolution of GISAXS scans during normal-incidence Mo-
seeded bombardment at different substrate temperatures, as
well as ex situ AFM images of the same samples after
bombardment and cooling. The consecutive GISAXS scans
are approximately 3 min apart. As can be seen in figure 6,

the overall GISAXS scans look similar for temperatures below
450 ◦C. Well-defined peaks are seen to form due to the growth
of correlated structures, i.e. nanodots, on the surface. The
correlated nanodots can be clearly seen in the AFM images.
In addition to the nanodots, a large length scale (∼100 nm)
background roughness is also observed in the AFM images.
This kinetic roughening corresponds to the shoulder peaks
observed on both sides of the specular peaks of the GISAXS
scans. As the temperature is increased, a transition region is
observed where the GISAXS scans show a different behavior
and the dots are no longer visible. At 650 ◦C, formation
of a rapidly coarsening correlated roughness is observed; it
is distinctly different than the low temperature behavior, but
similar to what we have observed at high temperatures in the
absence of seeding [34]. Since our RHEED measurements
indicate that the surface remains crystalline at 650 ◦C, we
analyze the data from this temperature separately.

3.2.2. Analysis of structure evolution—temperatures below
650 ◦C. To better characterize the evolution of the short
wavelength sample morphology, the correlation peaks in the
GISAXS scans were fit to a heuristic function—a modified
Lorentzian squared: {2Awq‖/[4π(q‖ − q0)

2 + πw2]}2,
where A, w and q0 are fit parameters related to the peak

position, qmax =
√

4q2
0 + w2/2, and the peak amplitude,

Amax = {2Awq0/[4π(qm − q0)
2 + πw2]}2. From these

fits the time evolution of the lateral length scales and the
correlation peak intensities can be obtained as seen in figure 7.
For temperatures in the range 25–350 ◦C the characteristic
wavenumbers q0 of the nanodots relax approximately to
∼0.2 nm−1 (corresponding to wavelengths of approximately
30 nm) as ion bombardment continues (figure 7(a)). The final
characteristic length scales in this range do not show significant
temperature dependence. At 450 ◦C, on the other hand, the
nanodots disappear but a correlated roughness of wavelength
of about 20 nm forms. At 550 ◦C the correlation peaks do not
grow as much as at lower temperatures and they show complex
behavior, thus the fits of this temperature are omitted here.

Figure 7(b) shows the evolution of the amplitudes of the
correlation peaks obtained from the fits. At all temperatures
there is a rapid initial increase of the amplitudes, but at
later times the growth slows and the amplitude saturates for
all temperatures except 650 ◦C. At temperatures lower than
650 ◦C, the overall behavior of the amplitude evolution is
that the saturation amplitude decreases as the temperature
increases.

The average nanodot heights formed by ion bombardment
at temperatures 25–450 ◦C can be found from the qz

dependence of the GISAXS data (not shown here). A fit of the
function f (qz) = q2

z θ I (qz) (where the factor of θ , the x-ray
angle of incidence, arises from the scattering geometry), to a
function A + B sin2(qzh) gives an estimate of surface structure
height h [27]. In the temperature range 25–450 ◦C, the average
heights of the nanodots at the end of the bombardment process
range from 0.8 to 1.7 nm as shown in figure 8. Above 450 ◦C
nanodot formation is not clearly visible.

The integrated GISAXS intensity is proportional to the
mean-square surface roughness. Figure 9(a) shows the overall
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(a) (b)

(c) (d)

(e) (f)

Figure 6. Real-time GISAXS scans and ex situ AFM images of samples bombarded at 500 eV at (a) 25 ◦C, (b) 250 ◦C, (c) 350 ◦C, (d) 450 ◦C,
(e) 550 ◦C and (f) 650 ◦C.

root-mean-square roughness evolution of the samples as a
function of temperature. For temperatures below 650 ◦C the
roughness initially grows superlinearly. After a crossover time,
the growth rate decreases and the roughness starts growing
almost linearly. As the temperature increases the overall final
roughness generally decreases, a trend reflected in the post
facto AFM measurements of figure 9(b) as well.

3.2.3. Analysis of the 650 ◦C data. The evolution of the
GISAXS structure factor at 650 ◦C, where the Si surface
remains crystalline, is shown in figure 10. It is qualitatively
different from that observed at lower temperatures, but is
similar to that observed at comparable temperatures in the
absence of seeding [34]. On crystalline surfaces some surface
diffusion processes such as step-edge diffusion barriers and
fast-edge diffusion [35] can lead to surface roughening. These
diffusion-mediated instabilities typically produce rapid power
law coarsening of the characteristic lateral length scale and
power law growth of the overall roughness. Such power law
behavior is typically associated with dynamic scaling of the
structure factor of height–height correlations:

S(q‖, t) ∝ I0 F

(
q‖
q0

)

. (5)

The individual GISAXS scans observed at 650 ◦C do
exhibit dynamic scaling, as seen in the inset of figure 10.

Due to the power law behavior, the structure factor
amplitude is expected to scale as I0 ∼ tm , where the exponent
m is the growth exponent. Figure 7(b) shows that at this

temperature the peak intensity grows in a power law behavior
with an exponent m = 0.91 ± 0.07. This is comparable to
the value of 1 seen for the case of Si without seeding [34].
The characteristic spatial length scales as q0 ∼ t−n , where
the exponent n is the coarsening exponent. Figure 7(a) shows
that the characteristic wavenumber exhibits a continuous power
law relaxation with an exponent of approximately 0.28 ± 0.10,
slightly lower than the values of 0.34–0.4 observed for Si
without seeding [34].

Analysis of the scaling relations shows that the surface
roughness grows as tβ , with β = m/2 − n. The
growth exponent β is found from the fits of the roughness
evolution (as seen in figure 9(a)) and is approximately
0.18 ± 0.06, which is equal to the value obtained during
the non-seeded bombardment [34]. Thus the seeding at this
level does not change the fundamental behavior observed
in surface morphology development during normal-incidence
bombardment at high temperatures where the surface remains
crystalline.

4. Discussion and conclusions

For off-axis low-energy Ar+ bombardment of Si, at ion
incidence angles 45◦ < ϕ < 60◦, we observe clear
ripple formation, in contrast to the results of Frost et al
[4] in which no nanostructure formation was observed in
this range. The ripple formation kinetics reported here
are in reasonable agreement with BH predictions, given
the significant uncertainties in the values of the theoretical
coefficients. Inclusion of an ion impact induced lateral
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(a)

(b)

Figure 7. (a) Wavevector and (b) amplitude evolution of the
correlation peaks of the samples bombarded at different
temperatures.

Figure 8. The final average heights of the nanodots obtained from
the GISAXS data at different temperatures.

mass redistribution term may explain the decrease in overall
instability coefficient for smaller ϕ angles. However, there
appears to be insufficient accuracy in calculations of the
relevant coefficients using SRIM parameters to make definitive
comparisons with experiment. The SES relaxation coefficient
Dyy is comparable to, but smaller than, the overall observed
relaxation coefficient which includes contributions from SD,
SES and IVF. If IVF plays the dominant role, as seems likely
from earlier work, the large surface viscosity ηs observed is
consistent with an inverse relationship between ηs and ion
flux.

(a)

(b)

Figure 9. (a) Roughness evolution of the samples bombarded at
different temperatures obtained from GISAXS scans and (b) final
roughness values from post facto the AFM measurements.

Figure 10. The GISAXS scans of sample bombarded at 650 ◦C. The
inset shows GISAXS scans after scaling to peak position and
amplitude.

The short wavelength smoothing observed during normal-
incidence bombardment of pre-existing nanostructures is
consistent with our previous report [6]. While there are also
reports of native nanodot formation in such situations, recent
concerns about inadvertent seeding suggest that this may play
a role [9, 10]. On the other hand, Ziberi et al [36] have
shown that the extent of ion beam divergence can affect the
surface morphology development. In the future, we plan to
characterize this issue with the Phi ion gun used in the native
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studies. It should also be noted that ion impact induced lateral
mass redistribution may lead to short length scale smoothing
while nonlinearities lead to long length scale roughening, as
observed in [6] and by Roy et al [37]. As is the situation for off-
axis bombardment, more work is needed to better understand
the diversity of results obtained by different groups for the
native evolution of Si during low-energy bombardment.

Molybdenum seeding clearly has a major impact
on morphology development—leading to the growth of
nanodots—in the lower range of temperatures examined. It
is notable, however, that figures 5–7 show that the average
nanodot height and overall surface roughness decrease as
temperature is increased. A similar trend with temperature was
observed by Gago et al [38], though the presence or absence
of seeding was not established explicitly there. This behavior
is opposite to the reported effects of temperature on cone
development in metals and also on microcone development
for off-axis bombardment of Si with seeding. It suggests that
the primary effect of thermal energy here is to aid surface
relaxation mechanisms, rather than to promote the aggregation
of seed atoms. If seed migration on the surface is relatively
unimportant, then this may also suggest that the mechanism
for nanodot growth is not the formation of protected regions by
clusters of seed atoms. If nanodot formation is related instead
to stress development on the surface [28], clustering of seed
atoms might not be necessary.

At temperatures sufficiently high for the Si surface
to remain crystalline (650 ◦C), it appears that seeding has
little effect on the surface evolution during normal-incidence
bombardment. Instead, as is the situation for the high
temperature unseeded case, the dynamic scaling behavior of
the structure factor suggests that an instability related to surface
diffusion processes is responsible for the formation of rapidly
coarsening nanoscale correlations.
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