PHYSICAL REVIEW B 103, 195424 (2021)

Nanoscale dynamics during self-organized ion beam patterning of Si. II. Kr* bombardment
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Understanding the self-organized ion beam nanopatterning of elemental semiconductors, particularly silicon,
is of intrinsic scientific and technological interest. This is the second component of a two-part coherent x-ray
scattering and x-ray photon correlation spectroscopy (XPCS) investigation of the kinetics and fluctuation
dynamics of nanoscale ripple development on silicon during 1 keV Ar™ (part I) and Kr™ bombardment at 65°
polar angle. Here it is found that the ion-enhanced viscous flow relaxation is essentially equal for Kr*-induced
patterning as previously found for Ar™ patterning despite the difference in ion masses. However, the magnitude
of the surface curvature-dependent roughening rate in the early-stage kinetics is larger for Kr* than for Ar™,
consistent with expectations that the heavier ion gives an increased mass redistributive contribution to the initial
surface instability. As with the Ar* case, fluctuation dynamics in the late stage show a peak in correlation times
at the length scale corresponding to the dominant structural feature on the surface—the ripples. Finally, it is
shown that speckle motion during the surface evolution can be analyzed to determine spatial inhomogeneities in
erosion rate and ripple velocity. This allows the direction and speed of ripple motion to be measured in a real
time experiment. In the present case, ripple motion is found to be into the projected direction of the ion source,
in contrast to expectations from an existing sputter erosion driven model with parameters derived from binary

collision approximation simulations.
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I. INTRODUCTION

Broad beam low-energy ion bombardment of surfaces can
lead to the self-organized formation of a remarkable range
of patterns including nanodots [1], nanoscale ripples [2], and
nanoscale pits/holes [3], as well as to ultrasmoothening [4].
Understanding the nanopatterning of elemental semiconduc-
tors, particularly silicon, is both foundational for the broader
field and of intrinsic scientific and technological interest itself.
In the case of elemental semiconductors patterned at room
temperature, the surface is amorphized by the ions and off-
axis bombardment can produce ripple patterns. Competing
theories of self-organized ion beam nanopatterning advocate
for or combine models of different physical processes be-
lieved to play important roles, including curvature-dependent
sputtering [5-7], lateral mass redistribution [8], surface dif-
fusion [7], ion-enhanced viscous flow [9], and stress-induced
flow [10-14]. Despite extensive study, there is still no agree-
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ment on which processes are dominating surface evolution in
a given situation.

This is the second component of a two-part investigation
using x-ray photon correlation spectroscopy (XPCS) to ex-
amine the evolution of average surface kinetics and surface
fluctuation dynamics during room temperature nanopatterning
of silicon by the two most widely used inert gas ions: Ar™
(part I) [15] and Kr (the present work). In this part we com-
pare observed kinetics and dynamics to that reported for Ar™
ion nanopatterning in part I in order to investigate the effect of
mass within a consistent experimental framework capable of
measuring the coefficients entering linear theory formalisms.
As noted in part I, the application of XPCS studies to surface
processes is still relatively rare and an important goal of this
work is also to explore the capabilities of the technique. In
this part we implement an XPCS approach which allows us to
measure in real time the direction and speed of propagation of
the self-organized ripples on the surface, driven by continued
bombardment.

The plan of the paper is as follows: In Sec. II below we
describe the methods used in the experiments. Section III pro-
vides a broad brush overview of the basic behavior observed

©2021 American Physical Society
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FIG. 1. Schematic diagram of the GISAXS experiment. The ion
source is placed at the polar angle 6, which causes self-organized
rippling on the silicon surface. The sample is positioned so that the
x-ray incident angle «; is slightly above the critical angle of total
external reflection. The scattering is recorded as a function of the
exit angles ay and ¥ using a 2D detector.

in the speckle-averaged x-ray intensity evolution during
nanoripple formation. The early stages of the patterning pro-
cess are analyzed in Sec. IV to determine the linear theory
coefficients which are compared with theoretical predictions
and with results from Ar" nanopatterning. Section V ex-
amines the late-stage coarsening kinetics in both experiment
and simulation while the evolution of fluctuation dynamics is
examined in Sec. VI. Section VII presents the measurement
of ripple velocity while the results and their implications are
discussed in Sec. VIIIL.

II. METHODS

As in part I of this study, experiments utilized 640 um
thick p-doped (B) Si(100) wafers cut into 1 x 1 cm? pieces
and cleaned with acetone, isopropyl alcohol, and methanol.
Samples were firmly affixed to a stage by indium bonding. To
prevent sputtering of impurities onto the surface, the sample
stage geometry was designed to ensure that nothing was above
the sample surface. The temperature of the water-cooled sam-
ple stage was monitored using a thermocouple and the stage
was electrically isolated except for a wire leading out to an
ammeter in order measure ion flux. The sample holder was
mounted in a custom UHV chamber with mica x-ray windows
and a base pressure of 5 x 1077 Torr. Samples were kept at
room temperature and bombarded with a broad beam of 1 keV
Krt ions generated by a 3-cm graphite-grid ion source from
Veeco Instruments Inc., placed at 65° ion incidence angle (6),
as indicated in Fig. 1. This ion incidence angle was chosen
because it is known to cause self-organized rippling on the
silicon surface [16]. The ion beam flux was measured to be
1 x 10" ions cm™2s~! at the operating chamber pressure of
1 x 10~* Torr. The final fluence was 3.8 x 10'8 ions cm™2.

Real-time coherent grazing-incidence small-angle x-ray
scattering (GISAXS) experiments were performed at the
Coherent Hard X-ray (CHX) beamline at the National Syn-

chrotron Light Source-II (NSLS-II) of Brookhaven National
Laboratory. The photon energy of 9.65 keV (wavelength
A = 0.1258 nm) was selected with a flux of approximately
5 x 10" photon s~! and beam dimensions 10 x 10 um?. Ex-
periments used an Eiger-X 4M detector (Dectris) with 75 um
pixel size, which was located 10.3 m from the sample. The
incident x-ray angle o; was 0.3°, which is slightly above the
critical angle of total external reflection for silicon of «, =
0.186°. The projected incident x-ray beam direction on the
sample was perpendicular to the projected ion beam direction.
This allowed scattering in the GISAXS geometry to probe
the dominant direction of ripple formation for the chosen ion
bombardment angle (£y direction in the coordinate system of
Fig. 1). The diffuse scattering was recorded as a function of
the exit angles oy and v using the 2D detector. The change in
x-ray wave vector ¢ can be calculated from those angles:

qx 1 cos(a;) — cos(ay) cos(yr)
a=ke—ki=|g | = -~ cos(ay) sin(y)
q; sin(c;) + sin(ay)

Since ¢, is small, the horizontal component g, (parallel to the
surface) can be approximated as simply g, and the vertical
component as ¢, (perpendicular to the surface). In the analysis
of this paper, we will primarily be interested in the scattering
along the Yoneda wing, which is particularly sensitive to sur-
face structure [17]. For simplicity, we use the term “GISAXS
pattern” for the one-dimensional intensity curve (g, t) ob-
tained by averaging speckles along the Yoneda wing.

It is important to note that the coordinate system conven-
tion of Fig. 1 follows that often used for GISAXS experiments
and is therefore rotated 90° with respect to the coordinate
system typically used in the ion bombardment literature. Thus,
in these experiments “parallel-mode” ripples form with their
wave vector pointing in the y direction rather than in the x
direction, as would conventionally be the situation in studies
of ion beam nanopatterning.

In order to examine the real space structure, post facto
AFM topographs were made of the sample; these show the
development of nanoscale ripples (Fig. 2). In order to quan-
titatively compare the topographs with the x-ray experiments,
the predicted GISAXS scattering patterns from the topographs
were calculated based on an equation of Sinha et al. [18],
as described in the present work’s companion paper (part I).
This approach utilizes the z component of the wave vector
change inside the material, calculated using the refracted inci-

dent o =/} — o2 and exit & = , /a7 — a2 angles. In this
paper the geometrical value ¢, is used for display purposes in

detector images since it is zero at the direct beam position on
the detector, but in the data analysis, we use q/ =0.171 nm™!
which is the average of ¢, along the Yoneda wing used in the
analysis of the x-ray data.

III. OVERVIEW

In the experiments, ion bombardment started at t =0 s
(after 100 s of static scan), and a clear correlation peak can be
seen growing around ¢ = 200 s due to the formation of cor-
related ripples on the surface. The initial peak wave number
is at gop ~ £0.26 nm~! so that the initial ripple wavelength
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FIG. 2. Top: Post facto AFM image of silicon surface. The direc-
tion of the projection of ion beam’s path onto the images is from right
to left, while that of the x-ray path is from bottom to top. Bottom:
The slope distribution calculated from the AFM image above; a
denser distribution of positive slopes indicates that the slopes on
the left side of the terraces, shown in the cross-section images, are
more defined than the slopes on the right side. The fluence was
3.8 x 10" jons cm~2.

is approximately 277 /0.26 nm~! ~ 24 nm. In Sec. IV below
we quantitatively analyze this behavior using linear theory
of nanopatterning. A typical detector pattern and GISAXS
intensity patterns at particular times in the evolution are shown
in Fig. 3. After the initial ripple formation, coarsening occurs
with the correlation peak position £¢q shifting to a smaller
wave number. The coarsening proceeds at an ever decreasing
rate and, by the end of the experiment, the average GISAXS
pattern changes only slowly; the final ripple wavelength cal-
culated from the correlation peak position was approximately
27/0.23 nm~! &~ 27 nm.

IV. SPECKLE-AVERAGED EARLY-TIME KINETICS

As discussed in part I, at early stages of nanopatterning,
when surface slopes are small, a linear stability analysis can

be applied to determine some of the coefficients in theories at-
tempting to describe the process. This linear theory applied to
surface evolution during ion bombardment takes the form [7]

dh(q, 1)
ot

where h(q, t) is the Fourier transform of the surface height
h(r,t), R(q) is the amplification factor, and 7(q,t) is the
Fourier transform of a stochastic noise. The amplification
factor can be determined experimentally by measuring the

= R(Q)h(q, 1) + 7(q, 1), 2)

speckle-averaged height-height structure factor evolu-
tion [19,20]:
I(q,1) = (h(q, 1) h"(q. 1))
n n
= 1(q>+—>e2’“‘“‘——, 3)
<° 2R(q) 2R(q)

where n is the magnitude of the stochastic noise:
(n(r,OHn(’, 1)) =nd(r —r")8(t —t"). The amplification fac-
tor differentiates surface stability or instability; a positive R(q)
at a given bombardment angle drives exponential amplifica-
tion of modes of wave vector q resulting in surface instability,
while a negative R(q) damps fluctuations and stabilizes modes
of wave vector (.

To determine R(q. ~ 0, g;)) = R(q,), the intensity values
I(q,t) at each wave number were averaged over 5 detector
pixels in the g, direction and 100 pixels in the ¢, direction
to remove speckle from the coherent scattering pattern. The
temporal evolution of each wave number bin was then fit with
a function of the form (g, t) = a(q))e*R9" + b(g), with
a, b, and R being the fit parameters for each g, bin (Fig. 4).

In the literature, the amplification factor is usually taken to
have a form

R(q)) = =S, q; — Bgj, 4)

where S, is a coefficient of curvature-dependent surface evo-
lution and B is a coefficient of ion induced surface viscous
flow smoothening [7,9]. As seen in Fig. 4, Eq. (4) fits R(g)))
well within the range of wave numbers measured. The bumps
in R(g)) at low g)’s on each side of the GISAXS pattern
are assumed to be due to overlap with tails of the specularly
reflected x-ray beam and are not included in the R(g))) fitting.
Fit values are S, = —0.81 nm?s~! and B = 7.1 nm*s~!. The
fastest growing wave number according to the linear theory
shoulq be qﬂ"‘" =, /. ISy|/(2B) =.O..24 nm~!, which is consis-
tent with the early time peak position of the GISAXS profile.

Comparisons between the fit parameter results found here
for Kr* and those found earlier for Ar™ patterning from part
I of this work are shown in Table I. The ion-enhanced viscous
flow parameter B is very similar, suggesting that the deposited
energy is more important in determining viscous flow than is
the momentum. Moreover, as discussed in part I, this magni-
tude of ion-enhanced viscous flow is consistent with previous
measurements and with expectations if the effective viscosity
is inversely proportional to ion flux, as discussed in Norris
et al. [20].

The similarity in the viscous relaxation parameters B for
Kr* and Ar" shows that the differing curvature coefficient S,
between the two ions is the factor determining the difference
in initial ripple length scales. In particular, the magnitude of
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FIG. 3. Left: A typical detector scattering image during the nanopatterning. The Yoneda wing, spread across ¢. =~ 0.39 nm~!, is the highly
surface-sensitive scattering exiting the sample at the critical angle «,. Correlation peaks at ¢ =~ £0.24 nm~! are due to the formation of
correlated nanoripples on the surface. Right: Evolution of GISAXS pattern obtained by averaging across the Yoneda wing, as indicated by the

dotted box in the left diagram.

the (negative) curvature coefficient increases on going from
Art to Krt.

For theoretical comparison with the measured S, we exam-
ine the erosive formalism of Bradley and Harper [7] and the
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FIG. 4. Bottom: Simple exponential linear theory fits of intensity
1(t, q)) for different g,. Fitting cut-off times were determined by the
criterion that the reduced x? of the fit be approximately one. Top:
Amplification factors R(g) extracted using the linear theory analysis
with fit using Eq. (4).

redistributive formulism of Carter and Vishnyakov [8], while
acknowledging that stress-driven theories offer competing
views [10—-14]. The erosive and redistributive contributions
to S, can be estimated following the general approaches of
Bobes et al. [21] and Hofsédss [22] using SDTrimSP [23]
binary collision approximation simulations. These give an
erosive contribution S7™* ~ 0.48 nm?/s and a redistributive
contribution S;edi“ A~ —1.83 nm?/s, for a total Sye“’errediSt ~

—1.35 nm?/s. This is somewhat larger than the measured
value of —0.81 nm?/s, but estimates of the parameters enter-
ing theory must be considered approximate. It is noteworthy
that these theoretical values of S) show the same trend as the
experiment in going from the Ar™ projectile (discussed in part
I of this work) to Kr™. The calculations suggest that the key
difference in the S, values comes from the increased lateral
mass redistribution for the higher mass/higher momentum
Kr* (with S1*4 ~ —1.83 nm?/s) ion as compared to Ar*
(9t & —1.39 nm?/s). Separately, a different approach to
calculating the curvature coefficient [24] using the PyCraters
Python framework [25] for crater function analysis on the
SDTrimSP results gives Si°*! ~ —0.73 nm? /s, much closer to
our measured value.

V. SPECKLE-AVERAGED LATE-TIME KINETICS
AND POST FACTO AFM

With time, the ripple correlation peaks shift inward with
an ever decreasing rate, showing that the spatial structure

TABLE I. Comparative linear theory analysis results.

S) B qmax
Ton species (nm?s~ 1) (nm*s™1) (nm™)
Art —0.47 7.27 0.18
Kr* —0.81 7.06 0.24
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FIG. 5. Coarsening slows in the late stage of patterning. The inset
shows a log-log plot of the correlation peak position g as a function
of time.

coarsens. Beyond ¢t = 1000 s, the GISAXS pattern changes
very little—the peak moves only a few pixels as shown in
Fig. 5. While the range of timescales available is too limited to
make a definitive statement about the nature of the relaxation,
the peak motion can be fit as a weak power-law evolution.
At late times, it is well known that the ripples begin to form
asymmetric sawtooth structures. As a result, the scattering
pattern becomes asymmetric [26,27]. Here it is observed in
Fig. 3 that the correlation peak at +¢y grows slightly higher
than the one at —qq. More insight comes from the post facto
AFM topograph, which shows the asymmetric structure, as
evidenced by the cut through the topograph and the slope
analysis shown in the slope analysis shown in Fig. 2. The slope
analysis also shows that the positive slopes are more uniform
in angle distribution than are the negative slopes.

Simple calculations of the scattering expected from a saw-
tooth structure show that, if the positive terrace slope is larger
in magnitude than the negative terrace slope on the structure,
the positive g peak should be higher, as observed. In this case,
the negative terrace slope is facing the incoming ion beam.
Such calculations also show that harmonic peaks should exist
at +2¢qo, with the peak at —2¢( higher than the one at +2¢j.
While the harmonic peaks are off the detector, the increase in
intensity on each side of the detector is leading up to them,
with the increase higher on the negative side as expected from
the calculations.

VI. SPECKLE CORRELATION STUDY
OF FLUCTUATION DYNAMICS

Although the speckle-averaged GISAXS pattern shows the
average kinetics, the strength of coherent experiments lies in
their ability to measure temporal correlations of the detailed
speckle pattern, illuminating the underlying fluctuation dy-
namics. The two-time correlation function (TTCF) measures
how the structure on a given length scale changes between
time #; and time #, as the sample evolves:

(g, t)I(g), t2))
(I(q, tO) (g, 1))’

where the angular brackets denote an average over equivalent
q)| values and the denominator values can be considered as

Clq,t1,n) = &)

Two-time correlation at g, = -0.202 nm~!

1.20

1.15
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FIG. 6. Evolution of a two-time correlation function (TTCF) at a
wave number near the scattering peak go. The surface was originally
smooth with little scattering; the ion bombardment started at = 0 s
(after 100 s of static scan indicated by gray area). The inset shows
KWW fits to diagonal cuts of the TTCF as discussed in the text.

speckle-averaged intensities one would have obtained using
noncoherent scattering.

TTCFs are shown in Fig. 6 for a wave number g near
the scattering peak. The central diagonal ridge of correlation
going from the bottom left to top right indicates the high
correlation expected for #; & ;. One way to understand how a
surface changes on a given length scale is by observing the
width of the central correlation ridge, which is a measure
of correlation time on the surface. As seen in Fig. 6, near
qo, the width increases continuously during the experiment.
However, as discussed below, at wave numbers away from
qo, the TTCF width initially increases rapidly but gradually
approaches an approximate steady state.

Quantitative measurement of the evolving dynamics is
made by taking diagonal cuts through the central ridge at
a constant average bombardment time T = (¢; + #,)/2 as a
function of At = |, — t,] at each wave number g;. The decay
in correlation with time is fit with the Kohlrausch-Williams-
Watts (KWW) form [28]:

At ynlg)))
_Ar_ynq)
P

-2
& (g Aty = b+ Be T 6)

where 1(g)) is the fit correlation time, and n(g)) is a fit
exponent which shows whether the relaxation is a simple
(n = 1), stretched (0 <n < 1), or compressed (n > 1) ex-
ponential. b is the baseline, which was set as 1 or allowed
to vary between 0.9 and 1.1. B(g)) describes the contrast,
which depends on experimental factors including the effective
resolution of the experiment. The magnitude of the central
diagonal ridge of correlations in Fig. 6 increases with time,
indicating an increasing contrast. This is probably because
background incoherent scattering (e.g., from slits or windows)
causes the apparent contrast to decrease at early times when
the scattering from the sample is relatively small. As ripples
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FIG. 7. KWW equation fit results for diagonal slices through the TTCF’s during nanopatterning. During the time period shown, the peak
position decreases from gy ~ 0.25 nm~! to ¢p ~ 0.22 nm~!. Left: Evolution of correlation time (g ). Right: Evolution of exponent n(g)) at
wave number ¢o = 0.21 nm~!. Different adjacent time averaging was performed here to highlight the quick transition of n(g)) from 1 to a

value of 1.6-1.8.

form on the sample, the scattering from the sample increases
and the apparent contrast approaches its limiting value.
Finally, to improve statistics for the fits to Eq. (6), results from
410 s around the central mean growth time 7" were chosen for
averaging.

Figure 7 shows the evolution of t(g;) and n(g) for se-
lected wave numbers. Near the peak wave number go, T(g))
increases continuously. The exponent n(q)|) rapidly increases
from approximately one, indicative of simple exponential de-
cay, to a value of 1.6-1.8, showing compressed exponential
behavior. Away from ¢, the 7(g)) values initially increase
but then seem to relax to a steady state.

Figure 8 complements Fig. 7 by showing the behavior of
7(q))) for selected times. It is seen that the 7(g)|) values near
the scattering peaks £¢qq grow strongly to become much larger
than the relaxation times at other wave numbers. Starting at
T =852 s, it is observed that t(g)) is asymmetric, being
higher at +¢go than at —qo.

More detail can be obtained from averaging over larger
time periods of 7 = 200-450 s, 650-900 s, and 1400-1650 s,
i.e., mean T = 325,775, and 1525 s, using the autocorrelation
function:

(I(qy, tHI(qy,t' + At))
{I(g)? '

The angular brackets indicate a time averaging over ¢’ and
equivalent g values. The g>(g, At) functions were fit with
the KWW form Eq. (6) to obtain 7(g)) and n(g)) values.
Plots of experimental 7(g)) and n(g)) are shown in Fig. 9.
The trends seen in Fig. 8 are confirmed and amplified. Now it
is more evident that the correlation time 7 (g)|) is asymmetric.
The asymmetry is in the the opposite direction of the relative
peak intensities. In addition, from the upturn in 7(g)) near
the detector edges, it appears that there is also a peak in
7(q)) at the harmonic peaks £2¢q. Near the primary peaks,
n(q)) > 1, so that the relaxation is compressed exponential,

g(q), At) = N
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FIG. 8. Plots of 7(gq) at different bombardment times 7 obtained from the KWW fits of TTCF diagonal cuts. Near the origin, the
correlation times can be unreliable due to overlap between the scattered signal and the tail of the specular reflection. The fit value of 7 at

the origin is quite high, perhaps as a result of this.
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FIG. 9. Fit values of correlation time 7(g);) (left) and exponent n(g,) (right) for selected bombardment times 7" with larger time averaging
and use of the autocorrelation function in Eq. (7). For comparison, the GISAXS pattern is shown on a logarithmic intensity scale.

as noted before. At higher values of g, n(g)) decreases to
below one, indicative of stretched exponential behavior. All
of these behaviors are similar to those observed in part I of
this work for Ar™ nanopatterning of Si.

VII. RIPPLE VELOCITY ANALYSIS

Following their self-organized growth, ripples can move
across the surface, driven by the continued ion bombard-
ment [29]. For uniform motion of waves or a uniform flow
pattern, homodyne x-ray scattering cannot detect the motion
except perhaps due to small edge effects. However, following
the work of Lhermitte et al. with fluid flow [30], we have
shown in Mokhtarzadeh et al. [31] that the ripple flow can
be measured as systematic speckle motion on the detector if
the ripple velocity field is inhomogeneous.

For self-organized silicon nanopatterning at room temper-
ature, surface evolution is driven by the ion beam, so the
local ripple velocity is expected to be proportional to the local
ion flux. The contribution to the velocity of ripples due to
angle-dependent sputter erosion is [7,29]

dy (9) .
v, (0)=—-FQ [COS@T — Y(Q)s1n9:|,

®)
where Y (9) is the angle-dependent sputter yield, F is the ion
flux, and €2 is the atomic volume. The accuracy of Eq. (8) has
been the subject of some controversy. Given typical shapes
of the sputter yield Y (0), Eq. (8) predicts that there is a
crossover bombardment angle 6., below which ripples move
into the projected direction of the ion beam, and above which

they move away from the ion beam. The exact value of 6,
depends sensitively on the detailed form of Y(0). A num-
ber of FIB/SEM studies using Ga™ ions have found ripple
motion in the opposite direction to what is expected from
the equation [29,32-35]. However, Hofsiss et al. [36] mea-
sured the ripple velocity during 10 keV Xe™ irradiation of
Si using fabricated marker grooves with ex situ SEM and
found the predicted transition from ripple movement into the
beam to the opposite direction with increasing bombardment
angle.

If the ion flux F is inhomogeneous, then Eq. (8) shows
that the ripple velocity is as well. For the present studies, a
highly focused 10 x 10 wm? x-ray beam was used. However,
in the coordinate system of Fig. 1, the x-ray footprint on the
sample is elongated by a factor of 200 in the x direction by the
grazing incidence geometry. Therefore, given the small size
of the x-ray beam, only the variation in ion intensity along
the x direction is important. In earlier work [31] we had ex-
amined the case in which the ion beam is centered within the
x-ray footprint. That presented complexities however, which
limited our ability to definitively analyze the results. In the
present experiment, the center of the x-ray beam is outside the
x-ray footprint and we can successfully analyze the resulting
data assuming a simple uniform gradient of ion flux in the x
direction, and thus a uniform gradient in ripple velocity v, (x)
in the flow pattern sampled by the x-ray footprint. A second
effect of a gradient in ion flux is an x gradient in the erosion
rate of the material v,(x). Note that, in the coordinate system
of Fig. 1, the erosion velocity is negative. It is related to the
sputter yield by v,(x) = —F (x)Q2Y (8) cos 6.
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In general, a uniform gradient in velocity can be written:
v(r)=vo(r)+T-r, C))
with I' being the velocity gradient tensor. Fuller et al. showed

that, as a result of the flow pattern, speckles move in reciprocal
space as [37]

dq_

=-T".q. 10
r q (10)
In the geometry of the present experiment, this gives
dq
dtx (1) = =Ty ()q —T:(t)q:, (1D

where we have explicitly included the possibility of a time
dependence to the speckle velocity in writing d g, /dt(t). Here
I'y(t) = Avy(x,t)/Ax is the (time-dependent) x gradient in
the ripple velocity and I',(t) = Av,(x,t)/Ax is the (time-
dependent) gradient in (negative) erosion velocity.

On the detector, speckle motion in the x direction shows
as vertical movement. Indeed, as discussed below, this be-
havior is observed in the data and supports the supposition
that there is a simple unidirectional gradient of ion flux across
the footprint of the x-ray beam in the x direction. This is also
an important difference from our earlier work of Ref. [31] in
which a highly focused ion beam was used so that the x-ray
beam straddled both sides of the ion beam distribution. As
shown below, the present experimental arrangement allows
us to determine both the direction and speed of the surface
ripples.

In order to track speckle motion with time, cross correla-
tions within a region of interest on the detector at different
times #; and f, were calculated:

FHFU@) © Fl@)T')

CC[q’ I(tl)v I(tZ)] = F_l{f[I(II)]} @Jl—_-_l{f[l(tz)].*_}(ﬁlz)

where © indicates a pointwise operation, and F and F~!
indicate forward and inverse Fourier transforms. Two cross-
correlation results are shown in the top of Fig. 10, where the
peak of cross correlation moved spatially, indicating speckle
movement. In order to track the motion with subpixel resolu-
tion, a three-point quadratic function was first used to fit the
peaks: f(x,y) = a(x — xo)*> + b(y — y0)* + c. For example,
by choosing three points that include the peak in the horizontal
aXiStObef—l = f(x - 17)’)7 fO = f(x,y), fl = f(x+ lvy),
we have a = (f-1 + fi —2/0), x0 = (f-1 — fi)/(4a), ¢ =
fo — ax}. Fitting the spatial correlation in both x and y direc-
tions, it is possible to track the correlation peak’s xy and yo
positions.

As shown in the bottom of Fig. 10, speckles move verti-
cally upward on the right side of the detector (i.e., for positive
q))) and vertically downward on the left side (i.e., for negative
q))- There is no horizontal movement. To determine the I'y
and I', parameters, the observed speckle motions were used to
calculate dg,/dt. Since the x component of the photon wave
vector k, is conserved across the material surface, calculation
of g, using Eq. (1) simply uses the geometric scattering angles
without refraction effects. Figure 11 shows that the magnitude
of dq./dt decreases steadily during the experiment and is
nearly zero by the end. The analysis presented here uses data
at g = £0.229 nm~!, but analyses were also performed at
several other g values and produced the same results.
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FIG. 10. Top: Cross-correlation analysis to track speckle move-
ment. CC(ly, lp+») is the cross correlation between the intensity
pattern at bombardment time ¢ = 290 s in a region of interest, de-
noted Iy, and the intensity pattern of that region a time m seconds
later, denoted Iy.,,. The change in position of the cross-correlation
peak from its original relative position at the origin shows how much
speckle has moved between the two times. Bottom: Resulting time
dependence of speckle positions relative to an initial position at
time 290 s. The regions of interest analyzed were at 40.229 nm™!
and various ¢ as noted. Note that the zero level corresponds to the
starting position for each individual ¢, and thus the absolute pixel
value (not shown) varies from one g to another.

To gain further insight, we take advantage of the structure
of Eq. (11) to isolate the effects of the two different parameters
I'y(t) and I';(¢) by adding and subtracting motion dg,/dt at
pairs of detector points having equal g, but opposite g :

L2 g = 2% gt ao | = 0@l
2| ar q1s 9z di qil-49z) | = ylql,

1[dg, dqx
E[d—qt(+|61||qu) + d—qt(—lf]quz)} =-T:0)g. 13)

Figure 12 shows that the magnitude of the difference in
dq,/dt between the two sides decreases steadily during the
experiment, clearly indicating that the magnitude of the gra-
dient velocity I'y(t) = Awvy(x, )/ Ax is decreasing with time.
The summed dg,/dt is noisier, but its magnitude is also de-
creasing throughout the experiment, suggesting that I',(r) =
Av,(x,1)/Ax is also decreasing. As seen in Eq. (8), the ripple
velocity is proportional to the ion flux so the most prosaic
explanation for these observations is that the ion flux profile
F(x) is changing slightly over time, becoming more uniform.
This explanation suggests that I'y o< T';.
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FIG. 11. Speckle velocities ddij as a function of time on the right
side of the detector at ¢;; = +0.229 nm~! and on the left side of the
detector at g = —0.229 nm~'. For each ¢, behavior is shown at
three different g values. The solid lines are from a simultaneous fit
using the quadratic function of time discussed in the text.

In fitting the observed temporal evolution of dg,/dt to
Eq. (11), the shape of the curves in Figs. 11 and 12 leads
us to fit I'y(¢) as a quadratic function of time, i.e., I'y(t) =
ap + a;(t — 290 s) + ax(t — 290 s)2. This, in addition to the
requirement that the two I'’s are proportional, i.e., [',(f) =
kT (1), gives a total of four fit parameters (ap, a;, a», and
k) to simultaneously fit all of the speckle motion data. The
lines in Figs. 11 and 12 are the resulting fits. The fit pa-
rameters are: g = —1.49 x 1077 s7 !, q; = 2.87 x 10710572,
ay=—1.67x 1073573 and k = —7.63 x 1072

At the earliest time shown, 290 s after the beginning
of bombardment, I', = 1.14 x 1078 s~!. If the gradient in
erosion rate is indeed due to a slight inhomogeneity in ion
flux, then the flux inhomogeneity can be calculated from
I, = Av,(x)/Ax = —[AF (x)/Ax]Q2Y (8) cos 6. The sputter
yield at 65° as calculated by SPTrimSD is Y (6 = 65°) =
4.36, which then gives an ion flux gradient AF(x)/Ax =
—3.1 x 10" (ions/cm?s)/mm. Given the average incident
flux 1 x 10" ions/cm?s, this corresponds to ~3% ion flux
gradient in 1 mm.

The negative sign of I', shows that the negative gradient
in ion flux leads to a negative change in v, with increasing x
coordinate. As shown in Fig. 13, this is only possible if the ion
flux causes the ripples to move in the positive y direction, i.e.,
in the direction heading into the oncoming ion beam. Thus the
the ion bombardment angle 6 = 65° is found to be below the
transition angle 6,.

Mathematically, the ratio of ripple velocity to flux is found
to be

vy (x) _ Avy(x)/Ax . r,
F(x) AF(x)/Ax (r_z

_ QY(9)cos(®) _j5(m ion
N k = 4810 (s)/(cm%)

(14)

)QY(@) cos(6)

x10~%
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o . 2 2
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n 31 3
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£
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FIG. 12. The difference (top) and summation (bottom) of
dq./dt between the two sides of the detector (i.e., between g, =
+0.229 nm~! and g, = —0.229 nm~!) using Eq. (13). The solid lines
are from the single simultaneous fit using the quadratic function of
time discussed in the text.

where the fit value of k& from above and Y (6 = 65°) =
436 from SDTrimSP are used. With the average flux
of 1x 10" ions/cm?s, Eq. (14) yields a ripple velocity
of 4.8 nm/s.

Option 1: Option 2:

Ripples

FIG. 13. Explanation of the determination of ripple velocity
direction. Red vectors are ripple velocities with negative T'y =
Avy/Ax. The measured positive I, value means that ion flux F
decreases with increasing x coordinate as shown with the gradient
in grayscale. Since flux F' o< |vy|, only option 1 is possible.
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VIII. DISCUSSION AND CONCLUSIONS

Comparison of the present results from Kr™ nanopatterning
of Si with those from Ar™ nanopatterning presented in part I
is instructive. As noted in Sec. IV, the ion enhanced viscous
flow relaxation in the two cases is essentially equal. Thus the
change in ion mass at constant energy does not seem to effect
the activation of such relaxation mechanisms. The curvature-
dependent term, however, increases in magnitude in going
from Ar™ to Krt in a manner consistent with expectations for
increased lateral mass redistributive processes for the heavier
ion with its larger momentum.

As found also for Ar* nanopatterning in part I of this work,
there are strong relationships between the correlation time
7(gq) and the surface structure as measured by the scattering
pattern. Figure 9 shows that, near the peak wave numbers £¢q,
the scattering intensity initially grows much more rapidly than
does the correlation time 7, but that at later times the intensity
grows only slowly while t continues to grow significantly.

Beyond the initial ripple growth process, the relaxation of
fluctuations is found to be compressed exponential near the
peak wave number gy and stretched exponential at higher
wave numbers |g)|. As discussed Ref. [38] and in part I of
the study, compressed exponential behavior at short times At
in both soft materials [39] and metallic glasses [40] has been
attributed to collective ballistic flow of local structures due
to internal stress relaxation. Some theoretical approaches to
understanding ion beam nanopatterning use fluid dynamic
models with stress relaxation as a driving force [10—14]. These
might provide a direct connection between the compressed
exponential behavior of ion beam nanopatterning observed
here and that observed in glasses.

A significant step forward in the present work has been
the demonstration of using speckle motion to reveal detailed
information about the sputter erosion rate and ripple velocity.
The approach developed here is a real-time measurement ap-
plicable to surfaces with even short ripple wavelengths, and
offers the possibility of wide applicability. Higher accuracy
could likely be achieved by using a larger flux gradient.

For the particular case of self-organized Si rippling by
1 keV Krt bombardment, this study finds that the ion in-
cidence angle of 65° is below the transition angle of ripple
velocity 6.. Calculation of Eq. (8) using Y (6) values from
SDTrimSP gives a predicted transition angle 6, ~ 58°, in con-

flict with the measurement. In addition, for angles below 6.,
use of SDTrimSP Y (6) values in Eq. (8) gives a maximum
ripple velocity that is approximately an order of magnitude
smaller than the velocity measured here. In light of these re-
sults, it is noteworthy that the ripple motion measurements of
Hofsiiss et al. [36] for 10 keV Xe™ patterning of Si, found that
the experimental 6, was also slightly higher than predicted by
Eq. (8) and found a speed at 6 = 62° that was larger than the
maximum predicted for 6 < 6,.

In some theories, stress effects play a significant role in de-
termining the ripple velocity [41]. It may be possible that their
inclusion would produce better agreement with experiment,
though the relevant example calculations of Ref. [41] would
seem to decrease, rather than increase, the transition angle 6,.
It would be quite interesting to investigate this further with
measurements at multiple ion incidence angles. In addition, it
is believed that the ripple velocity may change, and possibly
reverse sign, as sawtooth patterns evolve at later bombardment
times than those examined in this study [42]. The real-time na-
ture of the speckle motion technique developed here would be
ideal to investigate the existence and nature of such behavior.
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