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Roughening Instability and Evolution of the Ge(001) Surface during Ion Sputtering
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We have investigated the temperature-dependent roughening kinetics of Ge surfaces during low ener-
gy ion sputtering using energy dispersive x-ray reflectivity. At 150°C and below, the surface is amor-
phized by ion impact and roughens to a steady state small value. At 250 °C the surface remains crystal-
line, roughens exponentially with time, and develops a pronounced ripple topography. At higher temper-
ature this exponential roughening is slower, with an initial sublinear time dependence. A model that
contains a balance between smoothing by surface diffusion and viscous flow and roughening by atom re-
moval explains the kinetics. Ripple formation is a result of a curvature-dependent sputter yield.

PACS numbers: 61.80.Az, 61.80.Jh, 68.10.Et, 81.60.Cp

The evolution of surface morphology during deposition
or sputtering of surfaces is the result of a balance be-
tween multiple roughening and smoothing processes. Sto-
chastic addition or removal of material tends to roughen
the surface while transport driven by surface energy
minimization tends to smoothen the surface. Determin-
ing the dynamic response of the surface can provide im-
portant insight into the interaction of these various sur-
face processes. Conversely, understanding the interaction
among these various surface processes is essential to the
atomic-level control of surface morphology.

Recent advances in scanning probe microscopies have
greatly enhanced our understanding of roughness [1].
However, kinetic studies of the roughening process with
this approach are very difficult. Although the various
continuum theories of surface evolution predict scaling
laws in both the spatial and temporal domains [2,3], most
work thus far has concentrated on the development of
spatial correlations.

There have been some recent reports of surface
roughening kinetics measured by other techniques. Zuo
and Wendelken [4] have used low energy electron dif-
fraction to examine the evolution of Cu surfaces during
growth; An et al. [5] have used spectroscopic ellipsometry
to measure surface roughening as a consequence of clus-
ter nucleation in amorphous Si film growth. X-ray re-
flectivity has also been shown to be a sensitive probe of
surface roughness; several studies of roughening kinetics
have been reported for synchrotron-based experiments
[6,7]. Recently, we have developed an x-ray reflectivity
technique that allows us to rapidly measure surface
roughness with conventional x-ray sources [8,9].

In this work, we present kinetic measurements of ion-
induced roughening and smoothing of Ge(001) surfaces
over a range of temperatures from 150 to 350°C. We in-
terpret the kinetics in terms of a linear model of the sur-
face evolution which includes a curvature-dependent
roughening term, and surface transport processes which
smoothen the surface. The roughening process leads to a
surface instability which favors the exponential growth of
a selected range of spatial frequencies. We also show
that surface transport processes depend on material struc-
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ture. Surface diffusion is the primary smoothing mecha-
nism on crystalline surfaces, while viscous flow is dom-
inant for amorphous surfaces.

We perform the x-ray reflectivity measurements on a
rotating-anode-based in situ energy dispersive reflectom-
eter. Details of this technique have been published else-
where [9]. Low energy ions are incident on the sample at
an angle of 55° from normal, and along a (110) azimuth;
the x rays are incident along a (100) azimuth. All experi-
ments in this study use 1 keV Xe, with typical flux in the
range 10'2-10"3 cm 725 ™', A RHEED system (reflec-
tion high energy electron diffraction) in the sputtering
chamber is used to determine the crystallinity of the sub-
strate after ion bombardment.

Analysis of the reflectivity spectra is performed by
fitting the experimental data to the reflectivity calculated
from the Fresnel equations, including a Debye-Waller
type factor to account for the surface roughness [10].
Assuming a Gaussian form of the surface electron density
gradient we obtain a roughness parameter o, the variance
of the surface height profile. Typical measurements on
as-prepared samples, before sputtering, give o=~ 0.1 nm.
The spectra were not corrected for off-specular back-
ground since measurements indicated this effect was not
significant for the degree of roughness studied here.
Measurements of in-plane structure are performed with a
Digital Instruments Nanoscope III atomic force micro-
scope (AFM).

The evolution of the roughness parameter at different
substrate temperatures during Xe bombardment is shown
in Fig. 1. In each case the flux is identical (2.5x10'?
cm ~%s "), Three distinct regimes of roughening are ob-
served as a function of temperature. At the highest tem-
perature shown (350°C), the surface is seen to roughen
slowly with a time dependence that is sublinear. At lower
temperature (250°C), the surface roughens exponentially
with time. However, at still lower temperature (150°C).
the surface roughness reaches a steady-state value that
does not increase even after prolonged sputtering.

RHEED measurements after sputtering indicate that
the surface remains crystalline during sputtering at
250°C and above, while at 50°C and below the surface
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FIG. 1. Ge surface roughening kinetics at substrate tempera-
tures of (a) 350°C, (b) 250°C, and (c) 150°C. The ion beam
is 1 keV Xe with a flux of 3.2x10'2 cm “2s~'. Solid lines are
the results of model calculations based on Eq. (5).

becomes amorphous. This is consistent with previous
studies of ion-induced amorphization [11]. To further in-
vestigate this sensitivity of the roughening kinetics to
structure, we sputter the surface in the sequence shown in
Fig. 2. Initially, the substrate is bombarded at 300°C.
As in Fig. 1(b), the surface remains crystalline and
roughens rapidly. The sputter-roughened sample is then
allowed to cool and is bombarded again at room tempera-
ture. The surface amorphizes and the roughness de-
creases exponentially with time, clearly demonstrating
differing roughening and smoothing kinetics depending on
the crystalline nature of the surface.

To determine the in-plane structure of the ion-
roughened surface, an AFM topograph was obtained
from the Ge surface after irradiation at 300°C and a
fluence of 1.0x10'" cm ~2 and is shown in Fig. 3. Figure
3(a) shows a line scan taken along the direction of the ion
beam on the surface [indicated by the solid line in Fig.
3(b)]. A surface periodicity with wave vector parallel to
the ion beam direction is discernible, with wavelength on
the order of 200 nm. The rms roughness as measured by
the AFM over various 1 um? sections of the surface is
1.1+0.1 nm, in good agreement with the value of 1.2
%+ 0.05 nm obtained from the x-ray measurement.

An adequate model of the surface morphology must ac-
count for the kinetics of roughening and smoothing of the
surface, the temperature-dependent roughening rate, and
the observation of a preferred orientation and period of
the surface ripple structure. The evolution of an arbi-
trary surface can be understood most easily in terms of its
spatial frequency spectrum,

h(q,t)=fg(r,t)exp(—iq-r)d?r,

where g(r,?) is the distribution of surface heights relative
to the average, q is the surface wave vector, and h(q,?) is
the spectrum of spatial frequencies contained in the sur-
face structure. The measured mean square roughness,

9 MAY 1994
2L a00°c C
= | 300° 25
E 1o} R A
(7] o
3 08 ° %90
c ° )
=y o
2 os} ° °°
o o
[0
o 04+ 00 \%
o o
£ ,,,,49
3 0.2
2]
00 1 1 1

1
0 5 10 15 20
Fluence (10'6/cm?)

FIG. 2. Effect of surface crystallinity on roughening and
smoothing kinetics. The sample is initially bombarded with 1
keV Xe at 300°C and a flux of 5.6x10'* cm ~2s~!; surface
remains crystalline during bombardment. After roughening at
300°C, the sample is cooled to room temperature and subse-
quently bombarded with the same energy ion beam at a flux of
3.7%10'2cm ~2s 7!, surface amorphizes during bombardment.

o?, is related to the spatial frequency spectrum by

o0 = [ |n(q,0)1%%/L?, 0

where L is the lateral coherence length of the measure-
ment. L is in the range 0.5-1.5 um for the results dis-
cussed here.

The evolution of h(q,t) is determined by a number of
roughening and smoothing processes. We consider the
smoothing processes first. For the present work we limit
these mechanisms to viscous flow and surface diffusion.
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FIG. 3. (a) AFM line scan and (b) topograph of Ge surface
after 1 keV Xe ion bombardment at 300°C. Sample was sput-
tered for 370 min with an incident flux of 4.8x10'2 cm ~2s~!,
The solid line in (b) indicates the incident direction of the ion
beam and the direction of the line scan in (a).
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A periodic structure will decay according to [12,13]
dlh(q,0)|*/dt=—(Fqg+Dq*)|h(q,1)|?, ()

where F=y/n and D=2D;yQ*v/kT. Fq is the rate of
relaxation by viscous flow and Dg? is the rate of relaxa-
tion by surface diffusion. 7 is the viscosity, D; is the sur-
face diffusivity, Q is the atomic volume, and v is the
number of atoms per unit area of surface. The driving
force for relaxation by both viscous flow and surface
diffusion is reduction of the surface free energy, y. The
different dependence of these relaxation rates on the mag-
nitude of the surface wave vector g shows that short
wavelength surface features decay more rapidly by sur-
face diffusion while viscous flow is more effective in the
decay of long wavelength features.

Roughening of the surface is associated with material
removal by sputtering. There is a stochastic roughening
process, due to the random arrival of the ion at the sur-
face. Assuming a Poisson-like process, this term, a, is ex-
pected to be independent of spatial frequency and ampli-
tude (assuming no shadowing effects, which is appropri-
ate for the amplitude of roughness discussed here).
There is also a structure-dependent roughening term, first
proposed by Bradley and Harper [14]. Using a calcula-
tion of sputter yield due to Sigmund [15], they recognized
that the sputter yield depends on the surface curvature.
This leads to a roughening term that is second order in g:

d\h(q,0)|*/dt =Sq?|h(q,1)|?. (3)
where
S=f1A4,cos?(¢)+ A,sin?(¢)]

and f is the ion flux, and ¢ is the azimuthal angle be-
tween the incident ion direction and the surface wave vec-
tor g. A, and A, are the curvature-dependent sputter
yield coefficients, which depend on the range and lateral
extent of energy deposition and on the angle of incidence.
At the angle of incidence used in this work, we expect
A;> A2> 0, so that surface features of all frequencies
will grow exponentially, and are expected to have wave
vectors in the same azimuthal direction as the ion beam.

The curvature-dependent effect results from the fact
that the power deposition which causes sputtering is max-
imized below the surface. As a result, ions incident on a
peak are likely to sputter atoms from the neighboring
slopes, while ions incident on a trough are likely to
sputter atoms near the trough. This model requires that
the depth of energy deposition be much less than the ra-
dius of curvature of the structure. The estimated ion
depth is approximately 2 nm, much less than the radius
of curvature of 4% 10* nm estimated from Fig. 3(a).

Combining these roughening and smoothing processes,
we obtain the following linear equation governing the be-
havior of h(q,1):

dlh(q,0)|*/dt =R,|h(q,0)|*+a, 4)
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where
R,=—Fq+Sq>—Dq*.

Integrating this equation yields the time-dependent be-
havior of h(q,1):

[h(q.0)|*=]ho(q)|2exp(Ryt) + (a/Ry) lexp(Ryt) — 11,
(5)

where ho(q) is the initial roughness spectrum.

From Eq. (5), we see that if Ry is positive the ampli-
tude of that Fourier component will increase exponential-
ly, while if R, is negative, the amplitude will reach a
steady-state value of |a/Rq|. The maximum value of R,
determines the preferred wave vector ¢* and the max-
imum rate of growth R*; the observed ripple pattern will
have the wave vector ¢*. Even if R* is large, |h(q,1)|?
initially grows linearly in time like a purely stochastic
process if the starting surface is smooth; the amplitude at
g* must first be created by random fluctuations before it
can be amplified by the instability.

Equation (5) explains the temperature dependence of
the Ge roughening kinetics displayed in Fig. 1. At tem-
perature = 250°C the surface remains crystalline, so the
viscous flow mechanism of smoothing is inactive and
F=0; in this case, we can solve explicitly to find ¢*
[=(SD/2D)'?) and R* [=5?%/4D]. Because the energy
deposited in the sputtering process is much larger than
thermal energies, we expect the value of S to be indepen-
dent of temperature. At higher temperature, the value of
D increases so that R* decreases, and the surface
roughens much more slowly. At temperatures lower than
150°C, however, the ion beam amorphizes the surface.
Unlike crystalline surfaces, amorphous surfaces can relax
by viscous flow as well as surface diffusion. Since F is no
longer restricted to zero, R, can be negative for all wave
vectors, and |h(q,1)|? will reach a steady-state (small)
value. This is apparent in the 150 °C data of Fig. 1.

This model also predicts that in the absence of viscous
relaxation, the maximum roughening rate (R* =S2%/4D)
depends on the square of the ion flux. We measured ex-
ponential roughening kinetics for fluxes of 1.4, 2.0, 2.5,
and 3.1 uA/cm? at a substrate temperature of 300°C and
found that the exponential rate was in fact proportional
to the square of the flux.

We obtain quantitative values of the coefficients S, F,
and D by fitting this model to the observed kinetics. We
calculate o by numerically integrating Eq. (5) over g and
¢. We obtain estimates of S and D at 300°C from the
preferred periodicity (g*) in the AFM topograph and the
observed exponential roughening kinetics (R*). The rate
of smoothing in Fig. 2 is used to obtain an estimate of F
at low temperatures. We have assumed S is anisotropic
with azimuthal angle ¢, such that 4,/4,=4, which is
consistent with the observed surface ripple orientation
and with the predictions of Bradley’s model, and the sto-
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chastic roughening rate (a) is fit to the experimental data
of Fig. 2.

The fits obtained from this model are shown as the
solid lines in Fig. 1 with the following values used for the
parameters: S(¢=0)=2x10"" cm?/s; S(p=90)=0.5
x10~"% cm?/s; F=1.0x10"° cm/s for T=150°C and
F=0 for T=250°C; D =25, 7.2, and 0.8x10 2" cm*/s
for T=350, 250, and 150°C, respectively. The value of
a is 2.4x1072/g2,,. Using a surface energy for Ge of
1.9 J/m? (see Ref. [16]), the surface diffusivity at 250°C
obtained from D is 4.0x10~'> cm?/s, in reasonable
agreement with values previously obtained from RHEED
measurements of surface roughening [17]. The increase
in surface diffusivity upon increasing temperature to
350°C corresponds to an activation energy of approxi-
mately 0.4 0.1 eV. This is smaller than that estimated
from the RHEED measurements, but consistent with the
activation energy for surface self-diffusion of 0.65 eV es-
timated for Si(001) from scanning tunneling microscopy
measurements [18].

Assuming the same values for y and ¢* as above, we
obtain a value of the coefficient of viscosity of 1.6x 10"
Ns/m2. This is much lower than the thermally activated
viscosity reported for relaxed amorphous Ge films [19],
but within the range for radiation induced relaxation of
bulk amorphous Si films [20]. This value is dependent on
the ion flux, mass, and energy, and meaningful compar-
isons with bulk thermal relaxation behavior requires
specification of defect density in both cases.

The value of S(¢=0), obtained from the measured
roughening kinetics, is greater by a factor of 20 than that
calculated using Bradley’s formalism, and ion scattering
parameters obtained from TRIM-90 [21]. One possible ex-
planation lies in the fact that the Bradley theory assumes
the surface is amorphous. Measurements of sputter
yields on single crystal surfaces show a stronger depen-
dence on surface orientation than amorphous surfaces
[11] so the curvature dependence of the sputter yield for
crystalline substrates may be greater than for amorphous
materials. Indeed, measurements of roughening on amor-
phous SiO, surface do show better agreement with the
calculated value of S [22].

The fact that this is a linear theory implies that each
Fourier component evolves independently. Although we
do not consider nonlinear terms, clearly at some ampli-
tude these must become important due to processes such
as shadowing. In the early stages reported here, the
linear theory appears to be sufficient. At larger rough-
ness values, we expect that the roughening kinetics should
deviate from an exponential increase.
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FIG. 3. (a) AFM line scan and (b) topograph of Ge surface
after 1 keV Xe ion bombardment at 300°C. Sample was sput-
tered for 370 min with an incident flux of 4.8x10'? cm 25",
The solid line in (b) indicates the incident direction of the ion

beam and the direction of the line scan in (a).



