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Smoothening mechanism for GaAs„100… surfaces during ion-enhanced
plasma etching
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We present experimental data showing the development of smooth surfaces on GaAs�100� exposed
simultaneously to ion bombardment and reactive species in chlorine plasma. With negligible ion
bombardment, the surface develops �110� ridges and �111� facets, as in purely chemical etching.
With ion bombardment at energy 27 eV, formation of ridges and facets is reduced, and at 110 eV
the etched �100� surface has a root-mean-square roughness of 0.5 nm. Kinetic Monte Carlo simu-
lations suggest that low energy ion bombardment modifies the relative ratios of reaction rates at
specific sites from their purely chemical values to give the smooth surface. © 2006 American

Institute of Physics. �DOI: 10.1063/1.2196063�
The purpose of etching is to transfer features from a
device design mask to an underlying film of device material,
replicating accurately the cross-sectional profile of each fea-
ture. In addition to controlling the critical dimensions of de-
vice features, producing smooth etched surfaces is essential.
There have been a few studies of the mechanisms for mor-
phology development during wet etching,1 etching by oxy-
gen atoms at 5 eV,2 and ion sputtering,3 but none on the ion-
enhanced dry etching processes used in device fabrication.

This study is concentrated on the mechanism by which
extremely smooth surfaces can be obtained when etching
GaAs�100� in chlorine plasma. Previous work has produced
root-mean-square �rms� roughness of 0.9–1.5 nm,4 and one
recent study reported 0.6 nm.5 We have identified conditions
in inductively coupled plasma �ICP� etching that give rms
roughness of 0.5 nm.6 We have developed a simple physico-
chemical model to describe the transition from rough, fac-
eted surfaces �thermochemical etching� to smooth surfaces
�thermochemical etching with ion bombardment�.

Samples were n-type GaAs�100� “epiready” wafers
doped to 0.5–5�1018 cm−3 with Si.7 Experiments were con-
ducted in a Unaxis SLR 770 ICP etching system, which pro-
vides independent control of the ion flux to the sample and
ion bombardment energy at the sample. All studies used a
gas mixture of boron trichloride �100 sccm �sccm denotes
cubic centimeter per minute at STP�� and chlorine �60 sccm�
with a steady state pressure of 18 mTorr. The sample tem-
perature was 283 K. Each sample had an initial cleaning pro-
cess �900 W plasma power, 100 W bias power, and 10 s du-
ration� to remove native oxide. After cleaning, each sample
was etched for 5 min, using bias power of 0, 12, 20, or 50 W
with plasma power of 900 W.

The energy of the ions is varied systematically by chang-
ing the sample bias. Positive ions are accelerated to the
sample with an average energy Ei determined by the differ-
ence between the plasma potential Vp and the negative dc
offset potential Vdc. Table I shows the measured values of Vdc
and the corresponding ion energies for each sample. Plasma
potential was not measured; the value 25 V negative from
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earth, measured in identical ICP systems operating under
similar conditions and gas composition, has been used here.8

At no bias, arrival energy of the ions is controlled by the
difference between plasma potential Vp and the floating po-
tential Vf. In Table I this value is calculated from Vp−Vf
=Te ln�M /2�m�1/2, where M is the mass of the gas mol-
ecules, m is the electron mass, and Te is the electron tem-
perature; we used the value Te=4 eV, typical for ICP
plasmas.9 Constancy of ion flux to the sample is confirmed
by the linear increase of Vdc values in Table I with bias
power.10 The ion flux is proportional to the slope of this
linear increase; its value is 5.6 mA cm−2 or 3.5�1016

ions cm−2 s−1. With no bias applied, the sample is at the
floating potential of the plasma, where the etching is almost
purely chemical. The flux of neutral reactive species such as
Cl atoms is determined by the percent dissociation, which
depends on source power, reactor geometry, gas composi-
tion, and pressure, among other variables and is difficult to
estimate analytically. The percent dissociation is not known
in our experiments, but is held constant by keeping constant
all the contributing variables. We systematically vary the en-
ergy of ion bombardment at the constant ion flux of 3.5
�1016 ions cm−2 s−1 and constant but unknown flux of reac-
tive species. If we assume a conservative 50% dissocia-
tion,11 the flux of Cl atoms to the surface will be 2.9
�1017 at. cm−2 s−1, ten times larger than the measured ion
flux. In beam experiments where the ion/neutral flux ratio is
controlled directly, the saturation region corresponds to our
plasma conditions.12 More details will be given elsewhere.13

Figure 1 shows etch depth, scanning electron micros-
copy �SEM� images, atomic force microscopy �AFM� line
scans, and rms roughness for a sample run at each set of
conditions. �Before etching, each of these samples had rms
roughness of 0.2–0.3 nm.� The surface morphology is domi-
nated by ridges that become smaller in height and closer
together as ion energy increases, disappearing to give a very

TABLE I. Bias power, bias voltage, and ion energy applied to samples.

Bias power �W� 0 12 20 50
Bias voltage �V� −52 −70 −135
Ion energy �eV� 20 27 45 110
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smooth surface at 110 eV. In each, the �100� surface of the
sample is in the plane of the image. The sample at no bias
shows ridges in the �110� direction, from which the etched
surface slopes down at ca. 55°. The sloped faces are there-
fore the �111�A Ga-filled planes. Other ridges intersect the
first group at 45°; from these, surfaces sloping down at ca.
55° are the �111�B As-filled planes. This topography has
been seen on GaAs�100� in a variety of wet,14 high-tem-
perature,15 and plasma16 etch recipes. Figure 1 demonstrates
that at no bias power the etching is primarily chemical, with
results similar to “hillock formation” in the wet etching of
silicon.17 The challenge is to explain how ion bombardment
causes the transition from chemical etching to produce a
smooth surface.

We have developed a simple cubic two-dimensional Ki-
netic Monte Carlo �KMC� model, where one dimension is
the lateral dimension and the other one is the height, to ini-
tially explore the relation between site-specific chemical etch
rates and ion bombardment. KMC simulations have previ-
ously been used to model shallow etch pits in a simple cubic
model and on diamond �111� surfaces. KMC simulations
specific to wet etching of Si�111� have shown that surface
morphology is controlled by the relative rates of reactions at
different specific sites.18 In our simulations, atoms are re-
moved at a site-specific etch rate ki, determined not by count-
ing bonds, but rather by considering the different possible
facets �cf. Fig. 2�. We assume that ki is typically higher at
sites with high-index planes. We define a priori relative val-
ues for those ki justified by published rate data, and then vary
systematically the other ki. References 14–16 establish the
relative order on different planes of GaAs under chemical
conditions as k�111�A�k�100��k�111�B�k�higher order planes�; spe-
cifically, k�111�A :k�100�=1:5–8, and we use the ratio 1:7.19 It
is intuitively clear that an atom with no nearest neighbor

FIG. 1. Scanning electron microscopy �SEM� images �left column�, atomic
force microscopy �AFM� line scans �right column�, and root-mean-square
�rms� roughness �inset in AFM profiles� of a sample run at each set of
conditions. All SEM and AFM images span 3 �m horizontally. The scale on
the line scans is 100 nm for the vertical axis and 1 �m for the horizontal
axis. Bias power values �and etch depths� are 0 W �24.4 �m�, 12 W
�23.5 �m�, 20 W �24.4 �m�, and 50 W �24.5 �m�. Source power was held
at 900 W for 5 min etching.
�NN� or next nearest neighbor �NNN� is bound less strongly
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�configuration 1 in Fig. 2�, so we set kcolumn:k�111�=1000:1.
On the other hand, it is plausible that sites with 2 NN and 3
or 4 NNN �configuration 9 and 10� should be rather stable,
so we set their rates equal to k�111�. Sites with 0 NN and 1
NNN �configuration 2� and with 1 NN and 1 or 2 NNN �con-
figurations 4 and 5� are very similar in that one side �in the
figure, left�, which is columnlike, while the other is a low
index plane �either �100� or �111��. We therefore assign the
same kvertical to all of these configurations. The morphology is
then determined by competition between kvertical and the re-
maining kstep �configuration 6� and kridge �configuration 3�.

We have systematically varied kvertical, kstep, and kridge
from 1 to 1000. We have tracked the surface morphology and
calculated rms roughness on a lattice of size 5000 through
removal of 1000 layers. We tested that the results are inde-
pendent of the system size, and are essentially the same for
different etch depths. We find that the dependence is stron-
gest on kridge, and that the effects of kvertical and kstep are
similar; hence, in Fig. 3 we show a two-dimensional contour
plot of surface roughness obtained with kvertical=kstep. We al-
ways start with a perfect �100� surface, from which atoms are
removed to create “pit sites” �configuration 10�. At some of
these the resulting steps flow in either direction with rate
kstep; at others the “pit atom” is removed with rate k111 to
create double steps on either side. These “double steps” be-
come short �111� facets by losing a single atom, in competi-
tion with flow of single steps. These interactions of pits and
steps can move in both directions to create “ridge” sites �con-
figuration 3� in which a single atom is exposed. As long as
kridge remains small, and kstep is large enough, etching is
dominated by interaction of pits and steps in the regions
between the �slowly etching� ridges. The result is a rough
surface, with morphology dominated by the heights of the
ridges and distances between them. This can be seen in Fig.

FIG. 2. Definitions of site-specific etch rates. The shaded square represents
the site, in the first or second layer of the solid, whose etch rate is being
defined. The first row of three squares below the active site represents the
first bulk layer of the solid. Site-specific rates are determined by the number
of nearest neighbors �NNs� and next nearest neighbors �NNNs�, and the
stability of facets, in particular, for the �111� �configuration 7� and �100�
�configuration 8�, as stated in the text.
3, where the highest rms values are in the lower right corner.
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As kridge increases, etching is dominated by step flow, and the
surface is much smoother.

In Fig. 4 we show typical morphologies at an etch depth
of 1000 layers for kvertical=kstep=100, with kridge varying from
1 to 1000. Clearly, the surface is very smooth for kridge
=1000, and becomes rougher with saw-tooth-like features as
kridge decreases. The development of the �111� facets with
decreasing kridge and the resulting increase in rms roughness
are shown in Fig. 4. When kridge is small, more than 60% of
the sites are of type �111�. As can be seen in Fig. 4, this does
not imply a monolithic �111� face. About 8% of the sites are
ridges, and the �111� sites must appear on the down-sloping
sides of the ridges. When kridge is large, the number of ridges
goes essentially to zero, the number of �111� sites is dramati-
cally reduced, and the �smooth� surface is dominated by
�100� sites. More than 50% of sites are of type �100� �con-
figuration 8 in Fig. 2�.

The results of the simulation rationalize the trend in ex-
perimental results in Fig. 1. Although ions are not explicitly
included in the simulation, it is intuitively clear that ions
with sufficient energy will effectively increase the reaction
rate at all sites, shifting the relative values of site-specific
reaction rates away from their purely chemical values. Our
simulations then suggest that this increase is more relevant at
sites that are more exposed to ion bombardment than others,
increasing kridge preferentially over other rates. This conclu-
sion is physically plausible, even in the absence of a detailed
scattering model of ion bombardment at the different types
of sites. Among the three competing configurations 3, 4, and
6, only the ridge atom in 3 is exposed on all sides, and can be
easily dislodged by low energy ions, effectively increasing
kridge more than the other rates. Similarly, ions with energies
well below sputtering thresholds can induce surface atom
displacement and migration effects that influence surface
morphology in film growth.20 In Fig. 1, enhancement of kridge
is already under way at 27 eV. As the ion energy increases,
these low energy surface atom displacements will continue to
occur and enable smooth surfaces, while now the ions can
also penetrate beneath the surface and generate the linear
collision cascades that dominate the rate of ion-enhanced
etching.21 This smoothening mechanism is valid when the
flux of reactive neutral species is large compared to the flux
of ions.

Previous mechanistic studies in ion-enhanced etching
have been concerned primarily, showing that the ion bom-
bardment enables the “straight sidewalls,” which are required

FIG. 3. Contour plot of rms roughness as a function of etch rates kridge,
kvertical, and kstep after 1000 layer etching with kcolumn=1000, k�111�=1, and
k�100�=7.
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to control critical dimensions of microdevices,22 and that the
enhancement is driven by linear collision cascades. This
work has identified a different mechanism at lower ion en-
ergy, through which ion bombardment modifies surface mor-
phology by shifting relative values of site-specific reaction
rates through displacements of more weakly bound surface
atoms.
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