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Etching behavior of Si„001…-231 studied with optical anisotropy
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Etching of single-domain Si(001)-231 by 800-eV Ar1 ions has been studied using surface-induced optical-
anisotropy measurements in the temperature range from 293 to 870 K. At 293 K, the surface area which is
distorted by one impinging ion is determined to be 3.9310214 cm2, and at this temperature no annealing was
observed. With increasing temperatures the etch behavior gradually changes from mere roughening to a
situation where ion-induced surface damage is restored. At 670 K and 1011 ions cm22 s21, no ion-induced
changes in the optical anisotropy could be observed, and henceDB step etching occurs. During ion bombard-
ment at higher temperatures we observed the development of protrusions on the surface with facets in the$11l %
directions. Protrusions were also found during etching by O2 at 1020 K, and their development is attributed to
pinning at residual contaminations. Formation of protrusions during sample cleaning may be responsible for
the large scatter in reported optical-anisotropy data of clean single-domain Si(001)-231. This illustrates the
importance of a well-controlled sample preparation procedure.@S0163-1829~97!06336-4#
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I. INTRODUCTION

Cleaning of Si~001! surfaces usually involves an etc
stage during flash annealing or ion bombardment. Usu
little attention is paid to the effect of such an etch stage
surface morphology. Nevertheless, this effect can be con
erable: low-energy Xe-ion bombardment can for
Si(001)-231 from its equilibrium double-domain configu
ration to a metastable configuration with only one dom
and double height steps.1 On the other hand, a flash anne
treatment at 1400 K may yield large pyramidal protrusio
on the surface with$11l %-oriented facets.2 These examples
illustrate that, besides the importance of etch phenomen
for example, ion-beam-stimulated growth technique3

knowledge and control of these phenomena are vital for p
paring well-defined Si~001! surfaces for fundamental studie
of surface morphology.

Measurements of optical reflection properties of mater
during growth are a well-established tool in determining a
controlling composition and/or growth rate.4 When optical
reflection is measured with the incoming light beam a
normal angle of incidence, it becomes possible to probe
tical anisotropy of substrate and surface. By following t
change in surface-induced optical anisotropy~SIOA! due to
the increase and decrease of dimer-related anisotropy
~001! surfaces of III-V materials, the amount of deposit
material can be determined with submonolayer precis
This makes SIOA and reflection high-energy electro
diffraction competitive growth monitors in III-V materia
growth.5 On nominally ~001!-oriented group-IV materials
the number of dimers oriented along@1̄10# and@110# is usu-
ally the same. Hence, laterally averaged, the dimer-rela
SIOA on these surfaces cancels. Therefore,~001! surfaces of
group-IV semiconductors require special preparation to br
out dimer-related optical anisotropy. This is the reason w
560163-1829/97/56~12!/7679~8!/$10.00
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there are only a few SIOA studies on Si and Ge~001! sur-
faces. In this work the sensitivity of SIOA to surface mo
phology is exploited to obtain real-timein situ information
about the influence of etching on single-domain Si(001
231.

On Si and Ge~001!, domains where dimer bonds are no
mal to and along step edges are labeledA and B domains,
respectively. Steps are labeled after the domain on the u
terrace,SA(B) and DA(B) for single and double height step
respectively. On nominal~001!-oriented Si or Ge, all steps
are of single height and the area covered by the two dom
is equal. By manipulating the surface, the area of one of
domains can be enhanced at the expense of the other dom
This can be done by applying external stress,6 homoepitaxial
growth,7 etching by low-energy ions,1 or using substrates8

oriented a few degrees toward@110#. For growth~etching!, a
larger growth~removal! rate of SB steps is the underlying
mechanism which can force the surface into a single-dom
configuration. External applied stress, as well as slightly o
oriented~001! substrates tend to a single-domain configu
tion due to a trade off between step energies and accom
dation of surface stress. To the best of our knowledge,
available optical anisotropy data of single-doma
Si(001)-231 have been obtained from substrates oriente
few degrees toward@110#. Nevertheless, there is conside
able scatter in the obtained SIOA spectra, both in the s
and shape of these spectra.9–12The underlying origin of these
differences might be attributed to the various sample pre
ration methods used.

II. EXPERIMENT

Experiments were performed on Si~001! substrates with
miscut angles of 4.460.1° and 0.060.1° toward@110# and
@1̄10#, respectively, and 1013 B m23. Background pressure
7679 © 1997 The American Physical Society
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were below 1028 Pa. Sample temperatures were establis
using two-wavelength infrared and optical pyrometry. Aft
correcting for the emissivity, obtained sample temperatu
were fitted into a model which incorporates thermal radiat
and conduction and dc input power. This results in a fi
accuracy of13,14 615 K. Prior to mounting, samples wer
ultrasonically rinsed in 2-propanol, followed by 12-hin situ
outgassing at temperatures up to 600 K, while the pres
was maintained below 1027 Pa. Final cleanliness wa
achieved by ion bombardment ~Ar1, 800 eV,
1012 ions cm22 s21, 20 min!, followed by 1-h annealing a
1100 K. This yields contamination levels below the Aug
detection limit.

SIOA measurements were performed by operating an
lipsometer at a near-normal angle of incidence using a bro
band optical compensator.14,15 By measuring the ellipsomet
ric signal of an initial (i ) and modified (m) surface, the
change in SIOA is obtained according to16

@11d tan~c!#exp~ idD![
r @ 1̄10#

i r [110]
m

r [110]
i r @ 1̄10#

m , ~1!

wherer is the reflection coefficient of normal incident ligh
with linear polarization along the indicated crystal axis. T
initial surface is clean, single-domain Si(001)-231, and the
modification is etching with either 800-eV Ar ions or O2.
Both d tan(c) and dD are measured at photon energies b
tween 1.5 and 5.0 eV. Here we will concentrate ond tan(c),
sinced tan(c) anddD are related by a Kramers-Kronig tran
formation, and for the work heredD does not give additiona
information.

III. ROOM-TEMPERATURE ION BOMBARDMENT

Normal angle of incidence ellipsometric results at 293
of single-domain Ge(001)-231 showed that changes in op
tical anisotropy measured upon 800-eV Ar-ion bombardm
or O2 exposure are identical.17 From this it was concluded
that either of these surface modifications yields an opt
isotropic surface, i.e.,r [110]

m 5r @ 1̄10#
m . Then, by taking the

modulus of Eq.~1!, we obtain

d tan~c!5
ur [ 1̄ 10]

i u2ur [110]
i u

ur [110]
i u

. ~2!

The conclusion that either oxidation or ion bombardm
of Ge(001)-231 produce the same optical anisotropy
confirmed by reflectance difference spectroscopy~RDS!
measurements, where the right-hand side of Eq.~2! is mea-
sured directly. SIOA and RDS data of single-doma
Ge(001)-231 are essentially the same.9,16–18Scanning tun-
nelling microscopy and molecular dynamics studies
Si(001)-231 during and after low-dose Ar-ion bombard
ment reveal surface roughening by this treatment.19,20There-
fore, Si(001)-231 is expected to be optical isotropic aft
800-eV Ar-ion bombardment at 293 K. In Fig. 1 the chan
in optical anisotropy of single-domain Si(001)-231, mea-
sured upon ion bombardment, is given.

There are several studies which report the SIOA spect
of Si(001)-231 at room temperature.9–12 As in Fig. 1, they
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all exhibit a negative peak near 3.1 eV, a shoulder near
eV, and a positive peak near 4.5 eV. Although the ove
agreement between the various spectra is reasonable
are also a number of discrepancies in the energy position
the extrema and in peak heights. The spread in energy p
tions of the peaks might be due to the sensitivity of SIO
spectra to chemical contaminations, as already mentione
Refs. 9–12. Chemisorbed species on single-dom
Si(001)-231 are found to exhibit optical anisotropy at ph
ton energies in excess of 3 eV, while almost no optical
isotropy is found below this photon energy. This was fou
for various adsorbates like H,11,14,21H2O,14 and As.10 Since
the characteristic features of SIOA spectra of Si(001)-231
are also above 3 eV, the shape of these spectra will be c
cally dependent on surface cleanliness. We studied the e
of uncontrolled surface contamination by repeating the
periment on the same specimen, as well as on different sp
mens. Furthermore we created an isotropic reference
strate by oxidizing it with O2 rather than modification with
Ar ions. In all cases we observed SIOA spectra identica
that of Fig. 1 within the experimental error. Combined wi
contamination levels below the Auger detection limit, w
found no evidence of chemical contaminations on our sp
trum. Another interesting point is the amount of optical a
isotropy. For samples with miscut angles similar to our su
strates, anisotropies of the 3.1-eV peak are reported in
range of9–12 21.531023 to 22.531023. However, in Fig.
1 it is 23.831023. Apart from the possibility of a decrease
anisotropy due to surface contamination, such a decrease
be caused by differences in the domain ratio due to surf
preparation. This suggests that our cleaning procedure yi
an almost single-domain surface, and that the amount of

FIG. 1. Optical anisotropy of single-domain Si(001)-231. The
modification is an 800-eV Ar-ion bombardment at 293 K with
flux of 231011 or 231012 ions cm22 s21 for 103 s. For these flu-
ences the signal size is not affected by the differences therein.
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tical anisotropy of Si(001)-231 is commonly underesti
mated. This point will be addressed in Sec. V.

The origin of SIOA signals is still a matter of debat
Optical transitions from surface-to-surface, surface-to-bu
bulk-to-surface, and even bulk-to-bulk states need to be c
sidered. Also, a subtle relation between surface optical t
sitions and propagation of electromagnetic waves may
involved.22 Nevertheless, optical anisotropy of Si(001)-231
must be related to an anisotropic structure. On Si(00
231, oriented 4.4° toward@110#, there are two anisotropic
features: dimers and steps. There are indications that opt
anisotropy spectra of dimerized surfaces are related to en
positions of surface states, though the precise relation is
being discussed.10,16,17,23Furthermore, it has been demo
strated that on As-passivated Si(001)-231 the optical an-
isotropy changes sign, while spectral features are retaine
the As-As dimer bond is rotated over 90°. This indicates t
the SIOA signal originates from the surface reconstructi
e.g., dimers, and not from steps. By attributing the SIO
signal solely to dimers, the optical anisotropy becomes lin
with the excess fractiond f of one domain with respect to th
other according to

ur [ 1̄ 10]u2ur [110]u
ur [110]u

}d f [ f B2 f A , ~3!

wheref A and f B are the surface fractions covered withA and
B domains, respectively. In general we havef A1 f B1 f R51,
wheref R is the surface fraction withoutA or B domains, like
steps, contaminants, roughened area, etc. For a perfect s
B domain surfacef B51 and f A5 f R50, and an anisotropy
signal can be expected whereas a surface, completely ro
ened by ion bombardment, hasf R51, and hencef A5 f B50,
e.g., no optical anisotropy. Consequently, the SIOA sig
can be used to measure the domain excess fractiond f .

The behavior ofd tan(c) vs ion dose may reveal informa
tion about the sputter process and/or the SIOA origin.
possible model for the SIOA signal during ion bombardm
is that one ion roughens an areaAS . If we split the surface in
a fraction contributing to the SIOA signal,jC , and a fraction
which does not contribute, 12jC , and assume that an are
already roughened by an ion does not contribute to the S
signal anymore, then the time evolution ofjC is given by

jC~ t !5jC~0!exp~2FASt !, ~4!

whereF is the Ar ion flux andAs is the area roughened b
one Ar ion. With the linear relation betweenjC and the
SIOA signal, e.g.,jC}d f , we obtain for the SIOA signa
during ion bombardment at 293 K:

d tan@c~hy!# iso2d tan@c~hy,t !#

d tan@c~hy!# iso
'

jC~ t !

jC~0!
5exp~2FASt !;

~5!

see also Eqs.~1!, ~3!, and ~4!. In Eq. ~5!, d tan@c(hv)#iso is
the signal when all optical anisotropy is removed by i
bombardment, i.e.,jC5d f 50.

The SIOA signal was followed during Ar-ion bombard
ment at 293 K; see Fig. 2 for measurements athn
53.5eV. The fit in Fig. 2 is a least-squares fit using Eq.~5!,
with AS as only fit parameter andd tan@c(hv)#iso is obtained
,
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from Fig. 1 by takingd tan(c) at 3.5 eV. The ion flux in
Figs. 1 and 2 differs more than an order of magnitude. N
ertheless, the values ofd tan@c(hv)#iso are identical in both
experiments, which shows that anneal effects at 293 K
insignificant. Hence, roughening due to impeding ions can
described by an areaAS of permanently displaced atoms. Th
model predicts the same behavior ford tan(c) at different
photon energies. Measurements at various energies yield
same value ofAS within 5%, and from Fig. 2 we derive an
area AS53.9310214 cm2, which is equivalent to 2662
first-layer atoms.

Similar experiments on Si(001)-231, where damage im-
posed by a low-dose 3-keV Ar-ion bombardment was st
ied with scanning tunneling microscopy and molecul
dynamics simulations, show that one ion creates, on aver
six defects of different sizes.19,20 With an average damage
defect of two dimers, this yields a damage of 24 displac
first-layer atoms, which is in good agreement with our
sults. This suggests that SIOA measurements probe
roughened area, i.e., individual dimers. The actual etch y
of Si~001! with 800-eV Ar ions is about24 0.8 Si atom/ion.
Our estimate of a roughened area equivalent to 26 first-la
atoms/ion shows that most of the roughening arises fr
displaced Si atoms rather than from atoms removed from
surface, which is consistent with molecular-dynam
calculations.19 The roughened area model proposed for
effect of ion bombardment turns out to be applicable in
range from a completely 231 dimerized surface to a fully
amorphized surface layer. This shows that during etching

FIG. 2. Behavior of the SIOA signal at photon energy 3.5 e
upon 800-eV Ar-ion bombardment. Sample temperature 293
1011 ions cm22 s21. Squares: measurements; line: fit according
Eq. ~5!.
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homoepitaxial growth the SIOA signal can be used to foll
the evolution of the surface domain excess factord f .

IV. ETCHING AT HIGHER TEMPERATURES

Single-domain surfaces were etched with the same
flux as used in Fig. 2 in the temperature range 293–670
At temperatures ranging from 490 to 650 K, two effects a
observed simultaneously. These effects are demonstrate
Fig. 3, whered tan(c) is given during and after ion bom
bardment at 575 K. The first and most prominent feature
that, if ion bombardment is stopped, the SIOA signal imm
diately reacts by returning to its original value. This clea
shows that surface damage is annealed at these tempera
In Fig. 3 it is clear that at 575 K all damage will anneal o
in time. The recovery of the SIOA signal after ion bombar
ment at 575 K is consistent with the recovery of ion induc
~bulk! defects at this temperature for low ion dose.25 The
recovery from ion-induced damage by annealing is in
mately related to the second feature in our measurements
maximum change ind tan(c), called d tan(c)max hereafter,
drops upon increasing the etch temperature. See Fig. 4
the temperature dependence ofd tan(c)max. The drop in
ud tan(c)maxu has two possible origins:~i! At d tan(c)max,
distortion of the surface structure by ions and recovery of
surface structure by annealing are balanced. As a resultd f
stays nearer to its original value if annealing becomes m
important, e.g., if the sample temperature is higher. T
agrees with our measurements which show thatud tan(c)maxu

FIG. 3. d tan(c) at hn53.0 eV before, during, and after etchin
at 575615 K with 800-eV Ar ions at a flux of 1011 ions cm22 s21.
See text for further details.
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drops rapidly between 489 and 575 K, while at 670 K the
is no observable change in tan~c! when the sample is sput
tered.~ii ! The second cause for the decrease ofud tan(c)maxu
with increasing temperature may be temperature depen
cies of dielectric functions. Consider a surface with an init
excess domain fractiond f (0) and a domain excess fractio
d f (t) after sputtering for a certain timet at temperatureT.
The change in SIOA is given by9,14

@11d tan~c!#exp~ idD!21

5
2ieEd

\c

e@110#~T!2e [ 1̄ 1 0]~T!

eB~T!21
@d f ~0!2d f ~ t !#. ~6!

The SIOA signal of Si(001)-231 is shown to have neg
ligible temperature dependency in the range of12 293–750 K.
Hence the drop inud tan(c)maxu with increasing temperature

FIG. 4. Squares:d tan(c)max measured as indicated in Fig. 3 i
the temperature range from 293 to 670 K. Etch parameters: 800
Ar ions at a flux of 1011 ions cm22 s21, photon energy 3.0 eV. The
full line is a fit of jC

eq according to Eq.~7c!.

FIG. 5. d tan(c) at hn53.0 eV during and after etching a
670615 K with 800-eV Ar ions at a flux of 1011 ions cm22 s21.
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is caused by a more single-domain surface due to annea
effects which counteract roughening by ions.

In Fig. 5, the optical anisotropy during and after Ar1-ion
bombardment at 670 K is given. It is clear that the opti
anisotropy is unaffected by etching under these conditio
If, for example,DB steps are broken and converted into
pair of SA1SB steps, then the domain excess fraction w
decrease and the optical anisotropy changes, which is
observed. Therefore, we conclude that this surface etche
means ofDB step retraction under these conditions, and
surface stays in its equilibrium configuration. This tempe
ture, 670 K, coincides with the temperature where bulk da
age by Ar ions is reported to decrease significantly for
fluences below26 531015 cm22. The value of the SIOA sig-
nal also depends on the bulk dielectric function@see Eq.~6!#,
and amorphization of the bulk influences the optical
sponse. Therefore,DB step etching can only be observed
bulk damage is absent. Also, the temperature must be s
ciently high to allow all surface defects to diffuse to theDB
step edges. At 670 K, and 1011 Ar ions cm22 s21 at 800 eV,
these conditions are fulfilled for this misorientation angle

Since temperature effects on the SIOA signal can be
glected it is possible to calculatejC from the measured val
ues of d tan(c) in the temperature range 293–670 K. T
fractions jC

eq5d tan(cmax)/d tan(cmax,T5293 K) are calculated
from the left axis of Fig. 4, and yield the right axis of th
figure. By doing this we implicitly assumed that the doma
excess fraction of the surface before etching,d f (0), equals
unity. The data points in Fig. 4 give the fractionjC

eq when
roughening and annealing are in equilibrium. Taking t
same model as before for roughening, i.e., the roughe
area is proportional to the crystalline fraction, yields

djC

dt
52jCFAS . ~7a!

Further, we assume annealing to be proportional to
roughened area with one single effective time constanttan
which is determined by an effective energy barrierEan ac-
cording to

djC

dt
5

12jC

tan
5~12jC!nan expS 2

Ean

KBTD , ~7b!

kB is Boltzmann’s constant andnan is the attempt frequency
multiplied by a proportionality factor. For the data points
Fig. 4, roughening and annealing are in equilibrium a
combining Eqs.~7a! and ~7b! yields

jC
eq5

1

11
FAS

yan
expS Ean

kBTD . ~7c!

This model is fitted to the data of Fig. 4, resulting
nan55.83103 s21, andEan50.65 eV. As can be seen in Fig
4, this model gives a reasonable description ofjC

eq with a
limited number of parameters. However, ion bombardm
yields various kinds of damage, like missing dimers, def
dimers, adatoms, and adclusters,19,20as well as bulk damage
Different types of damage will have different energy barrie
and hence more time constants are involved in the an
ng
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process. This can be seen in Fig. 3, where at least two t
constants are involved. Immediately after ion bombardm
has stopped,tan'50 s and at longer time scalestan'2000s.
Corresponding energy barriers are 0.63 and 0.8 eV, res
tively. They are of the same order of magnitude, which e
plains why Fig. 4 can be described with just one effect
energy barrier, despite the fact that several anneal proce
are involved. Furthermore, our estimates for energy barr
associated with annealing processes correspond fairly
with reported interaction energies of dimers: 0.38 eV b
tween adjacent dimers in a dimer row and 0.24 eV betw
dimers in adjacent dimer rows.27

In equilibrium, nominal flat Si(001)-231 has single
steps and alternatingA- andB-domain terraces. In this con
figuration, the stress energy is minimized while step energ
only have marginal influence due to their intrinsic low de
sities. Then preferential incorporation atSB steps of diffusing
species during growth or etching can give a different, no
equilibrium surface morphology, likeDB steps in homoepi-
taxial growth7 or DA steps during etching.1 On Si(001)-
231, oriented 4.4° toward@110#, the equilibrium structure is
DB stepped withB domains only. Here, the energy gain
oneDB step instead of a pair ofSA1SB steps is large enough
to compensate for the loss of strain relaxation associa
with single B-domain coverage.28 During homoepitaxial
growth, preferential incorporation of Si atSB step edges will
drive the surface back to itsDB stepped equilibrium configu
ration. Under etching with a 800-eV Ar1-ion flux of
1011 ions cm22 s21 at 670 K (;631024 ML s21), the sur-
face remains in its equilibriumDB stepped configuration
Preferential incorporation of vacancies atSB step edges10

would result in an energetically unfavorable single stepp
surface, and under these conditions equilibrating for
counteract kinetic effects completely.

V. FACETING

If the surface is etched at higher temperatures and
fluxes, the etch behavior changes significantly, see Fig. 6
an experiment at 870 K and 731012 Ar ions cm22 s21. Dur-
ing etching, the SIOA signal changes, and it remains c

FIG. 6. d tan(c) at hn53.5 eV upon etching with 800-eV Ar
ions at sample temperature 870615 K and a flux of
731012 ions cm22 s21.
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stant if sputtering is stopped, quite unlike Fig. 3, where
signal returns to its original value. This indicates that t
SIOA change of Fig. 6 has to be attributed to other mec
nisms than those studied in Sec. IV. Furthermore, we
served that SIOA etching experiments at 293 K, perform
on substrates which were previously subjected to Ar1 etch-
ing at 870 K, showed the same spectral behavior as in Fig
However, the height of the spectrum decreases mon
nously with ion fluence at 870 K. Even repeated clean
cycles of these substrates did not yield the same height a
Fig. 1. Therefore, we conclude that during prolonged etch
at 870 K the domain excess fractiond f decreases irrevers
ibly. The same irreversible change in SIOA was observ
when the surface is etched withpO2

52.831026 Pa at 1020

K; see Fig. 7. When O2 exposure starts, the SIOA sign
changes until a stable situation is reached. Stopping O2 ex-
posure does not affect the SIOA signal.

After the O2 exposure of Fig. 7, we observed low-ener
electron-diffraction~LEED! patterns as illustrated in Fig. 8
Around integral order spots, additional spots appear. Th
new spots move in the indicated directions upon variation
the electron energy. Such additional spots are consistent
spots arising from facets.29,30 Atomic-force-microscopy
~AFM! images, taken afterwards, showed several-nm-h
protrusions on the surface, which is large enough to exp
the additional LEED spots. Formation of pyramids has be
reported during thermal etching experiments2 at 1400 K of
Si(001)-231. The formation of these pyramids is explain
by pinning of steps at surface contaminations and the fa
correspond to$11l % planes. Presumably, pyramid formatio

FIG. 7. d tan(c) at photon energy 3.0 eV during O2 etching
~1020615 K, 2.831026 Pa!. The arrow shows the point where th
modified spectrum of Fig. 9 was recorded.
e
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is also the underlying cause for the change in optical ani
ropy in Figs. 6 and 7, both for etching with oxygen and w
Ar1 ions.31

In Ref. 2, after a few second anneal treatment at 140
of nominal~001!-oriented Si, a random distribution of pyra
mids with a density of one pyramid on 93104 first-layer Si
atoms is found. AFM measurements, performed after the
periments of Figs. 6 and 7, show 1 protrusion on 1 – 23105

first-layer Si atoms. The shape of these protrusions could
be resolved, but the LEED results suggest a pyramidal sh
with $11l % facets. If pyramid formation is initiated by ste
pinning at contaminants, and we assume a contamina
level of only 0.1%, then a protrusion is initiated by a pinnin
center of 100 clustered foreign atoms. This contaminat
level is below the detection limit of standard detection tec
niques like AES and x-ray photoemission spectrosco
which explains why contamination-induced pyramid form
tion occurs on apparently clean Si(001)-231. Furthermore,
the etching species seems of minor importance: Bes
etching with Ar ions or O2 , additional LEED spots like in
Fig. 8 were also found when the sample was heated to 1
K in a water rich environment (pH2O51026 Pa). This sug-
gests that facet formation occurs whenever the sampl
etched at elevated temperatures under conditions in w
pinning centra~contaminants! are retained on the surface.

It is interesting to compare Figs. 5 and 6. The total fluen
at 670 K was 25 times lower than at 870 K. The SIO
change at 870 K suggests a total change in Fig. 5
0.6431023/2552.531024. The change in Fig. 5 is clearly
smaller than this value. Hence a sufficiently high mobili
which allows foreign material to cluster in pinning centr
might be an essential step in the facet formation process
nominal ~001! oriented substrates, temperatures in exces
770 K are required to reduce the number of O2-induced step
pinning centra13 for O2 pressures of 1026 Pa. This limits the
possibility of sustainedDB step etching by oxygen exposur
because at 770 K the pinning centra responsible for fa
formation in Fig. 6 might already be activated.

In Fig. 9 a SIOA spectrum is shown, where the initi
surface is the clean, unfaceted surface and the modified s
trum is recorded at the arrow in Fig. 7. If the facets a
oriented toward̂110& directions, then pyramids are expecte
to be optically isotropic. This is justified by the observatio
that the SIOA signal, at 293 K, of a faceted surface h
decreased, while no additional spectral features belongin

FIG. 8. Schematic LEED pattern of the surface after etch
with O2, at the arrow in Fig. 7. Spot splitting in the@110# direction
is caused by regular spacing ofDB steps and half-order spots co
respond to dimers onB terraces. The magnification shows add
tional spots moving in the indicated^110& directions upon variation
of the electron energy.
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facets are found. Consequently, the spectrum in Fig. 9 or
nates from a decrease ind f on the modified surface. Thus
apart from the height, this spectrum represents optical an
ropy of dimers on Si(001)-231 at 1020 K. In spectra, take
at 293 and 1020 K, some common features can be identi
a large SIOA at 3.0–3.5 eV, a minimum at 4.0–4.5 eV, a
an increasing SIOA at the high-energy side. Also, the sp
trum at 1020 K is broadened with respect to the 293-K sp
trum. Broadening of features in dielectric functions with i
creasing temperature is a common effect,32 which confirms
the attribution of the spectrum of Fig. 9 to surface dimer

As discussed, facets reduce the size of the SIOA sig
but the spectral features are unaffected. It could very wel
that facet formation is responsible for the different size
SIOA spectra in Refs. 9–12 and this work. The relative
large SIOA signals in this work indicate a relatively larg
domain excess fraction on our substrates, and the relati
low SIOA signals in Refs. 9–12 suggests that their surfa
are covered by facets and/or their surfaces are not~yet! in the
equilibriumDB stepped configuration. This emphasizes on

FIG. 9. Anisotropy change recorded by exposing clean sin
domain Si(001)-231 to O2 at sample temperature 1020 K. Th
modified spectrum is taken at the arrow in Fig. 7.
i-

t-

d:
d
c-
c-

l,
e
f

ly
s

e

more the importance of carefully controlling surface prep
ration techniques.

VI. CONCLUSIONS

Reported optical anisotropy data of Ge(001)-231 and
Si(001)-231, with a misorientation angle of 4°–5° towar
@110#, show a large variation in size. Besides a difference
domain excess fraction, caused by small differences in m
orientation angle, this variation might be due to cleani
procedures involving etching stages at high substrate t
peratures. Then protrusions on the surface can be forme
pinning at residual contaminations and the remaining dim
related optical anisotropy decreases. The etching proces
self seems unimportant: etching with reactive ga
(O2, H2O), 800-eV Ar1 ions, and even thermal etching ma
result in facets on the surface. Hence reliable SIOA meas
ments of Si(001)-231 are critically dependent on surfac
preparation techniques, and an etching stage at elevated
peratures should be avoided. SIOA measurements at 102
where the dimerized area is reduced by facet formation,
at 293 K, where the surface is roughened by incident io
display similar spectral features. This indicates that the m
sured anisotropy changes at 1020 K are related to a reduc
of the domain excess fractiond f .

At 293 K, the evolution of the SIOA signal during 800-e
Ar1 etching can be described with a simple model where
ion roughens an area corresponding to 2662 first-layer Si
atoms. Comparing the actual etch rate of;0.8 Si atom/ion to
the roughened area of 26 first-layer Si atoms/ion reveals t
at 293 K, the SIOA signal is dominated by roughening rath
than Si removal. Increasing the substrate temperature du
etching with 1011 Ar1 ions cm22s21 reveals that annealing
processes reduce the change in optical anisotropy. T
maximum SIOA change under etching conditions could
described by a straightforward model with two effective p
rameters. The anneal behavior at 575 K reveals a numbe
time constants and consequently various anneal proce
play a role. At 670 K and 1011 Ar1 ions cm22s21, the sur-
face remains in its equilibrium structure, i.e., the surfa
etches in theDB step retraction mode. Facet formation du
ing etching at higher temperatures inhibits the range of c
ditions whereDB step retraction will occur.
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