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Etching behavior of Si(001)-2x 1 studied with optical anisotropy
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Etching of single-domain Si(001)521 by 800-eV AF 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>31® 14 cn?, 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 aldoh® cm?s™%, no ion-induced
changes in the optical anisotropy could be observed, and Hegpatep etching occurs. During ion bombard-
ment at higher temperatures we observed the development of protrusions on the surface with facétdlip the
directions. Protrusions were also found during etching bytd1020 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(G0L)Tis illustrates the
importance of a well-controlled sample preparation proced$@163-18207)06336-4

I. INTRODUCTION there are only a few SIOA studies on Si and((GX) sur-
faces. In this work the sensitivity of SIOA to surface mor-
Cleaning of S(001) surfaces usually involves an etch phology is exploited to obtain real-timia situ information
stage during flash annealing or ion bombardment. Usuallpbout the influence of etching on single-domain Si(001)-
little attention is paid to the effect of such an etch stage o< 1.
surface morphology. Nevertheless, this effect can be consid- On Si and G&01), domains where dimer bonds are nor-
erable: low-energy Xe-ion bombardment can forcemal to and along step edges are labefednd B domains,
Si(001)-2x 1 from its equilibrium double-domain configu- respectively. Steps are labeled after the domain on the upper
ration to a metastable configuration with only one domainterrace,Syig) and D g for single and double height steps
and double height stepsOn the other hand, a flash anneal respectively. On nominal001)-oriented Si or Ge, all steps
treatment at 1400 K may yield large pyramidal protrusionsare of single height and the area covered by the two domains
on the surface witH11l}-oriented faceté. These examples is equal. By manipulating the surface, the area of one of the
illustrate that, besides the importance of etch phenomena ifomains can be enhanced at the expense of the other domain.
for example, ion-beam-stimulated growth technigties, This can be done by applying external stréssmoepitaxial
knowledge and control of these phenomena are vital for pregrowth,” etching by low-energy ion§,or using substratés
paring well-defined $001) surfaces for fundamental studies oriented a few degrees towa@i10]. For growth(etching, a
of surface morphology. larger growth(remova) rate of Sz steps is the underlying
Measurements of optical reflection properties of materialgnechanism which can force the surface into a single-domain
during growth are a well-established tool in determining andconfiguration. External applied stress, as well as slightly off-
controlling composition and/or growth ratewhen optical — oriented(00) substrates tend to a single-domain configura-
reflection is measured with the incoming light beam at ation due to a trade off between step energies and accommo-
normal angle of incidence, it becomes possible to probe opdation of surface stress. To the best of our knowledge, all
tical anisotropy of substrate and surface. By following theavailable optical anisotropy data of single-domain
change in surface-induced optical anisotr¢ByOA) due to  Si(001)-2< 1 have been obtained from substrates oriented a
the increase and decrease of dimer-related anisotropy dew degrees toward110]. Nevertheless, there is consider-
(001) surfaces of lI-V materials, the amount of depositedable scatter in the obtained SIOA spectra, both in the size
material can be determined with submonolayer precisionand shape of these specifd®The underlying origin of these
This makes SIOA and reflection high-energy electron-differences might be attributed to the various sample prepa-
diffraction competitive growth monitors in lll-V material ration methods used.
growth® On nominally (001)-oriented group-IV materials,

the number of dimers oriented alohtf0] and[llo].is usu- Il EXPERIMENT
ally the same. Hence, laterally averaged, the dimer-related
SIOA on these surfaces cancels. Theref@8]) surfaces of Experiments were performed on(®01) substrates with

group-IV semiconductors require special preparation to bringniscut angles of 4#40.1° and 0.6:0.1° toward[110] and
out dimer-related optical anisotropy. This is the reason why110], respectively, and #8 B m~3. Background pressures
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were below 108 Pa. Sample temperatures were established
using two-wavelength infrared and optical pyrometry. After
correcting for the emissivity, obtained sample temperatures
were fitted into a model which incorporates thermal radiation
and conduction and dc input power. This results in a final
accuracy of* +15K. Prior to mounting, samples were
ultrasonically rinsed in 2-propanol, followed by 12#hsitu
outgassing at temperatures up to 600 K, while the pressure
was maintained below 10 Pa. Final cleanliness was
achieved by ion bombardment(Ar*, 800 eV,
102 ions cm?s %, 20 min), followed by 1-h annealing at
1100 K. This yields contamination levels below the Auger
detection limit.

SIOA measurements were performed by operating an el-
lipsometer at a near-normal angle of incidence using a broad-
band optical compensat&t!® By measuring the ellipsomet-
ric signal of an initial () and modified (n) surface, the
change in SIOA is obtained according%o

2

B measurements

— guideline

i
r[ﬁO]rHIO]
s (1
Ma10) [110] 1

[1+ 6 tan(y)]exp(i 6A)=

wherer is the reflection coefficient of normal incident light,
with linear polarization along the indicated crystal axis. The ) ) ) o
initial surface is clean, single-domain Si(001)<2, and the moz;&aii'o r??st"::: %rggoés%ci)(f)rflrt;%ﬁ-g:rrgr?:gn?IgzozlgészvCﬁh .
modification is etching with either 800-eV Ar ions o0 flux of 2% 10M or 2 1022 ions om2s-L for 1G° s. For these flu-
Both 4 tan(y) and oA are measured at photon energies be_ences the signal size is not affected by the diﬁérences therein
tween 1.5 and 5.0 eV. Here we will concentratedtan(y), '
sinces tan(y) and dA are related by a Kramers-Kronig trans-
formation, and for the work her&A does not give additional
information.

all exhibit a negative peak near 3.1 eV, a shoulder near 3.8
eV, and a positive peak near 4.5 eV. Although the overall
agreement between the various spectra is reasonable there
are also a number of discrepancies in the energy positions of
the extrema and in peak heights. The spread in energy posi-
Normal angle of incidence ellipsometric results at 293 Ktions of the peaks might be due to the sensitivity of SIOA
of single-domain Ge(001)-21 showed that changes in op- spectra to chemical contaminations, as already mentioned in
tical anisotropy measured upon 800-eV Ar-ion bombardmenRefs. 9-12. Chemisorbed species on single-domain
or O, exposure are identical. From this it was concluded Si(001)-2x1 are found to exhibit optical anisotropy at pho-
that either of these surface modifications yields an opticalon energies in excess of 3 eV, while almost no optical an-
isotropic surface, i.e.1{10="ig- Then, by taking the ;SOUOD_V is found below _thlsiimtl)n energy. This was found
modulus of Eq(1), we obtain or various aqlsqrbates like H, H,0,*" and As_. Since
the characteristic features of SIOA spectra of Si(001R 12
are also above 3 eV, the shape of these spectra will be criti-
cally dependent on surface cleanliness. We studied the effect
of uncontrolled surface contamination by repeating the ex-
periment on the same specimen, as well as on different speci-
The conclusion that either oxidation or ion bombardmentmens. Furthermore we created an isotropic reference sub-
of Ge(001)-2<1 produce the same optical anisotropy is strate by oxidizing it with @ rather than modification with

Ill. ROOM-TEMPERATURE ION BOMBARDMENT

|ri[1_10]| o |ri[110]|
dtany)= ————. (2

|"i[110]|

confirmed by reflectance difference spectroscd®DS
measurements, where the right-hand side of Bjis mea-

Ar ions. In all cases we observed SIOA spectra identical to
that of Fig. 1 within the experimental error. Combined with

sured directly. SIOA and RDS data of single-domaincontamination levels below the Auger detection limit, we

Ge(001)-2< 1 are essentially the samé®-*8Scanning tun-

found no evidence of chemical contaminations on our spec-

nelling microscopy and molecular dynamics studies oftrum. Another interesting point is the amount of optical an-
Si(001)-2x 1 during and after low-dose Ar-ion bombard- isotropy. For samples with miscut angles similar to our sub-

ment reveal surface roughening by this treatmtéft There-
fore, Si(001)-2<1 is expected to be optical isotropic after

strates, anisotropies of the 3.1-eV peak are reported in the
range of 12 —1.5x 102 to —2.5x10 3. However, in Fig.

800-eV Ar-ion bombardment at 293 K. In Fig. 1 the changel it is —3.8x 10 3. Apart from the possibility of a decreased

in optical anisotropy of single-domain Si(001)xA, mea-
sured upon ion bombardment, is given.

anisotropy due to surface contamination, such a decrease can
be caused by differences in the domain ratio due to surface

There are several studies which report the SIOA spectrumreparation. This suggests that our cleaning procedure yields

of Si(001)-2x 1 at room temperature*? As in Fig. 1, they

an almost single-domain surface, and that the amount of op-
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tical anisotropy of Si(001)-&1 is commonly underesti-
mated. This point will be addressed in Sec. V. 1
The origin of SIOA signals is still a matter of debate.
Optical transitions from surface-to-surface, surface-to-bulk,
bulk-to-surface, and even bulk-to-bulk states need to be con-
sidered. Also, a subtle relation between surface optical tran-
sitions and propagation of electromagnetic waves may be
involved?? Nevertheless, optical anisotropy of Si(001)<2
must be related to an anisotropic structure. On Si(001)-
2X1, oriented 4.4° towardl110], there are two anisotropic
features: dimers and steps. There are indications that optical-
anisotropy spectra of dimerized surfaces are related to energy
positions of surface states, though the precise relation is still
being discusset*¢1"23Furthermore, it has been demon-
strated that on As-passivated Si(001x2 the optical an-
isotropy changes sign, while spectral features are retained, if /5
the As-As dimer bond is rotated over 90°. This indicates that
the SIOA signal originates from the surface reconstruction,
e.g., dimers, and not from steps. By attributing the SIOA
signal solely to dimers, the optical anisotropy becomes linear
with the excess fractioaf of one domain with respect to the
other according to

)-Stan(y(t))

180

an(y.

0.01

|r[T10]|_|r[1101| wf=fg—f, 3)

t [10%s]

|r[1101|

wheref , andfg are the surface fractions covered withand _ .
: : _ FIG. 2. Behavior of the SIOA signal at photon energy 3.5 eV

. +1r= .

B domains, respectively. In general we hdye- fg+ fr=1, upon 800-eV Ar-ion bombardment. Sample temperature 293 K,

wheref is the surface fraction withowk or B domains, like 0'lions cm?s™1. Squares: measurements; line: fit according to

steps, contaminants, roughened area, etc. For a perfect sin 8 ®).

B domain surfacég=1 andf,=fgr=0, and an anisotropy

signal can be expected whereas a surface, completely rough-

ened by ion bombardment, hfs=1, and hencé,=fg=0, from Fig. 1 by takingé tan@) at 3.5 eV. The ion flux in

e.g., ho optical anisotropy. Consequently, the SIOA signaFigs. 1 and 2 differs more than an order of magnitude. Nev-

can be used to measure the domain excess fraéfion ertheless, the values df tarf ¢{hv)]is, are identical in both
The behavior o tan(y) vs ion dose may reveal informa- experiments, which shows that anneal effects at 293 K are

tion about the sputter process and/or the SIOA origin. Ainsignificant. Hence, roughening due to impeding ions can be

possible model for the SIOA Signal during ion bombardmentdescribed by an arelsg of permanenﬂy disp]aced atoms. The

is that one ion roughens an argg. If we split the surface in - model predicts the same behavior fértan(y) at different

a fraction contributing to the SIOA signale, and a fraction  photon energies. Measurements at various energies yield the

which does not contribute,1&¢, and assume that an area sgme value ofAg within 5%, and from Fig. 2 we derive an

already roughened by an ion does not contribute to the SIOA g5 As=3.9x10 M cm?, which is equivalent to 262

signal anymore, then the time evolution &f is given by first-layer atoms.
_ Similar experiments on Si(001)>21, where damage im-
Ec(t)=&c(0)exp(— PAgh), 4 posed by a low-dose 3-keV Ar-ion bombardment was stud-

where® is the Ar ion flux andA, is the area roughened by i€d with scanning tunneling microscopy and molecular-
one Ar ion. With the linear relation betweeft. and the dynamics simulations, show that one ion creates, on average,
SIOA signal, e.g.£c 5f, we obtain for the SIOA signal Six defects of different sizelS:*’ With an average damage/

during ion bombardment at 293 K: defect of two dimers, this yields a damage of 24 displaced
first-layer atoms, which is in good agreement with our re-
S tarf Y(hv) Jigo— 0 tarf #(hov,t)]  &c(t) sults. This suggests that SIOA measurements probe the
5 tarl ¢(hv)]; ~ £c(0) =exp(—PAg); roughened area, i.e., individual dimers. The actual etch yield
*° ¢ (5) of Si(001) with 800-eV Ar ions is abodf 0.8 Si atom/ion.

Our estimate of a roughened area equivalent to 26 first-layer
see also Eqgl), (3), and(4). In Eq. (5), § taf¥(hv)]ix is  atoms/ion shows that most of the roughening arises from
the signal when all optical anisotropy is removed by iondisplaced Si atoms rather than from atoms removed from the
bombardment, i.e = 6f=0. surface, which is consistent with molecular-dynamics

The SIOA signal was followed during Ar-ion bombard- calculations® The roughened area model proposed for the
ment at 293 K; see Fig. 2 for measurements hat  effect of ion bombardment turns out to be applicable in the
=3.5eV. The fitin Fig. 2 is a least-squares fit using E6),  range from a completely 21 dimerized surface to a fully
with Ag as only fit parameter and tarf y(hv)]s, is obtained  amorphized surface layer. This shows that during etching or
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FIG. 4. Squaresé tan())max Measured as indicated in Fig. 3 in
o 6tan(lP)max the temperature range from 293 to 670 K. Etch parameters: 800-eV
Ar ions at a flux of 16 ions cm?s™%, photon energy 3.0 eV. The
15 1 | full line is a fit of £&! according to Eq(7c).
0 4 6 8

drops rapidly between 489 and 575 K, while at 670 K there
t [1()3 S] is no observable change in fgn when the sample is sput-
tered.(ii) The second cause for the decreas¢sofan (i) mad
FIG. 3. & tan(y) athv=3.0 eV before, during, and after etching With increasing temperature may be temperature dependen-

at 575+ 15 K with 800-eV Ar ions at a flux of T8 ions cni2sL.  cies of dielectric functions. Consider a surface with an initial

See text for further details. excess domain fractioAf (0) and a domain excess fraction
of(t) after sputtering for a certain timeat temperaturd .

homoepitaxial growth the SIOA signal can be used to follow Th€ change in SIOA is given By*

the evolution of the surface domain excess faébr [1+ 6 tar(y)Jexp(i 6A) — 1

2ieEd e1110(T)— €13 o(T)
IV. ETCHING AT HIGHER TEMPERATURES _ [110] [110] _
e (T -1 [6f(0)—6f(1)]. (6)

Single-domain surfaces were etched with the same ion
flux as used in Fig. 2 in the temperature range 293-670 K. The S|OA signal of Si(001)-2 1 is shown to have neg-

At temperatures ranging from 490 to 650 K, two effects argjgiple temperature dependency in the rangé 893—750 K.

observed simultaneously. These effects are demonstrated ifence the drop ifé tan(),g, With increasing temperatures
Fig. 3, whereé tan(y) is given during and after ion bom-

bardment at 575 K. The first and most prominent feature is

that, if ion bombardment is stopped, the SIOA signal imme- S 670 K. A +
diately reacts by returning to its original value. This clearly , AT
shows that surface damage is annealed at these temperatureg—
In Fig. 3 itis clear that at 575 K all damage will anneal out <
in time. The recovery of the SIOA signal after ion bombard- —
ment at 575 K is consistent with the recovery of ion induced
(bulk) defects at this temperature for low ion ddsSeThe
recovery from ion-induced damage by annealing is inti-
mately related to the second feature in our measurements: the
maximum change ird tan(y), called 6 tan()),.x hereatfter,
drops upon increasing the etch temperature. See Fig. 4 for
the temperature dependence &ftan),.x. The drop in -5
|6 tan@)may has two possible origins(i) At & tan)max 0 1

distortion of the surface structure by ions and recovery of the

surface structure by annealing are balanced. As a resiult, t [103 s]
stays nearer to its original value if annealing becomes more

important, e.g., if the sample temperature is higher. This FIG. 5. §tan() at hv=3.0 eV during and after etching at
agrees with our measurements which show taan () may 670+ 15 K with 800-eV Ar ions at a flux of 18 ions cm 2s 7™,

otan(¥) [

2 3
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is caused by a more single-domain surface due to annealing 1
effects which counteract roughening by ions. 870 K, Art
In Fig. 5, the optical anisotropy during and afterAion —
bombardment at 670 K is given. It is clear that the optical "‘O
anisotropy is unaffected by etching under these conditions.—,
If, for example,Dg steps are broken and converted into a
pair of Sy+ Sg steps, then the domain excess fraction will
decrease and the optical anisotropy changes, which is no~y
observed. Therefore, we conclude that this surface etches b
means ofDg step retraction under these conditions, and the
surface stays in its equilibrium configuration. This tempera-
ture, 670 K, coincides with the temperature where bulk dam- ~ _ | | I
age by Ar ions is reported to decrease significantly for ion 0 300 600 900 1200
fluences belo# 5x 10' cm™2. The value of the SIOA sig-
nal also depends on the bulk dielectric functisee Eq(6)], : t [S]
and amorphization of the bulk influences the optical re-
sponse. Thereford)g step etching can only be observed if  FIG. 6. 5 tan() at hv=3.5 eV upon etching with 800-eV Ar
bulk damage is absent. Also, the temperature must be suffions at sample temperature 8705 K and a flux of
ciently high to allow all surface defects to diffuse to thg 7> 10*?ions cm ?s%.
step edges. At 670 K, and H0Arions cm2s ™t at 800 eV,
these conditions are fulfilled for this misorientation angle. process. This can be seen in Fig. 3, where at least two time
Since temperature effects on the SIOA signal can be neconstants are involved. Immediately after ion bombardment
glected it is possible to calculate from the measured val- has stoppedr,~50 s and at longer time scaleg~2000s.
ues of § tan(y) in the temperature range 293-670 K. The Corresponding energy barriers are 0.63 and 0.8 eV, respec-
fractions ¢&9= 6 tanma)/ 8 tan@maxr—203 ) are calculated t|ve_ly. They are of the same ord_er of mag_nltude, which ex-
from the left axis of Fig. 4, and yield the right axis of this Plains why Fig. 4 can be described with just one effective
figure. By doing this we implicitly assumed that the domain€nergy barrier, despite the fact that several anneal processes
excess fraction of the surface before etchiaf(0), equals  are myolved. .Furthermqre, our estimates for energy barners
unity. The data points in Fig. 4 give the fracti@f® when a§SOC|ated wnh annegllng processes cprrespond fairly well
roughening and annealing are in equilibrium. Taking thewith repo_rted interaction energies of dimers: 0.38 eV be-
same model as before for roughening, i.e., the roughenelj’¢en adjacent dimers in a dimer row and 0.24 eV between

area is proportional to the crystalline fraction, yields dimers in adjacent dimer row. ,
In equilibrium, nominal flat Si(001)-&1 has single

déc steps and alternating- and B-domain terraces. In this con-
— = &cPAs. (7@ figuration, the stress energy is minimized while step energies
dt

only have marginal influence due to their intrinsic low den-

Further, we assume annealing to be proportional to thé&ities. Then preferential incorporation® steps of diffusing
roughened area with one single effective time constgpt SPecies during growth or etching can give a different, non-

which is determined by an effective energy bariigy, ac- equilibrium surface morphology, likBg steps in homoepi-
cording to taxial growtH or D, steps during etching.On Si(001)-

2Xx 1, oriented 4.4° towarflL10], the equilibrium structure is
déc 1-¢&c E.an Dy stepped withB domains only. Here, the energy gain of
e (1= &c)van ex;{ - K) , (70 oneDy step instead of a pair &, + Sg steps is large enough
to compensate for the loss of strain relaxation associated
kg is Boltzmann’s constant anel, is the attempt frequency with single B-domain coveragé During homoepitaxial
multiplied by a proportionality factor. For the data points in growth, preferential incorporation of Si 8 step edges will
Fig. 4, roughening and annealing are in equilibrium anddrive the surface back to iBg stepped equilibrium configu-

¥)

g
-
o

combining Eqs(7a) and(7b) yields ration. Under etching with a 800-eV Asion flux of
10t ionscm?s tat 670 K (~6x10 4 ML s™ 1), the sur-
£80= 1 (70 face remains in its equilibriunDg stepped configuration.

Preferential incorporation of vacancies & step edge¥

would result in an energetically unfavorable single stepped

surface, and under these conditions equilibrating forces
This model is fitted to the data of Fig. 4, resulting in counteract kinetic effects completely.

v,=5.8x10°s1, andE,;=0.65 eV. As can be seen in Fig.

4_1, _thls model gives a reasonable descrlp_tlongg’f with a V. EACETING

limited number of parameters. However, ion bombardment

yields various kinds of damage, like missing dimers, defect If the surface is etched at higher temperatures and ion

dimers, adatoms, and adclusttté®as well as bulk damage. fluxes, the etch behavior changes significantly, see Fig. 6 for

Different types of damage will have different energy barriersan experiment at 870 K andx710*? Ar ions cm 2s™ L. Dur-

and hence more time constants are involved in the anneag etching, the SIOA signal changes, and it remains con-

- q)AS Ean .
+ —_—
! Van eXF{ kBT)
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1020K, O, .
[110]

FIG. 8. Schematic LEED pattern of the surface after etching
with O,, at the arrow in Fig. 7. Spot splitting in tf&10] direction
is caused by regular spacing bf; steps and half-order spots cor-
respond to dimers oB terraces. The magnification shows addi-
tional spots moving in the indicatéd 10 directions upon variation
of the electron energy.

Stan(¥) [107]

is also the underlying cause for the change in optical anisot-
ropy in Figs. 6 and 7, both for etching with oxygen and with
Ar* ions3?

In Ref. 2, after a few second anneal treatment at 1400 K
of nominal (001)-oriented Si, a random distribution of pyra-
mids with a density of one pyramid onAL0* first-layer Si

-3 | ] ] ] ] atoms is found. AFM measurements, performed after the ex-
0 1 2 3 4 5 6 periments of Figs. 6 and 7, show 1 protrusion on x-12°
first-layer Si atoms. The shape of these protrusions could not
t [10°s] be resolved, but the LEED results suggest a pyramidal shape
with {11} facets. If pyramid formation is initiated by step

FIG. 7. & tan@y) at photon energy 3.0 eV during,Gtching  pinning at contaminants, and we assume a contamination
(1020+ 15 K, 2.8<10 ° Pa. The arrow shows the point where the level of only 0.1%, then a protrusion is initiated by a pinning
modified spectrum of Fig. 9 was recorded. center of 100 clustered foreign atoms. This contamination

level is below the detection limit of standard detection tech-
stant if sputtering is stopped, quite unlike Fig. 3, where theniques like AES and x-ray photoemission spectroscopy,
signal returns to its original value. This indicates that thewhich explains why contamination-induced pyramid forma-
SIOA change of Fig. 6 has to be attributed to other mechation occurs on apparently clean Si(001)<2. Furthermore,
nisms than those studied in Sec. IV. Furthermore, we obthe etching species seems of minor importance: Besides
served that SIOA etching experiments at 293 K, performectching with Ar ions or Q, additional LEED spots like in
on substrates which were previously subjected té atch-  Fig. 8 were also found when the sample was heated to 1020
ing at 870 K, showed the same spectral behavior as in Fig. X in a water rich environmentp(HZo=10*6 Pa). This sug-

However, the height of the spectrum decreases monotQyests that facet formation occurs whenever the sample is
nously with ion fluence at 870 K. Even repeated cleaningstched at elevated temperatures under conditions in which
cycles of these substrates did not yield the same height as lnning centra(contaminantsare retained on the surface.
Fig. 1. Therefore, we conclude that during prolonged etching |t js interesting to compare Figs. 5 and 6. The total fluence
at 870 K the domain excess fracti@if decreases irrevers- zt 670 K was 25 times lower than at 870 K. The SIOA
ibly. The same irreversible change in SIOA was observe(thange at 870 K suggests a total change in Fig. 5 of
when the surface is etched wity,=2.8x107° Pa at 1020 (. 64x 10~ 3/25=2.5x 10 2. The change in Fig. 5 is clearly
K; see Fig. 7. When @exposure starts, the SIOA signal smaller than this value. Hence a sufficiently high mobility,
changes until a stable situation is reached. Stoppip@@®  which allows foreign material to cluster in pinning centra,
posure does not affect the SIOA signal. might be an essential step in the facet formation process. On
After the O, exposure of Fig. 7, we observed low-energy nominal (001) oriented substrates, temperatures in excess of
electron-diffraction(LEED) patterns as illustrated in Fig. 8. 770 K are required to reduce the number gfi@duced step
Around integral order spots, additional spots appear. Thesginning centr& for O, pressures of 10 Pa. This limits the
new spots move in the indicated directions upon variation opossibility of sustained g step etching by oxygen exposure
the electron energy. Such additional spots are consistent withecause at 770 K the pinning centra responsible for facet
spots arising from facefS:*® Atomic-force-microscopy formation in Fig. 6 might already be activated.
(AFM) images, taken afterwards, showed several-nm-high In Fig. 9 a SIOA spectrum is shown, where the initial
protrusions on the surface, which is large enough to explaisurface is the clean, unfaceted surface and the modified spec-
the additional LEED spots. Formation of pyramids has beenrum is recorded at the arrow in Fig. 7. If the facets are
reported during thermal etching experiménas 1400 K of  oriented toward110 directions, then pyramids are expected
Si(001)-2x 1. The formation of these pyramids is explainedto be optically isotropic. This is justified by the observation
by pinning of steps at surface contaminations and the facethat the SIOA signal, at 293 K, of a faceted surface has
correspond td11} planes. Presumably, pyramid formation decreased, while no additional spectral features belonging to
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0 more the importance of carefully controlling surface prepa-

1020 K, O, ration techniques.

VI. CONCLUSIONS

Reported optical anisotropy data of Ge(001¥%-2 and
Si(001)-2x 1, with a misorientation angle of 4°-5° toward
[110], show a large variation in size. Besides a difference in
domain excess fraction, caused by small differences in mis-
orientation angle, this variation might be due to cleaning
procedures involving etching stages at high substrate tem-
peratures. Then protrusions on the surface can be formed by
pinning at residual contaminations and the remaining dimer
related optical anisotropy decreases. The etching process it-
self seems unimportant: etching with reactive gases
(0,, H,0), 800-eV Ar' ions, and even thermal etching may
el result in facets on the surface. Hence reliable SIOA measure-
ments of Si(001)-X 1 are critically dependent on surface
preparation techniques, and an etching stage at elevated tem-
peratures should be avoided. SIOA measurements at 1020 K,
where the dimerized area is reduced by facet formation, and
at 293 K, where the surface is roughened by incident ions,
3 | | | display similar spectral features. This indicates that the mea-

sured anisotropy changes at 1020 K are related to a reduction
1 2 3 4 5 : i
of the domain excess fractioff.
hv [GV] At 293 K, the evolution of the SIOA signal during 800-eV
Ar* etching can be described with a simple model where one

FIG. 9. Anisotropy change recorded by exposing clean singleion roughens an area corresponding ta-26first-layer Si
domain Si(001)-X1 to O, at sample temperature 1020 K. The atoms. Comparing the actual etch rate-dd.8 Si atom/ion to
modified spectrum is taken at the arrow in Fig. 7. the roughened area of 26 first-layer Si atoms/ion reveals that,

at 293 K, the SIOA signal is dominated by roughening rather

than Si removal. Increasing the substrate temperature during
facets are found. Consequently, the spectrum in Fig. 9 origietching with 16! Ar* ions cm 2s™? reveals that annealing
nates from a decrease #f on the modified surface. Thus, processes reduce the change in optical anisotropy. This
apart from the height, this spectrum represents optical anisothaximum SIOA change under etching conditions could be
ropy of dimers on Si(001)-2 1 at 1020 K. In spectra, taken described by a straightforward model with two effective pa-
at 293 and 1020 K, some common features can be identifiedameters. The anneal behavior at 575 K reveals a number of
a large SIOA at 3.0-3.5 eV, a minimum at 4.0-4.5 eV, andime constants and consequently various anneal processes
an increasing SIOA at the high-energy side. Also, the specplay a role. At 670 K and 18 Ar* ions cm ?s™%, the sur-
trum at 1020 K is broadened with respect to the 293-K specface remains in its equilibrium structure, i.e., the surface
trum. Broadening of features in dielectric functions with in- etches in theDg step retraction mode. Facet formation dur-
creasing temperature is a common efféaivhich confirms  ing etching at higher temperatures inhibits the range of con-
the attribution of the spectrum of Fig. 9 to surface dimers. ditions whereDg step retraction will occur.

As discussed, facets reduce the size of the SIOA signal,
but the spectral features are unaffected. It could very well be
that facet formation is responsible for the different size of
SIOA spectra in Refs. 9-12 and this work. The relatively This work is part of the research of the Stichting voor
large SIOA signals in this work indicate a relatively large Fundamenteel Onderzoek der Mate(f€OM), which is fi-
domain excess fraction on our substrates, and the relativelyancially supported by the Nederlandse Organisatie voor
low SIOA signals in Refs. 9—12 suggests that their surface§Vetenschappelijk OnderzoglNWO). One of the authors,
are covered by facets and/or their surfaces ardyadtin the  H.W., acknowledges the Royal Netherlands Academy of Sci-
equilibrium D stepped configuration. This emphasizes onceence(KNAW) for their support.
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