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Sb-mediated Ge growth on singular and vicinal Si„001… surfaces:
A surface optical characterization study
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In this work, we apply Raman spectroscopy~RS! and spectroscopic ellipsometry~SE! to surfactant mediated
growth ~SMG! of Ge on Si~001! surfaces. Under molecular-beam epitaxy conditions, a growth temperature of
400 °C and in the absence of a predeposited surfactant~Sb! monolayer, we show that SE can be used to
determine the Stranski-Krastanov critical thickness for island formation. In the presence of a predeposited Sb
monolayer, SE predicts that layer-by-layer growth is possible up to a Ge coverage of 20 monolayers~MLs!.
However, no evidence of relaxation through dislocation formation, known to exist in this coverage regime,
could be detected. With RS, we present one of the first studies of Sb mediated growth on avicinal Si~001!
substrate. Two Sb surface related phonon peaks are identified, one associated with Sb dimers bonded to the
Si~001! substrate (130.5 cm21), the other with Sb dimers on the grown Ge epilayer (141 cm21). The former
disappears and the latter appears gradually with increased Ge coverage up to 3.5 MLs. This indicates that
surfactant exchange occurs differently onvicinal Si~001! than onsingular Si~001!, where exchange has been
shown to be complete by deposition of between 0.5–1.0 monolayer~ML !. To explain this difference, step
bunching must occur during the initial stages of growth onvicinal Si ~001!, leading to areas of preferred
growth on the surface. At a higher Ge coverage of 20 MLs, theoretical predictions of the Raman shift for a
strained pseudomorphically grown Ge layer show good agreement with the Raman data presented. This dem-
onstrates that even at 20 ML coverage, some areas of unrelaxed Ge must still exist, pointing to inhomogeneities
within the Ge epilayer, as predicted by our model for SMG on a step bunched Si~001! substrate.
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I. INTRODUCTION

The layer-by-layer growth of Ge on Si~001! surfaces to
thicknesses beyond those envisaged on the basis of inte
free energies and lattice strain arguments can be promote
exposing the Si substrate to small quantities of one of
group V elements, As, Sb, or Bi prior to growth.1–5 In the
absence of these group V elements, known as surfactant
the way they behave here, layer-by-layer growth of Ge
Si~001! is only possible up to approximately 3–6 monolaye
~MLs!.6–8 In the 3–6 ML coverage region, two-dimension
~2D! islands start to form to alleviate the strain caused by
4.2% lattice mismatch between both materials.9 In the pres-
ence of a surfactant, strained layer-by-layer growth can
extended up to a critical thickness of 11–12 MLs, whe
dislocations form resulting in relaxation within the G
layer.4,10,11 However, all this work has been predominan
carried out on flat orsingular Si~001! surfaces. By compari-
son, few studies detailing the initial stages of Ge growth
the stepped orvicinal Si~001! surface have appeared.12–14

These studies, carried out solely on the bare surface with
a surfactant, indicate that the growth of Ge onvicinal Si~001!
leads to step bunching.13,14

For this system, surfactants work by limiting the diffusio
of impinging Ge atoms so that no island is supplied w
diffusing Ge necessary for its growth.15–17 Thermodynami-
cally, the free energy of this surface, where each Ge ada
contains dangling bonds can be reduced if Sb exchanges
Ge, producing Sb dimers on the surface which contain
unreactive lone pairs.2,15–17Microscopic models concernin
the mechanism of surfactant exchange have been repo
PRB 620163-1829/2000/62~11!/7378~9!/$15.00
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Recent work all points to the initial incorporation of Ge
dimers between intact and unperturbed Sb dimer rows, a
cess which must saturate at a Ge coverage of 0.5 ML. On
second Ge dimer impinges upon the surface above this
erage, the Sb-Sb dimer bond is weakened and Sb dimer
change is initiated.18 Despite the large body of work con
cerning surfactant growth on thesingular surface, by
comparison, no significant experimental study exists yet t
comprehensively explains surfactant mediated Ge growth
vicinal Si~001!, although some theoretical work ha
appeared.19 We report experimental data showing th
changes in step structure must occur during the initial sta
of surfactant mediated growth~SMG! on vicinal Si~001!.

We apply the surface optical probe techniques, spec
scopic ellipsometry~SE! and Raman spectroscopy~RS!, to
this growth system. We take advantage of the large pene
tion depth of optical radiation to simultaneously obtain info
mation concerning the buried Ge/Si~001! interface as well as
the growing surface. Optical probe techniques have b
shown recently to be very sensitive to changes in surf
structure and stoichiometry and have the potential of prov
ing microscopic information not only for surfaces in vacuu
but also for surfaces under atmospheric conditions and e
in liquids.20,21 It will be shown that SE, which has bee
widely used in the past to determine properties such as
thickness, surface reconstruction change,22 and surface
roughness,22,23 can also be used to distinguish changes
growth mode, for example, from layer-by-layer to islan
growth. Under the conditions used, we show that layer-
layer growth in the absence of an Sb surfactant layer is l
ited to approximately 5 MLs. In the presence of an Sb lay
although layer-by-layer growth appears possible up to
7378 ©2000 The American Physical Society
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PRB 62 7379Sb-MEDIATED Ge GROWTH ON SINGULAR AND . . .
least 20 MLs, it is well known that relaxation through disl
cation formation occurs in the region of 11–12 MLs. Hen
SE here shows insensitivity to the formation of dislocatio

Using RS, interesting information concerning SMG fro
vicinal Si~001! is obtained. We identify two surface/interfac
features, one at 130.5 cm21 which we associate with Sb
dimers on the Si~001! substrate and one at 141 cm21 which
is related to Sb dimers on the grown Ge epilayer. Analysis
the variation of these phonons with increased Ge depos
reveals that step bunching must occur during the ini
stages of growth. Raman strain shifts within the 20-ML thi
Ge epilayer grown in the presence of a surfactant reveals
areas of strain must co-exist with regions of relaxed G
which is also predicted by a growth model involving st
bunching.

II. EXPERIMENT

The experiments were carried out in an ultrahigh vacu
~UHV! chamber with a base pressure of 5310210 mbar.
The samples were eithersingular Si~001! ~Unisil, n-type,
phosphorus, 1210V cm), or vicinal Si~001! ~VSI, p-type,
boron, .10V cm) cut 4° off the@001# direction towards
@110#.

The Si samples were cleaned through heating by passi
direct current through them. Care was taken when clean
the vicinal samples that the direction of current flow w
parallel to the step edges so as to avoid current induced
migration effects. After an overnight degas at 600 °C,
samples were cleaned by stepwise heating to 950 °C, ma
sure that the vacuum chamber pressure did not excee
31029 mbar. Sample temperatures were measured by o
cal pyrometry. When the samples had cooled down to ro
temperature after cleaning, thesingular samples produced
double-domain (132) low-energy electron diffraction
~LEED! pattern while thevicinal samples showed a signifi
cant single-domain character, with a 3:1 domain ratio
(132):(231), obtained by measuring LEED half orde
spot intensities.

Once clean, the samples were subjected to two diffe
experiments: Ge growth on clean surfaces and on surf
terminated with a monolayer of Sb. In all experiments,
Si~001! substrates were heated to 400 °C and Ge w
evaporated from a miniature Knudsen cell~K-cell! evapora-
tor. The substrate growth temperature was chosen in ord
avoid desorption of the Sb prelayer during growth, wh
maintaining a high enough temperature to promote orde
of the Ge overlayer. The K-cell had been previously ca
brated by means of reflectance anisotropy spectrosc
~RAS!, where the reflected signal during the initial growth
Ge on a cleanvicinal Si~001! sample was known to oscillat
with monolayer sensitivity.24 This method for coverage de
termination meant that the estimated error in Ge cover
was less than 10%. In preparation for surfactant growth
MLs of Sb were deposited onto clean Si~001! at room tem-
perature. The surface was then annealed at 450 °C fo
min. Annealing causes the excess Sb to desorb leaving
hind an Sb monolayer terminated Si~001! surface with a (2
31) LEED pattern. The chamber geometry allowed the
signal to be monitored during growth. The ellipsometer us
in this work is described elsewhere.22
.
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The Raman experiments were carried out using ne
identical preparation conditions to those used for the
work. In contrast to the SE work, the chamber geome
meant that RS measurements could not be recorded du
Ge growth. Growth was interrupted at several stages and
samples allowed to cool to room temperature before d
acquisition. The 514.5 nm~50 mW! and 476.5 nm~20 mW!
lines of an argon-ion laser were used as sources for the
man experiments. The RS spectrometer used in this work
been described elsewhere.25 All the RS experiments were
carried out with the incident and scattered polarization v
tors, ei and es , respectively, aligned eitheri or ' to the
principal @110# or @ 1̄10# axes of the~001! surface.

For the Raman experiments,vicinal Si~001! samples cut
4° off the @001# direction towards@110#, rather thansingular
Si~001! samples were used. On-axis samples are known
contain approximately equal numbers of two domains se
rated by single-atomic-height orSsteps. These domains con
sist of dimers which differ only by a 90° rotation in dime
orientation. The use ofvicinal samples stabilizes the forma
tion of a surface containing regular double-atomic height
D steps causing an imbalance in domain numbers, thus yi
ing more dimers oriented in one direction than the oth
Vicinal samples therefore allow the extraction of extra info
mation concerning dimer orientation, as shall be se
through the analysis of our Raman data.

III. RESULTS AND DISCUSSION

A. Spectroscopic ellipsometry

Figure 1 shows changes in the imaginary part of
pseudodielectric function (^e2&) of Si, derived from the SE
raw data during the growth of Ge on a cleansingularSi~001!
sample held at 400 °C with and without the use of an
surfactant prelayer. Although the ellipsometer is capable
operating to 1.5 eV, in this figure we show the dielect
function between 3.0 and 4.5 eV only due to problems a
ing in the detector from stray light produced by glow fro
the sample heater filament. In both Figs. 1~a! and ~b!, a de-
crease in theE2 ~4.25 eV! gap intensity relative toE1 ~3.45
eV! is observed which is expected due to the growth of a
overlayer, in this case the Ge overlayer. However, the beh
ior of E1 andE2 can be seen to differ strongly depending
whether the surfactant layer is used or not prior to
growth.

In Fig. 1~a!, the evolution of̂ e2& is shown for increased
Ge coverage on the (231)-Sb surface. A gradual change
^e2& is observed even upon initial deposition of Ge. The
changes show first of all that SE is sensitive to changes in
thickness of the Ge layer on the ML growth scale. An i
crease in the intensity ofE1 is observed at low energie
while at higher energies, a decrease inE2 is observed@see
arrows in Fig. 1~a!#. Figure 1~b! shows the evolution of̂e2&
during Ge growth onto the bare clean Si~001!-(132) sur-
face. In the absence of the Sb surfactant layer, Ge gro
produces similar changes of the^e2& features as those ob
tained when using the surfactant layer, up to a coverage
MLs @see arrows~1! in Fig. 1~b!#. However, above this thick-
ness, the behavior differs and a large decrease in the am
tude of theE1 and E2 peaks is observed@see arrows~2!#.
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7380 PRB 62J. R. POWERet al.
Here, a roughening of the Ge layer is likely to cause t
decrease in SE intensity. For a 20-ML-thick Ge layer gro
directly onto Si~001!, such roughness is known to occur d
to the formation of islands and misfit dislocations which
leviate strain caused by the lattice mismatch between b
materials.6,7,9 In the region of theE2 gap, a larger decrease i
intensity is observed in comparison to when a Sb surfac
is used. This is also consistent with the presence of a sm
Ge layer when a surfactant is used and a considerably ro
layer when it is not.

In order to analyze the origin of the SE data, we ha
simulated the SE response using the three layer system~Si
substrate/Ge layer/vacuum!. In the simulation, the presenc
of a surfactant is ignored and room-temperature dielec
function data for Si and Ge are used.26 The well-known
Bruggeman effective medium approximation~EMA! was
employed to account for roughening effects.22 This approxi-
mation considers rough layers to consist of the sum o
dielectric function for voids, i.e., the empty space betwe
islands, and a dielectric function for the deposited mate
under investigation.

The results of the simulation are shown in Fig. 2. A sh
in peak position is observed by comparing the^e2& experi-
mental and simulated values. This arises from the exp

FIG. 1. Plot of the imaginary part of the pseudodielectric fun
tion of Si, ^e2&, derived from SE data for the growth of Ge o
singular Si~001! held at 400 °C~A! with, and ~B! without an Sb
surfactant layer. The arrows indicate changes related to incre
Ge growth. In~B! and in the region of theE1 gap peak at 3.25 eV
~1! refers to an increase of^e2& with initial Ge coverage, while~2!
follows the subsequent decrease in^e2& above a critical Ge thick-
ness.
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mental data being gathered with the sample at 400 °C ra
than at room temperature. By assuming a homogeneous l
5 MLs thick and subsequent layers to consist of 25%
~islands! and 75% voids, the experimental behavior can
reproduced. Initially, an increase in theE1 gap peak intensity
is obtained as a function of Ge layer thickness, followed b
decrease above a thickness of 5 MLs. This is evidence
the SE data shown in Fig. 1 does reveal changes in gro
mode, i.e., from layer-by-layer to island growth. Also show
in the figure is a simulation of what is expected if the lay
could be forced to remain homogeneous up to a coverag
20 MLs @see Fig. 2~b!#. Here, a strong similarity to the ex
perimental curve, obtained in the presence of a surfac
layer, is found. This similarity suggests that under our e
perimental conditions, SE predicts layer-by-layer growth
Ge on Si~001! to be possible at least up to a coverage of
MLs. It should be noted, however, that these simulations
based on macroscopic dielectric function data alone, and
microscopic information concerning the quality of the grow
layer~i.e., layer defects such as misfit dislocations! cannot be
inferred.

-

ed

FIG. 2. Plot of simulated̂e2& values for the growth of Sb on
singular Si~001! using room-temperature dielectric function valu
for Ge and Si~see Ref. 26!, ~A! assuming the Ge layer grows in
layer-by-layer mode up to 20-MLs imitating the effect of a surfa
tant and~B! assuming the Ge layer grows in a Stranski-Krastan
growth mode. The arrows indicate changes related to increase
growth. In ~B!, the first five Ge layers are assumed to grow in
layer-by-layer fashion producing the variation labeled~1!. Above
this coverage, modelling is achieved by considering each laye
consist of a combination of 75% voids and 25% Ge imitating
effect of island growth and producing the variation labeled by~2!.
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PRB 62 7381Sb-MEDIATED Ge GROWTH ON SINGULAR AND . . .
To see the effect of defects such as dislocations on the
response, we refer to Fig. 3, which is extracted from the d
in Figs. 1 and 2. The figure displays how the SE intens
changes as a function of coverage near theE1 gap at 3.32
eV. Here, it can be seen that in the presence of a surfac
~solid curve!, the critical thickness for dislocations to form
and relaxation to occur is well known to take place a
coverage of 11–12 MLs under similar preparation conditio
to the ones employed here.4,10,11 However, despite such re
laxation, no change in the SE response is observed.
shows that, despite the ability of SE to determine change
growth mode, it is insensitive in providing information co
cerning changes related to strain relaxation, and hence it
not be used to determine information concerning Ge epila
quality. As shall be seen in the next section, RS as a sur
optical probe shows more potential in this respect.

Finally in the absence of a surfactant, the dashed curv
Fig. 3 clearly shows that above 5 MLs, there is a sharp
duction in intensity when a surfactant layer is not used.
the difference in peak intensity here is directly related to
use of a surfactant, we conclude that the 5-MLs criti
thickness must be related to the Stranski-Krastanov~SK!
critical thickness where islands are formed, in agreem
with the results of previous authors.6,7,9 However, whether
the formation of misfit dislocations accompany this isla
formation is open to question, as we have shown above
SE is insensitive to defects of this kind.

B. Raman spectroscopy

In this section, we apply Raman spectroscopy to SMG
a 4° off-cut vicinal Si~001! surface. Although surfactan
growth has been widely investigated on thesingularSi~001!
surface, and is well understood, no significant experime
study for such growth on thevicinal Si~001! surface yet ex-
ists. Since the surface energetics of a predominantly sin
domainvicinal Si~001! surface are finely balanced betwe
step repulsion and terrace strain unlike thesingular Si~001!
surface, it is possible that SMG may occur through a diff
ent mechanism than that of thesingular surface.

FIG. 3. Plot of^e2& recorded at 3.32 eV.
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1. Sb monolayer terminated vicinal Si(001)

When 4 MLs of Sb is placed on a clean 4° offcutvicinal
Si~001! surface, and the sample is subsequently anneale
450 °C, the excess Sb is desorbed leaving behind the m
layer terminated (231)-Sb structure. Analysis of the Sb in
duced (231) LEED pattern showed that Sb dimerizatio
had occurred in a direction perpendicular to the underly
Si dimers, that is along@110#, in agreement with other
work.27 It should be noted that care must be taken in prep
ing this surface as recent results have indicated that the
construction quality is critically dependent on preparati
conditions.28

Raman data showing the development of a surface p
non peak at 130.5 cm21 associated with the (231)-Sb
structure through these stages of growth was reported
Esser et al.29 Here, we show Raman spectra for th
(231)-Sb surface with the polarization vector of the inc
dent and analyzed light,ei and es , respectively, oriented
along the surface@110# direction (ei iesi@110#, solid line!,
that is parallel to the Sb dimer bond or along the@ 1̄10#

direction (ei iesi@ 1̄10#, dotted line!, which is perpendicular
to the Sb dimer bond@see Fig. 4~a!#. We define the sample
azimuth here to beF50°. From these spectra, we can s
that a larger intensity for the Sb related phonon
130.5 cm21 is obtained when the polarization vectors a
aligned along the Sb-Sb dimer bond direction. Sb adsorp
at surface steps can be ruled out as the origin of this p
through comparison of the Sb dimer terminated reconstr
tion formed onsingularSi~001!.29 If this peak was due to Sb
induced reconstruction at rebondedD-step edges known to
be present at such a vicinal offcut angle,30 then it would not
be expected for the singular surface, which contains noD
steps. However, this peak is observed on the singular sur

FIG. 4. Raman spectra of the (231)-Sb structure formed on a
clean 4° offcut Si~001!-(132) sample. The Sb-Sb dimer bond lie
along the@110# direction. Two parallel polarization combination

were used, i.e.,ei iesi@110# andei iesi@ 1̄10#. Two sample azimuths
were used,F50° ~a! and F590° ~b!, effectively reversing both
parallel polarization vectors with respect to the sample princi
axes. The sample was cooled down to room temperature before
acquisition. The spectra were normalized to the intensity of the
phonon of bulk Si.
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7382 PRB 62J. R. POWERet al.
and hence must originate from the Sb-dimer induced terr
structure.29

To further investigate the Raman intensity depende
with polarization direction, we rotate the sample azimutha
by 90° (F590°) keeping everything else constant. The
sults are shown in the spectra labeled~b! in Fig. 4. Now the
solid line representsei iesi@ 1̄10# and the dashed line
ei iesi@110#. The intensity variation of the 130.5 cm21 fea-
ture switches indicating the intensity must be related to
orientation of the Sb-Sb dimers in the majority domain. W
label this surface phonon mode asvSb2Si . The sensitivity of
RS to surface domain occupancies demonstrates its pote
as a surface characterization probe. As this feature is o
observed when the parallel polarization combination, tha
whenei ies is oriented along either of the principal@110# or

@ 1̄10# axes only, it has been identified as anA1 eigenmode
which defines a symmetric vibration in the plane normal
the surface and parallel to the Sb-Sb dimer bond.29

2. Surface phonons: Establishing a growth model for SMG
on vicinal Si(001)

Ge was then deposited on the (231)-Sb terminatedvici-
nal surface held at 400 °C. Figure 5 shows the Raman sp
tra taken using the polarization combination,ei iesi@110#,
and the coverage where the growth was interrupted is i
cated in the figure. The spectra shown are difference spe
and signify subtraction of the clean Si~001!-(132) from the

FIG. 5. Raman difference plot„Ge/Sb covered surfaces–clea
Si~001! surface… using a 514.5 nm excitation wavelength, taken
stages during the growth of up to 20 MLs of Ge on thevicinal
Si~001!-(231)-Sb surface. The Ge growth was interrupted at
coverages indicated and the sample was cooled down to room
perature before data acquisition. The coverages shown are cum
tive and the parallel polarization combinationei iesi@110# was used
where the polarization vectors are initially parallel to the Sb-
dimer bond of the (231)-Sb surface.
ce
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covered surface spectrum. This allows clear observation
the Ge-Ge phonon mode which occurs at approxima
300 cm21 over the second-order bulk Si transverse acou
cal ~2TA! phonon which dominates the Raman spectrum
the 300-cm21 spectral region~see Fig. 4!.

From Fig. 5 it can be seen that thevSb2Si surface phonon
mode at 130.5 cm21 reduces gradually in intensity durin
growth and has disappeared above a Ge coverage of
MLs. Another phonon peak becomes apparent at a Ge c
erage exceeding 2.55 MLs at the slightly higher energy
141 cm21. The origin of the peak at 141 cm21 was identi-
fied through a separate experiment by depositing Sb o
singular Ge~001! sample. The Ge~001! surface was cleaned
by thermal annealing to 700 °C followed by deposition o
10 ML Ge buffer layer. Under these conditions, a we
c(234) LEED pattern was observed. Once clean, 1 ML
Sb was deposited on this surface. The Raman results
shown in Fig. 6, again for theei iesi@110# configuration.
From the figure, a feature centred at 141 cm21 is clearly
visible. Like thevSb2Si surface phonon, no feature was o
served for the crossed polarization combination, i.e.,ei'es
~not shown in Fig. 6!. Through similar selection rule argu
ments as used forvSb2Si , we associate the feature a
141 cm21 with a surface phonon mode involving Sb dime
bonded to the Ge~001! surface. This indicates that the featu
we observe at 141 cm21 after growth of 20 MLs of Ge
mediated by Sb must be related to Sb bonding on the
epilayer. Supporting evidence for an Sb dimer termination
a Ge epilayer grown on Si~001! comes from previous scan
ning tunneling microscopy~STM! work.31,32 Hence the fea-
ture at 141 cm21 is likely to involve Sb dimers bonded to
the underlying Ge layer. We label this phonon asvSb2Ge . In
Fig. 6, the Raman spectrum for Ge also reveals a featur
162 cm21 which is the second-order transverse acous
~2TA! phonon peak of Ge. The bulk 2TA peak is approx
mately 20 times smaller in amplitude than the Ge bulk L

t

e
m-
la-

b

FIG. 6. Raman spectra, using a 514.5 nm excitation wavelen
of the Ge~001! surface after growth of a 10 ML Ge buffer layer an
after the growth of 1 ML of Sb on this surface. The parallel pola
ization combination,ei iesi@110# was used. The sample was coole
down to room temperature before data acquisition. The spectra w
normalized to the LO phonon of bulk Ge.
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PRB 62 7383Sb-MEDIATED Ge GROWTH ON SINGULAR AND . . .
phonon~not shown in Fig. 6!. Hence the 2TA feature canno
be observed in the Raman spectrum for the Ge epilayer~see
Fig. 5!, as a peak 20 times smaller than the Ge epilayer
phonon would place this 2TA phonon in the noise level
our experiment.

Further evidence that thevSb2Ge phonon at 141 cm21 is
a surface feature comes from its removal after the Sb
ML-Ge/Si~001! sample was deliberately oxidized throug
exposure to air~see Fig. 5!. Exposing the sample to air is
well-known way to determine whether a feature observ
under UHV conditions is indeed a surface feature, as ex
sure to air generally destroys any surface features thro
surface reactions involving oxygen. ThevSb2Ge phonon is
removed through exposure to air, confirming that it wa
surface feature. It should be noted that despite the existe
of many Raman studies of this system,33–37 this data repre-
sent an observation of surface related phonons involving
at 130.5 cm21 ~for vSb2Si) ~see also Ref. 29! and
141 cm21 ~for vSb2Ge). All previous Raman studies hav
been carried out in air, after the surfactant had been remo
and a thick Si layer grown to protect the Ge layer.33–37

By following the intensity of thevSb2Si andvSb2Ge sur-
face phonons with Ge coverage, interesting information c
cerning SMG onvicinal Si~001! is revealed~see Fig. 5!.
First, a gradual reduction in thevSb2Si peak intensity at
130.5 cm21 with increasing Ge coverage up to 3.5 MLs
observed indicating a gradual loss of Sb dimers from
interface. This is in conflict with the general understand
of SMG where no thermodynamic or kinetic barrier to S
site exchange is expected upon deposition of above 0.5 M
of Ge, especially for growth at an elevated temperature
400 °C.17,18 From such a growth model, we would expect
see complete removal of thevSb2Si surface phonon by depo
sition of between 0.5–1.0 MLs and not the gradual reduct
in intensity that we observe up to deposition of 3.5 MLs
Ge.

We propose that the only reasonable model that can
cessfully explain the gradual disappearance of this pho
and the appearance of thevSb2Ge phonon must be related t
changes in step structure at the initial stages of Ge grow
Any layer-by-layer growth model cannot satisfactorily e
plain the intensity dependence upon Ge coverage obse
of both surface phonons. For example, if a 2D Ge layer w
hypothetically allowed to cover the Sb layer above 0.5-M
coverage, then a shift in phonon frequency for thevSb2Si
phonon would be inevitable. Since no shift is observed, s
a model is impossible.

In order to understand the mechanism of growth occurr
here, it is important to first explain briefly the nature of ste
on a 4° clean vicinal Si~001! surface. On such a surface,
regular array of steps of double atomic height (D steps!
rather than single atomic height (S steps! are stabilized. The
formation of a significant amount ofD steps occurs for
samples with vicinal offcuts greater than 2° in order to
duce the step repulsion term, which dominates the sur
energetics when steps become too close.38 WhenD steps are
formed, the terrace width must double in order to maint
the vicinal angle. Hence the formation ofD steps halves the
number of steps on the surface, and because the terrace
has doubled, the step repulsion energy is reduced.
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Although the step repulsion term controls the surface
ergetics, the surface is still under considerable stress du
dimerization of Si atoms on the terraces. Now, if this surfa
is exposed to an additional stress, elastic relaxation aro
each step causes a long-range attractive interaction betw
them, leading to step bunching, which is independent
whether an external flux is present or on the initial step d
sity of the sample.39 In our work, the additional stress i
provided by the size difference between the growing Ge
the Si substrate. Hence, initially, as surfactant exchang
completed and Ge bonds with the Si substrate, the steps
come increasingly bunched. Such bunching has been
served experimentally for Ge growth on a bare 3.9° offc
Si~001! surface.13 STM revealed bunchedD-type steps, sepa
rated by 20 Å terraces, along with wider terraces 200 Å
width.13 Although step bunching on the bare vicinal surfa
was not observed until the sample annealing temperature
ceeded 600 °C,13 in the presence of Sb, which is also know
to affect the step structure of a vicinal Si~001! sample,40 the
temperature for step bunching may be substantially redu

We propose that step bunching occurs during deposi
of the first Ge ML or so. This also implies the generation
wide terraces in order to preserve the overall 4° vicinal an
@see Fig. 7~b!#. As these wide terraces now constitute mu
of the surface area, surfactant mediated layer-by-la
growth commences here preferentially through the well
derstood mechanism for surfactant exchange outlined
Copel and co-workers2,3 @see Fig. 7~b!#. As the diffusion of
impinging Ge is known to be limited by Sb on these bro
terraces, they grow at the expense of the narrow s
bunched regions. As well as Ge impinging directly on the
terraces, they are also supplied indirectly with Ge which d
fuses over the bunched step regions. From the theore
work of Ohet al.,19 Sb bonding atD steps causes a reductio
in its associated Schwoebel barrier, allowing Ge to diffu
over the step edges, and presumably, to become incorpo
at the lowest step of the step bunch. Hence the terraces o
step bunched regions are starved of Ge and so, Sb dimer
still be found here bound to the bare Si surface at Ge co
ages, where on thesingular surface, such bonding would
have long disappeared. This mechanism readily expla
why the vSb2Si surface phonon is observed at coverag
above 1 ML@see Fig. 7~b!#.

According to the work of Tersoff and co-workers, in th
presence of a flux, such as Ge, step bunching reaches a m
mum and then decreases through step overgrowth.39 Once
step bunching has maximized on our surface, subseq
deposition of layer-by-layer grown Ge causes the steps to
gradually overgrown. With the appearance of more Ge at
step-bunched region, SMG is promoted and hence
vSb2Si surface phonon feature gradually disappears wh
thevSb2Ge feature appears@see Fig. 7~c!#. Since thevSb2Si
surface phonon disappears above 3.5 MLs of Ge deposi
this coverage is related to the coverage where all bunc
steps have been overgrown~see Fig. 5!. At the same time,
thevSb2Ge phonon is further established, consistent with t
exchange of Sb to the surface of the Ge epilayer. Subseq
growth is expected to occur in a layer-by-layer fashion@see
Fig. 7~d!#. It is worth noting that an interface comprisin
bunched steps will give rise to fluctuations in layer thickne
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once the growth is terminated@see Fig. 7~d!#. We return to
this point in the next section.

In the spectroscopic ellipsometry section, we discus
SE data for SMG onsingular Si~001!. From the discussion
above, it would appear that SE, which we have shown to
sensitive to the growth mode for such a system, would
appropriate in determining whether step bunching does
deed occur during the initial stages of SMG onvicinal
Si~001!. However, the differences between a surface cont
ing a regular array of steps, or less but bunched steps, w
be small since the average surface roughness would no
much affected. Thus it follows that the difference in an S
spectrum caused by step bunching would be negligible.

3. Ge epilayer phonon: The determination of Ge epilayer quali

Upon observation of Fig. 5, along with the surface ph
non peaks, a strong asymmetric and broad feature, pr

FIG. 7. Model for the initial stages of SMG on vicinal Si~001!.
~a! shows the step structure of an ideal 4° offcut Si~001! sample. In
~b!, the extra stress induced by the lattice mismatch between
Ge, and the vicinal Si~001! substrate leads to step bunching
outlined in Refs. 13 and 14. SMG takes place predominantly on
broad terraces. In~c!, the step bunched regions have nearly be
overgrown with Ge and surfactant exchange of Sb is largely c
plete. In ~d!, the substrate steps have been overgrown and the
epilayer thickness has increased. It can be seen that substrate
bunching leads to inhomogeneities in Ge thickness which in t
lead to inhomogeneities in strain.
d

e
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ously related to a Ge-Ge vibration33–37 is observed in the
region of 314.5 cm21, but only for a Ge coverage of 20
MLs. This peak is shifted relative to the bulk Ge-Ge vibr
tion which is known to occur at approximately 300 cm21

and can be explained in terms of strain within the 20 ML G
epilayer. Analysis of this strain gives us information co
cerning the quality of the 20 ML-grown Ge epilayer. For
ML Ge coverage, a small broad feature just above the no
level of our experiment is observed in the region
250–300 cm21 ~see Fig. 5!. Observation of this peak a
lower Ge coverages was not possible owing to poor sens
ity of the Raman experiment in separating the Ge signal fr
the strong 2TA contribution of the Si bulk.

The effect of strain within any pseudomorphic epilay
grown on a Si~001! substrate on the LO phonon associat
with that layer is to remove its degeneracy, producing a d
blet consisting of frequency shifted LO and TO branch
The effect of strain in Raman spectroscopy was treated
detail by Anastassakis41 and others.42,43 The strain induced
shift of the LO and TO phonon frequencies can be appro
mated by43

DvLO52v0eL , ~1!

DvTO5
1

2
v0eL , ~2!

where v0 is the phonon frequency of an unstrained lay
while

eL5
aSi2aGe

aGe
. ~3!

We note thateL,0 for a compressively strained epilaye
whereaSi and aGe correspond to the lattice constant of th
substrate and epilayer, respectively. Assuming a 4.2% lat
mismatch between Ge and Si and the unstrained Ge-Ge
bration frequency to be 300 cm21 ~see Ref. 33!, we expect
the LO phonon frequency to be shifted up in energy by
proximately 12.6 cm21 and the TO frequency to be shifte
downwards by 6.3 cm21. From examination of Fig. 5, we
observe that the Ge-Ge feature consists of two signific
contributions centered at 314.5 and 296 cm21, respectively,
causing shifts of 14.5 and 4 cm21, respectively, with re-
spect to the unstrained bulk Ge-Ge value. These shifts a
well with the calculated shifts thus confirming that the G
epilayer grown in the presence of a surfactant still conta
regions under strong compressive strain. We assign the
tures to the epilayer Ge-Ge LO and TO phonons, resp
tively. Small discrepancies between the experimental
calculated shift demonstrate that some relaxation has
curred within these strained regions. From Fig. 5 it can a
be seen that after oxidation, the Ge-Ge LO and TO phon
are still resolvable at 310.8 and 297 cm21, respectively, in-
dicating that strain still exists, although some converge
towards the degenerate bulk LO value has occurred indi
ing further relaxation.

Despite the main contributions to the Ge-Ge phonon p
being the strained LO and TO doublet, the overall broadn
of the Ge epilayer phonon peak shown in Fig. 5 indica
that the layer, although still containing some strained regi
indicative of a layer-by-layer grown epilayer, is by no mea
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perfect. In Fig. 8, we compare the Ge-Ge peaks obtaine
the presence and absence of the surfactant layer using
476.2 nm line of the Ar ion laser. First, it is clear from th
figure that the presence of Sb greatly affects the shape o
Ge-Ge related feature. Without the surfactant, a sharper
peak is observed centered at 304 cm21. This indicates that
without the surfactant, the Ge layer has undergone subs
tial relaxation, which is well known to occur through th
formation of misfit dislocations.4,10,11 For growth of Ge in
the presence of the Sb surfactant, the Ge epilayer LO pea
315 cm21 contains a significant shoulder at 304 cm21. Ob-
servation of this shoulder clearly demonstrates relaxa
within the Ge epilayer~see Fig. 8!. A background asymmet
ric broadening of the Ge-Ge Raman feature towards lo
energies is also present suggesting that disorder due to t
ness variations are also present within the Ge layer. Th
consistent with the growth model outlined in the last secti
where inhomogeneities in Ge thickness are expected to e
due to growth on a step bunched Si~001! substrate@see Fig.
7~d!#; hence the thin regions produce a strain shifted LO a
TO phonon contribution, being closer to the 11–12 ML cri
cal thickness for dislocation formation, while the thicker r
gions are more likely to be relaxed and defected.

No distinct Ge-Ge feature is observed in the region
300–320 cm21 for a Ge coverage of 5 MLs despite its o

FIG. 8. Raman spectra, using a 476.2 nm excitation wavelen
showing the frequency of the Ge-Ge vibration after the deposi
of a nominal Ge thickness of 20 MLs with and without the use
Sb as a surfactant. The sample was cooled down to room temp
ture before data acquisition.
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servation by other authors at this coverage.33–37 Previous
work has either been carried out at different excitation en
gies, polarization combinations, or growth conditions. T
work of Tsanget al.,36 for example, showed a significan
peak in the region of 300–310 cm21 even for 2–3 ML-Ge
coverage but the excitation wavelength used was 568 nm
2.18 eV, which is close to theE1 resonance of bulk Ge. Two
previous studies have been carried out using 514.5 nm e
tation, one by Ostenet al.,33 who observed a small Ge-G
peak at 4 ML-Ge coverage but for a cross polarization co
bination. Ichimuraet al.37 also used a 514.5 nm excitatio
and found a small peak in the region of 300–310 cm21 for
a 7 ML-Ge covered sample, which, along with being
greater thickness than our 5 ML thickness, the polarizat
combination used was not quoted and so direct compar
with our results is not possible.

IV. CONCLUSIONS

In this paper we have shown that spectroscopic ellipso
etry ~SE! and in particular, Raman spectroscopy~RS!, can
provide information concerning SMG of Ge onsingularand
vicinal Si~001!. In the absence of a surfactant and at low G
coverages, SE shows that an SK growth mode exists on
singular Si~001! surface and that the critical thickness f
island formation is in the region of 5 MLs, in agreement wi
other work. Using RS, two surface optical phonons ha
been found for SMG onvicinal Si~001!; one associated with
Sb-Sb dimers bonded to Si (130.5 cm21) and the other with
Sb-Sb dimers bonded to Ge (141 cm21) opening up new
possibilities for the understanding of surfactant process
The behavior of these phonons during the initial stages of
growth is explained by step bunching, which is driven by t
strain associated with the lattice mismatch between Sb
Ge, and thevicinal Si~001! substrate. Under the growth con
ditions used, and in the presence of a Sb monolayer de
ited prior to Ge growth, RS also shows evidence of str
and relaxation within a 20 ML thick Ge epilayer, pointing
inhomogeneities within the epilayer. Such inhomogeneit
can be explained as a direct consequence of step bunch

In general, the aim of this paper has been to elucidate
power of surface optics in deducing key parameters of
complex processes involved in surfactant mediated grow
It is hoped that the potential of surface optics outlined h
will lead to more experimental investigations in this dire
tion.
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