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Reflectance anisotropy spectroscopy (RAS) is employed to follow the initial room temperature growth
of Ge dimer layers on clean vicinal Si(001)-s1 3 2d. The experimental data show structure in the
region of 2.5 eV which changes sign depending on Ge dimer orientation. Comparison with microscopi
calculations for one monolayer and two monolayer Ge coverages reveals excellent agreement wi
experiment, demonstrating that surface states localized on Ge dimers are responsible for the RA respon
in the region of 2.5 eV. This provides the first clear and unambiguous proof that a dimer related
transition can be responsible for the RAS sensitivity to dimer orientation. [S0031-9007(98)05779-2]

PACS numbers: 78.66.Db, 73.20.At, 78.40.Fy
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An important and fundamental question concerning t
optical response of surfaces is whether the techniques e
ployed are sensitive to the bonding geometry at the surfa
As a result of a significant body of work on GaAs(001) su
faces, it was found that one of these techniques, reflecta
anisotropy spectroscopy (RAS) is sensitive to the orien
tion of surface dimer bonds. Wassermeieret al. [1] found
that the sign of the RA response from the GaAs(001
cs4 3 4d and GaAs(001)-s2 3 4d surfaces could be
related to the orientation of surface As dimer bond
However, the exact origin of the transitions giving ris
to this sensitivity could not be explained. It has bee
suggested recently that many of these surface rela
features observed by RAS can be explained by a surfa
termination of the bulk dielectric function [2]. In this
Letter, we use the initial growth of up to two monolayer
of Ge on vicinal Si(001) as a model system and provid
the first unambiguous demonstration that transitio
involving overlayer states are responsible for the RA
sensitivity to dimer orientation in this system.

RAS was developed in its present form by Aspnes a
Studna [3] and has proven to be a powerful tool for o
serving surface-related optical anisotropy and growth tra
sience under both ultrahigh vacuum (UHV) [4–6] an
atmospheric pressure [7,8] conditions. The technique d
rives its surface sensitivity from measurements of the d
ference in normal incidence reflectance for light polarize
along two major orthogonal axes in cubic crystals whic
have isotropic bulk optical properties. Some progress h
been made in the theoretical understanding of the orig
of the RAS signal [5,9–12].
0031-9007y98y80(14)y3133(4)$15.00
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The growth of Ge on Si(001) proceeds in a similar wa
to Si homoepitaxy for the first few monolayers producing
a layer-by-layer growth mode with Ge dimers oriente
orthogonally on subsequent layers [13–16]. Scannin
tunneling microscopy (STM) reveals that dimer vacanc
rows are formed to alleviate strain at Ge coverage
of approximtely 1.5 monolayer (ML), producing as2 3

nd rather than as2 3 1d reconstruction, wherens$3d
refers to the separation between adjacent dimer vacan
rows [17]. Above approximately 3 ML growth, the
increased strain causes breakdown of the layer-by-lay
growth mode in favor of islanding [18]. It is also
found that diffusion of Ge into the Si bulk occurs upon
annealing above 623 K destroying the interface abruptne
[15,19,20]. To minimize this effect and retain an abrup
interface upon Ge deposition, we grow Ge on Si(001)
room temperature followed by gentle annealing to 473 K

The experiment was carried out in an UHV chambe
with a base pressure of4 3 10211 mbar. The vicinal
Si(001) substrate wasn type, lightly phosphorus doped
with a resistivity in the range2200 V cm and was polished
3± off the f001g direction towardsf110g. The vicinal Si
samples were degassed for 8 h at 873 K before bei
cleaned by sequential direct heating to 1273 K whil
maintaining the system pressure below5 3 10210 mbar.
All temperatures above 523 K were monitored by optica
pyrometry, while lower temperatures were obtained b
extrapolation.

After cleaning, low energy electron diffraction (LEED)
revealed a split-spot single domains1 3 2d pattern indica-
tive of a dimerized surface with a regular arrangement o
© 1998 The American Physical Society 3133
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double-atomic height steps. As1 3 2d:s2 3 1d domain
ratio of 4:1 was estimated from intensity analysis me
surements of the LEED half order spot intensities. Ge w
deposited from a well calibrated miniature Knudsen ce
at a deposition rate of 1 ML every 37 min. RA dynami
cal spectra were recorded during Ge deposition. Aft
deposition of 1 ML, the cell shutter was closed, and th
samples were annealed. Upon cooling to room tempe
ture, a Ge-induceds2 3 1d LEED pattern was observed
along with no change in split-spot separation indicatin
that the double-height step structure of the clean surfa
is maintained upon Ge deposition and that the prima
mechanism reducing strain in this system is the form
tion of dimer vacancy lines on the Ge-induced terrac
rather than a change in step structure [21]. The LEE
domain ratio is reversed and reduced to 1:1.5. This r
sult is expected since STM work has shown that in th
coverage regime some disorder exists and new Ge lay
begin forming before the underlying layers are comple
[13]. Along with this, some intermixing of Ge with Si
occurs [20]. Upon deposition of a further ML of Ge, a
s1 3 2d LEED pattern was observed, with no change i
split-spot separation but with indications from the LEED
1y2-order spot intensities of a further reduction in doma
ratio. No evidence of as2 3 nd reconstruction, reported
by Chenet al. [17] for either coverage, was observed b
LEED, probably due to the nonperiodic separationn be-
tween adjacent dimer vacancy rows.

The RAS experimental arrangement used in this work
similar to that described by Aspnes and co-workers [22
The reflectance difference signal,DR, is normalized to
the average reflectance,R, and is related to the surface
and bulk dielectric function components by

DR
R

­
8pd

l
Im

∑
ex 2 ey

eb 2 1

∏
, (1)

where d is the thickness of the overlayer,l is the
wavelength of the light,ex and ey are the surface
dielectric function components, andeb is the isotropic
bulk dielectric function. In the present geometry, th
x crystallographic axis is the surfacef 1̄10g direction
(parallel to the step edges) while they crystallographic
axis isf110g (perpendicular to the step edges). It follow
from Eq. (1) that wheneb is predominantly real, a
positive signal here indicates preferential absorption in t
x direction. Equation (1) is strictly valid only ford ø l.

Figure 1(a) shows the experimental RA spectra fo
the 1 and 2 ML coverages2 3 1d-Ge and s1 3 2d-Ge
LEED structures, respectively. Two features domina
both spectra. Fors2 3 1d-Ge, which contains an excess
of Ge-Ge dimers oriented in thef110g direction, two
positive features (i.e., in thef 1̄10g direction) exist, one
at 2.4–2.5 eV and the other at 3.6 eV, indicating the
origin must involve optical transitions that are stronger fo
light polarized perpendicular to the Ge-Ge dimer bond
Upon the formation of thes1 3 2d-Ge structure, which
even after the reduction in domain imbalance contai
3134
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FIG. 1. (a) The experimental RA spectra for the 1 M
Si(001)-s2 3 1d-Ge and 2 ML Si(001)-s1 3 2d-Ge structures
grown on3± off-cut Si(001)-s1 3 2d. Ge was deposited onto
a room temperature sample and annealed to 473 K. T
samples were cooled prior to data acquisition and (b) calcula
RA spectra for the 1 MLs2 3 1d-Ge (solid line) and 2 ML
s1 3 2d-Ge (dashed line) structures.

an excess of Ge-Ge dimer bonds oriented in thef 1̄10g
direction, both peaks change sign and shift slightly dow
in energy. These two features are clearly depend
on the orientation of the Ge-induced surface bondin
Interpretation of the higher energy peak is complicated
the fact that it occurs above the onset of the direct opti
gap of Si which occurs at 3.1 eV [23]. The difficulty in
interpreting such features is made clear by recent wo
showing that certain RAS features, previously assigned
surface dimer features from GaAs surfaces, can now
explained by a surface termination of the bulk dielectr
function [2]. However, the peaks in the region of 2.5 e
for both 1 and 2 ML Ge coverages must be Ge induced
the imaginary part of the dielectric function of Si is zer
and the real part is only slowly varying in this region.

Figure 1(b) shows the results of microscopic calcul
tions of the RA spectra for the 1 and 2 ML Ge-induce
structures. The details of the calculation can be fou
elsewhere [24,25]. To calculate the spectra, the tig
binding approach with asp3sp basis [26] has been used
for a 20-layer slab. The structural input for the optic
calculation has been obtained from extensiveab initio
molecular dynamics simulations of a number of diffe
ent Ge overlayer (from 1 to 3 ML) structures obtained b
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total energy minimization, ranging from thecs4 3 2d
and ps2 3 2d asymmetric dimer structures to the sym
metric and asymmetrics2 3 1d structures, together with
various intermixed structures [27]. Modeling of sym
metric dimer geometries was found to be complete
unstable, converting practically immediately into asym
metric dimers during energy minimization, and so was n
considered. The optical spectra shown in Fig. 1(b) a
obtained using an asymmetric dimer terminateds1 3 2d
and s2 3 1d geometry for each of the Ge terminations
on Si(001) whose coordinates were obtained using de
sity functional theory within the local density approxima
tion (LDA-DFT).

The overall shapes of the RA spectra for theory an
experiment show excellent agreement (see Fig. 1). F
the 1 ML s2 3 1d -Ge structure, two positive features are
present in the calculated spectra; a broad positive peak
2.5 eV and a smaller narrower peak near 4.0 eV, with
shallow negative trough between them at 3.7 eV. Th
lower energy peak at 2.5 eV is observed experimental
while both the 3.7 eV trough and the 4.0 eV peak ar
shifted in energy by approximately 0.4–0.5 eV with re
spect to the experimental positions of 3.25 and 3.6 e
For the 2 ML s1 3 2d-Ge structure similar agreement is
obtained, with a trough at 2.4–2.5 eV being observed b
both theory and experiment. The trough at 3.6 eV, se
by experiment is also observed in the calculated spect
although shifted upwards in energy to 4.0 eV. Such shif
in energy between calculated and experimental spectra
approximately 0.3–0.5 eV) are common in tight-bindin
calculations.

From Fig. 1, it can be seen that the calculated R
spectra are larger than the experimental spectra by a fac
of 5 for the 1 ML structure and by a factor of 20 for the
2 ML structure. These differences in RA intensity clearl
have two origins. First, increased Ge deposition reduc
the imbalance in domain occupation which determines t
amplitude of the RA response from these Si systems. F
example, a clean flat Si(001) surface contains no dim
imbalance, and hence no RA signal is observed. F
the s2 3 1d-Ge structure, a domain ratio of 1:1.5 exist
yielding a 20% domain imbalance. The calculations
assume the presence of only one domain, so the act
domain structure will reduce the theoretical amplitudes b
a factor of 5, reconciling the difference between theor
and experiment for the 1 MLs2 3 1d-Ge structure and
reducing the disagreement to a factor of 4 for the 2 M
s1 3 2d-Ge structure (see Fig. 1). Second, disorder
the Ge structures due to defects and dimer vacanci
especially above 1 ML coverage will further reduce th
RA intensity bringing the 2 ML structure into the range
of accuracy usually obtained in calculations of this kind.

Figure 2 shows the surface to surface, bulk to bul
surface to bulk, and bulk to surface contributions to th
overall calculated RA spectrum shown in Fig. 1(b). Al
contributions can be seen to change sign depending
Ge dimer orientation. From the figure, it can be see
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FIG. 2. The surface to surface, bulk to bulk, surface t
bulk, and bulk to surface contributions to the total calculate
RA spectrum shown in Fig. 1(b). The solid and dashe
lines represent the 1 MLs2 3 1d-Ge and 2 ML s1 3 2d-Ge
structures, respectively. For convenience, the amplitude of t
optical anisotropy for the 2 ML bulk to bulk contribution is
shown on the right-hand axis.

that surface to surface and bulk to surface transitio
involving surface dimers must dominate the overall RA
line shape in the region of the lower energy feature
2.4–2.5 eV, both contributions changing sign dependin
on the orientation of the surface Ge dimers. For the 1 M
structure, there is a sharp surface to surface contribution
2.5 eV which dominates the total calculated RA respon
and arises from transitions localized on Ge dimers. W
can exclude transitions involving Ge dimer danglin
bonds alone as for the 1 ML structure; for example, the
should be stronger for light polarized along the dimer
in the f110g direction. Also, inspection of the surface
band structure shows that transitions between danglin
bond-like surface states occur below 1 eV, while th
overlayer states responsible for the 2.5 eV structures sh
a substantial backbond character. The good agreem
between theory and experiment in the region of 2.5 eV fo
3135
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both coverages clearly illustrates that the correct optic
transitions giving rise to the experimental RA spectra a
dominated by transitions involving states localized at th
Ge overlayer. In this way, the RAS sensitivity to dime
orientation is naturally explained.

Considering the higher energy feature at 3.6 eV, it ca
be seen from Fig. 2 that although this feature also conta
some surface to surface and bulk to surface contributio
the stronger contribution here is a bulk to bulk term
Despite this, the sign of all contributions are dependent
the orientation of the surface Ge dimers, and so surfac
perturbed bulk states are responsible for the higher ene
features observed in the region of 3.7–4.0 eV. Th
situation is similar to that of GaAs(001), where the RA
features appear to be from bulk to bulk transitions [28].

Previous structure calculations for clean Si(001) [25
Ge(001) [29], and Ge covered Si(001) [27] have show
that the stable structure formed at room temperatu
is a cs4 3 2d rather than as2 3 1d reconstruction.
Indeed, calculations of the RA response from both th
clean Si(001) [27] and Ge(001) [29] surfaces, usin
cs4 3 2d structural input, displays better agreement wit
experimental RA data than previously obtained [30
Although acs4 3 2d local structure may be identified for
monolayer Ge coverages on Si(001) from the STM imag
of Chen et al. [17], calculations of the RA response
using cs4 3 2d-Ge and cs2 3 4d-Ge structures for the
1 and 2 ML Ge coverages, respectively, reveal inferio
agreement with experiment than thes2 3 1d structures
shown in Fig. 1(b). This may be explained by surfac
strain arguments, which generate large amounts of defe
and dimer vacancies [17] causing loss of the wav
functions long rangecs4 3 2d correlation. Hence, only
those processes describing basic surface dimerization,
is, the formation of thes2 3 1d structure, survive in the
wave function behavior.

The presence of mixed Ge-Si dimers and the influen
of steps in the growth of Ge on vicinal Si(001) mus
also be considered. During the initial growth of G
on Si(001), it has been found that substitutional rath
than ad-layer mixed Ge-Si dimers are formed on th
surface [31], and some evidence that they may exist ne
1 ML coverage has been presented [19,20]. The go
agreement in RA intensity between the calculated a
experimental RA intensities considering Ge-Ge ad-dime
alone for the 1 ML structure, especially in the region o
2.4–2.5 eV, shows that if substitutional Ge-Si dimers d
exist at these monolayer coverages, then they must exis
small quantities. Although steps are known to contribu
to the RA signal from clean vicinal Si(001), the effec
has been found to be small for the overall RA spectru
[4]. In this study, any significant step contribution to th
RA spectra for thes2 3 1d-Ge ands1 3 2d-Ge structures,
especially in the region of the Ge dimer feature at 2.4
2.5 eV can again be ruled out by the excellent agreeme
3136
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between the experimental results and calculations, whi
ignores steps.

In conclusion, we have used RAS from the initia
growth of Ge on vicinal Si(001) as a model system fo
determining the origin of the RA response. We hav
established that dimer related transitions are responsib
for the RAS sensitivity to surface dimer orientation in
this system.

J. R. P and P. W. acknowledge EPSRC funding of th
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