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Electronic structure of monolayer and double-layer Ge on Si„001…
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Electronic structures of the epitaxial Ge layers during the very initial growth on the Si(001)231 surface
have been studied by angle-resolved photoemission using synchrotron radiation. The surface band structures
are investigated in detail for a clean single-domain Si(001)231 surface, a single-domain Si(001)132-Ge
surface at one monolayer of Ge, and a double-domain Si(001)231-Ge surface at two monolayers. The two
different surface-state bands due to the up-dimer atom states of the buckled dimers on the surface are identified
for all three above surfaces with very similar dispersions. In addition, a few surface-resonance bands due to the
back bonds of the surface dimers are also identified and their detailed dispersions are determined. These results
are compared with the previous experimental and theoretical reports for the band structures of the Si~001!,
Ge~001!, and Ge/Si~001! surfaces in relation to the structure and stoichiometry of the initial Ge layers on
Si(001)231. The surface band structure is shown to be insensitive to the intermixing of Ge and Si atoms on
the surface within the resolution of the present measurement.

DOI: 10.1103/PhysRevB.67.085310 PACS number~s!: 73.20.At, 79.60.Dp, 68.43.Fg
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I. INTRODUCTION

The growth of Ge on the Si~001! surface has been studie
extensively due to its potential in new optoelectronic devi
and high-speed electronic devices as well as due to its
damental importance as a model system for the hetero
taxial growth of semiconductors.1,2 Various structural prop-
erties of the Ge/Si~001! system have been discussed so
such as the dimer reconstruction on the surface,2 the surface
stress,3 and the evolution of the early Ge clusters a
islands.4 These issues are directly and indirectly relevant
the noble devices based on quantum well structures.5

Despite such a large number of experimental and theo
ical studies on Ge/Si~001!, the details of the very initial
growth are still a subject of controversy, especially when
comes to the monolayer regime. It seems that there had
a wide consensus on the fact that the Ge initial growth p
ceeds in a layer-by-layer fashion up to the critical thickn
of 3–4 monolayers~ML !.3,4,6 The previous scanning tunne
ing microscopy~STM!7 and many other studies have r
ported the initial growth as the Ge-dimer formation
Si(001)231.8–10 However, the recent experimental11–13 and
theoretical studies13,14 indicated that Ge initially grows a
mixed Ge-Si dimers and that Ge atoms intermix with Si
oms on the surface and also at the subsurface layers.
recently the intermixing on the surface was clearly identifi
with STM.15 At the full monolayer coverage, some sugges
that the surface is terminated purely by Ge dimers, in c
trast to the submonolayer intermixing, due to the gain in
surface free energy,3 but others reported that a considerab
fraction of Ge atoms diffuse to subsurface layers.11–13,16

Concerning the local geometry of the Ge-Si mixed dimers
very large buckling angle with Ge atoms buckled-up w
reported by a photoelectron diffraction study,17 which was,
however, not reproduced by the subsequent theore
calculations.14,18
0163-1829/2003/67~8!/085310~6!/$20.00 67 0853
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In contrast to the large amount of structural studies
Ge/Si~001!, there have been very few studies on its ele
tronic structure. A detailed band-structure measurement
this system by angle-resolved photoelectron spectrosc
~ARPES! could be hindered by the double-domain~DD!
character of an ordinary Si(001)231 substrate. In the
present work, the ARPES measurement based on a line
polarized synchrotron radiation was performed for the G
Si~001! surfaces at different Ge coverages using a sing
domain~SD! Si(001)231 substrate. To investigate the exi
tence and dispersion of surface states~SS’s! and resonances
on the growth front, we prepared a SD clean Si(001)231
surface, a SD Si(001)132-Ge surface at 1 ML and a DD
Si(001)231-Ge surface at 2 ML. The ARPES results o
these Ge/Si~001! surfaces are compared with the previo
experimental and theoretical studies.

II. EXPERIMENT

The SD Si(001)231 substrate was prepared on a sp
cially cut highly flat Si~001! wafer through cycles of high-
temperature annealing and Si homoepitaxial growth.19 The
typical LEED pattern of a SD Si(001)231 surface is shown
in Fig. 1~a!, where the ratio of majority 231 and minority
132 domains is about 8 to 1. Ge atoms were deposited o
the SD Si(001)231 surface held at room temperature from
graphite effusion cell. The pressure during deposition w
kept below 1.031029 mbar. After the Ge deposition, th
sample was annealed typically at 600 °C. A completion of
first Ge layer~1 ML! is indicated by a clear SD 132 LEED
pattern~90°-rotated from the clean surface 231) as shown
in Fig. 1~b!. The SD character of the surface deteriorates
the deposition of more than 1 ML and a completely DD
31 LEED pattern is observed from;2 ML.

Photoemission measurements were carried out for the
Si(001)132-Ge surface formed at 1 ML along most of th
©2003 The American Physical Society10-1
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symmetry axes of the surface Brillouin zone~SBZ! @Fig.
1~c!# and for DD Si(001)231-Ge surface at 2 ML along
@010# and @ 1̄10#. ARPES spectra of the clean SD Si(001
31 surface were also measured in detail for direct comp
son. A linearly polarized synchrotron light~from the beam
line BL-7B at Photon Factory, Japan! was used at photon
energies (hn ’s! of 17.8 and 13.5 eV at an incidence ang
(u i) of 45° from the surface normal unless specified. T
emission angleue of photoelectrons was scanned with a st
of 2°. A commercial ARPES spectrometer~VG ADES-400!
was used with an angular resolution of 1°.

III. RESULTS AND DISCUSSION

Figure 2 shows the series of ARPES spectra of~a! the SD
clean Si(001)231 surface and~b! the SD Si(001)132-Ge
surface~1 ML! taken along the@010# azimuth@Ḡ002 J̄018 di-
rection, see Fig. 1~c!#. The@010# azimuth is common in thek
space for both 231 and 132 SBZ’s, where a direct com
parison of the spectral features of the clean 231 and 1
32-Ge surfaces is possible. In both figures, a strongly
persive featureb due to the bulk direct transition is observe
This bulk band is close to the edge of the bulk-band gap
the region with a lower binding energy thanb roughly cor-
responds to the bulk-band gap where a surface state is
pected. Comparing the binding energy of this bulk band,
valence band maxima are determined to be at;0.6 eV below
the Fermi level (EF) for both surfaces.20 That is, no Ge-
induced band bending is observed on the 132-Ge surface
within our spectroscopic resolution of 0.15 eV. Furthermo
this fact does not change for the well-ordered 2-ML Ge fi
on Si~001! as shown below.

Since the@010# azimuth has a wide bulk-band gap dow
to 3.6 eV belowEF , it is relatively easy to identify a surfac

FIG. 1. LEED patterns of~a! the clean SD Si(001)231 surface
and ~b! the SD Si(001)132-Ge surface at 1 ML.~c! The surface
Brillouin zone of the Si(001)231 surface.
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state. Indeed, a few surface-related features are observe
Fig. 2~a!. The two dominant spectral features with low bin
ing energies~denoted as A and B following the notation o
the previous literature20! have been assigned as the danglin
bond surface states of the buckled Si dimers.20 Feature D
close tob has been assigned as a surface state due to
back bonds of the dimers. The weak feature G has also b
identified as a surface state but its origin is not clear yet:
may correspond to a surface state due to the dimer bond
the back bonds.20

In Fig. 2~b!, we find similar four spectral features~de-
noted asS1 , S2 , S4 , andS5) for the 1-ML Ge on Si~001!
within the bulk-band-gap region. Another state denoted asS3
is observed as a broad shoulder nearS1 around the normal
emission. The surface character of this feature is not c
here but will be made more apparent along the other
muths. On the Si(001)132-Ge surface, the whole surfac
spectral features appear significantly broader. This broad
ing might come partly from the increase in the defect dens
on the surface as observed by STM~Ref. 7! or from the
enhanced phonon broadening due to the lower Debye t
perature of Ge compared to Si. In particular, theS1 and S2
states of 1-ML Ge/Si~001! are not resolved as clear as A an

FIG. 2. ARPES spectra taken along the@010# azimuth (Ḡ00

2 J̄018 ) at a photon energy (hn) of 17.8 eV for ~a! the clean SD
Si(001)231 surface and~b! the SD Si(001)132-Ge surface. The
photon incidence angleu i is 45° and the step in the emission ang
ue is 2°. The different bulk- and surface-related spectral features
marked. The gray lines are guides to eyes.
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B on the clean Si(001)231 surface due to such broadenin
However, the presence of these two states are corrobor
from the spectra taken along other azimuthal directions
with different measurement geometries and photon energ
Except for this broadening the overall similarity of the spe
tral features of clean Si(001)231 and 132-Ge is remark-
able. The experimental dispersions of the bands observe
the SD 132-Ge surface along the@010# azimuth are shown
together with those of clean Si(001)231 in Fig. 3. The
shaded area indicates the bulk bands projected into th
31 SBZ. As mentioned above, the overall band structure
the 132-Ge surface is almost identical to those of the cle
Si(001)231 surface. As shown below, such a close simil
ity is also observed along other SBZ lines. The only noti
able differences are the marginal binding energy shift ofS1
from that of A aroundki;0.4 Å21 and a similar shift ofS5
from that of D.

Due to such similarity and the common dimer reconstr
tions, the correspondence between the surface states
32-Ge and clean Si(001)231 is very obvious as given in
Fig. 3. That is, we can assignS1 andS2 to the dangling-bond
states of the dimers on 132-Ge ~A and B! and S5 to the
back bond state~D!. Further discussion on the surface sta
of 132-Ge will be given below after we show the ARPE
spectra along other azimuths.

Figure 4 compares the ARPES spectra of the SD cl
Si(001)231 and SD 132-Ge surfaces along theḠ002 J̄00
SBZ line ~i.e., along the surface dimer bonds!. This corre-
sponds to the@110# azimuth on clean Si(001)231 but to

@ 1̄10# on 132-Ge due to the 90° rotation of the dimeriz
tion direction. Thus, this comparison applies only for t
surface spectral features and the substrate bulk-band di
sions can in principle be different. In these spectra, we a
observe the dangling-bond surface state A (S1) within the

FIG. 3. Experimental dispersions of the spectral features al
the @010# azimuth (Ḡ002 J̄018 ) for the clean SD Si(001)231 @open
circles as taken from the spectra shown in Fig. 2~a!# and the SD
Si(001)132-Ge surfaces@closed circles from the spectra shown
Fig. 2~a! and open squares taken athn517.8 eV andu i50°]. The
shade area corresponds to the bulk bands projected to the31
surface Brillouin zone. The gray lines are guides to eyes.
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bulk-band gap thoughout the SBZ. As previously reported20

another surface state is identified at;1.5 eV on the clean
surface~H!, which seems to split into I and H around theḠ01
point @Fig. 4~a!#. The corresponding surface state on the
32-Ge surface is denoted asS3 @Fig. 4~b!# but its splitting is
not so well resolved.

Figures 5~a! and 5~b! show, respectively, the experiment
band dispersion summarized along the direction paralle
the dimer bonds as partly measured from the spectra sh
in Fig. 4 and along the dimer-row direction (Ḡ002 J̄008 in the
SBZ, the raw data are not shown here!. Along the Ḡ002 J̄00
SBZ line, the dispersions ofS1 (S3) and A ~H! are exactly
the same as far as the present measurement can tell. A si
degree of proximity is also observed for theS1 (S2) and A
~B! along theḠ002 J̄008 direction.

The whole observed dispersions of the 1-ML Ge lay
(132-Ge) are summarized in Fig. 6. They are compa
with the theoretical band dispersions calculated for
Si(001)132-Ge surface; the solid lines are for the Ge-G
dimer structure~1-ML Ge termination!,21 and the dashed
lines for Ge-Si mixed dimers ~half-monolayer Ge
termination!.18 For the latter case, we assume that a half

g

FIG. 4. Similar ARPES spectra to Fig. 2 but along theḠ00

2 J̄00 surface Brillouin zone line~along the dimer axis! for ~a! the
clean SD Si(001)231 and~b! the SD Si(001)132-Ge surfaces.
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the Ge adatoms are intermixed into the subsurf
layers.11–13 In addition, the theoretical result for the pure G
dimers on the clean Ge(001)231 surface is given by the
hatched lines.22 A few bulk-related features and unassign
minor peaks observed at 2.5–3.5 eV are taken out for cla

At first, one can easily notice the very good overall agr
ment between the experimental and theoretical results
also the close similarity between the theoretical results of
three largely different dimer configurations; Ge-Ge dim
on Si~001!, Ge-Ge dimers on Ge~001!, and Ge-Si dimers on
Si~001!. Note that the surface-band dispersions of the
dimers on Ge~001! and that of the Si dimers on Si~001!
already have a great similarity.23 This must be due to the
almost identical surface structure of the Ge~001! and Si~001!
surfaces but is still surprising considering the different latt
constants and different valence states of Ge and Si. In
case, the close similarity between the theoretical results
the different dimer configurations can, thus, be underst
from such structural and electronic proximity of the Ge~001!
and Si~001! surfaces. In the experimental point of view, th
similarity between the band structure of the Ge and Si dim
has not been established in detail mainly due to the fact
a single-domain Ge(001)231 surface could not be prepare
so far. Hence the direct comparison of the band dispers
along theḠ002 J̄00 andḠ002 J̄008 SBZ lines was limited while
the comparison along the@010# direction showed the ex
pected similarity. While the present data provides more
tensive experimental information over the full SBZ witho

FIG. 5. Experimental dispersion of the spectral features al

~a! the Ḡ002 J̄00 ~taken partly from the data shown in Fig. 4! and~b!

Ḡ002 J̄008 ~raw data not shown! surface Brillouin zone lines for the
clean SD Si(001)231 ~open circles taken athn517.8 eV andu i

545°) and the SD Si(001)132-Ge surfaces~closed circles taken
at hn517.8 eV andu i545°; open squares taken athn517.8 eV
andu i50°; open triangles taken athn513.5 eV andu i545°). The
shade area corresponds to the bulk bands projected to the31
surface Brillouin zone. The gray lines are guides to eyes.
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the ambiguity of coexisting domains, one should note t
the stoichiometry of the surface dimers on Si(001)132-Ge
is not sufficiently clear yet.

Nevertheless, the comparison given in Fig. 6 makes c
the assignment of the origin of the surface states observed
132-Ge. TheS1 state observed throughout the whole SB
corresponds to the occupied dangling-bond state as m
tioned above. More exactly, it corresponds to the fully occ
pied pz state localized on the up-dimer atom of a buckl
dimer (Dup in theory!. This state is known to split into two
subbands due to the antiferromagetic order of the buck
~alternate buckling directions between neighboring dime!
on the Si~001! surface.24,25 Such splittings are clearly ob
served in the present experiment aroundJ̄008 and K̄00 points
for both clean Si(001)231 ~A and B! and 132-Ge (S1 and
S2) ~raw data not shown here!. Similar splitting for
Ge(001)231 was also observed, but only along the@010#
azimuth aroundJ̄018 . This splitting is also consistent to th
STM results showing mostly the antiferromagnetic buckli
of the dimers on the whole surface even at room tempera
after the Ge submonolayer growth.11 Note that the theoretica
results do not show the splitting of the dangling-bond surfa
stateDup (S1 and S2 in the experimental data! simply be-
cause all the band calculations for the Ge-related surfa
were performed only with the 231 surface unit cell instead
of more rigorousc(432).

Other than the surface states with the dangling-bond
gin, theS3 state observed aroundḠ is identified as one of the
back-bond states (B1 in theory!; four fully occupied back-
bond surface resonances are expected due to the four b
bond orbitals of a dimer. This state disperses strongly
wardsJ̄018 and is observed as theS4 state within the band gap
aroundJ̄018 . TheS5 state aroundJ̄018 is also related to anothe
back-bond stateB2 . However, it is not clear whether th

g

FIG. 6. Summary of the experimental dispersions of the surf
states~resonances! for the Si(001)132-Ge ~1 ML! surface~the
symbols and the statesS1 , S2 , S3 , S4 , andS5). The solid line is
the theoretical dispersions calculated for the pure Ge-Ge dimer~1
ML ! on Si~001! ~Ref. 21!, the dashed lines for the mixed Ge-S
dimers on Si~001! ~Ref. 18!, and the hatched lines for the Ge dime
on a clean Ge~001! surface~Ref. 22!. In theory,Dup corresponds to
the up-dimer-atom state,B1 (B2) the back-bond states, andDi the
dimer-bond state. The shade area corresponds to the bulk b
projected to the 131 surface Brillouin zone.
0-4
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ELECTRONIC STRUCTURE OF MONOLAYER AND . . . PHYSICAL REVIEW B67, 085310 ~2003!
strongly dispersing state betweenJ̄00 and K̄00 at 2–3 eV
corresponds to the back-bond stateB1 or the dimer-bond
stateDi . If we compare more details of the theoretical ba
dispersions between the pure Ge dimers and the mixed G
dimers, there is a noticeable difference for the dispersion
the B1 state; for the mixed dimers@and also for the Ge
dimers on Ge~001!# the binding energy ofB1 at J̄ is much
lower than that of the pure Ge dimers on Si~001!. Then the
present result might be interpreted as to favor the pure
dimer case over the mixed dimer model although a m
systematic theoretical study is required for a clear conc
sion. This does not deny the intermixing itself since the
termixing on the surface can occur both through formation
mixed Ge-Si dimers or formation of a mixture of pure G
and pure Si dimers.

The structural and electronic similarity between the G
Ge, Ge-Si, and Si-Si dimers further leads to a very lit
difference between the corresponding STM images.7 This
fact partly contributed to the misinterpretation of the init
Ge growth as forming simple Ge addimers in the ear
STM studies. Recently, Qin, Swartzentruber, and Lagally
ported that Ge intermixing into the topmost Si layer could
identified by STM but only in the empty-state STM
images.15 This indicates that the difference in the band stru
ture can be more than marginal in the empty state ba
above the Fermi level. It does not conflict with the pres
result since we confirm the close similarity of the surfa
band structure in the filled states. However, even in
empty state imaging the difference between the Ge-Si mi
dimers and the pure Ge dimers was thought to be beyond
resolving power of the STM image.15

One can naturally expect that the number of pure Ge
dimers increases for a thicker film, where one may find so
difference in the surface band structure. We have prepar
well-ordered 2-ML Ge film which exhibits a DD 231 LEED
pattern as mentioned above. Figure 7 shows the serie
ARPES spectra on the DD Si(001)231-Ge surface at 2 ML
taken withhn517.8 eV along the@010# azimuth. As evident
in this figure, we identify essentially the same surface sta
with almost the same dispersions with those of the
32-Ge~1 ML! surface except for the broadening and wea
ening of the spectral features. As mentioned above
broadening may come from the increased disorder on
topmost layer or from the enhanced phonon broadening. T
result only reconfirms the close similarity between the el
tronic structures of the Ge-Ge and Ge-Si dimers and the
sensitivity of the surface band structure on the stoichiome
and intermixing of the surface dimers. As a different a
proach, Ku and Nemanich performed an ARPES study on
SixGe12x alloy surfaces grown on a Si~001! surface.26 In that
study, a dangling-bond state~A! and a back-bond state~D!
were observed on both Si0.2Ge0.8 and Si0.8Ge0.2 alloy surfaces
~the DD 231 surfaces! along the@010# azimuth with proxi-
mal dispersions to those of the clean Si(001)231 surface.
That result is thus fully consistent to the present observat

IV. SUMMARY

An angle-resolved photoelectron spectroscopy study
devoted to study systematically the electronic structures
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the epitaxial Ge layers during the very initial growth on t
Si(001)231 surface. The surface band structures are inv
tigated in detail for a clean single-domain Si(001)231 sur-
face, a single-domain Si(001)132-Ge surface with one
monolayer of Ge, and a double-domain Si(001)231-Ge sur-
face at two monolayers. The two different surface-st
bands due to the up-dimer atom states (S1 and S2) of the
buckled dimers and the three other surface-states bands
to the back bonds (S2 , S3 , andS5) are identified clearly for
all three above surfaces with very similar dispersions. Th
results are compared with the previous experimental and
oretical reports for the band structures of the Si(001)231
and the Ge(001)231 surfaces and further with the theore
cal band structures of the Si(001)132-Ge surfaces with the
pure Ge dimers or the mixed Ge-Si dimers on top. The s
face band structure is shown to be insensitive to the in

FIG. 7. Similar ARPES spectra to Fig. 2 but for the D
Si(001)231-Ge surface formed by 2-ML Ge deposition. The gr
lines are guides to eyes. The surface states and their dispersion
almost identical to the SD Si(001)132-Ge surface at 1 ML.
0-5
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mixing of Ge and Si atoms on the surface within the reso
tion of the present measurement while a part of the disp
sions of the back-bond stateS3 seems to favor the pur
Ge-Ge dimer model. This insensitivity is thought to be d
mainly to the striking similarity of the surface-state dispe
sions of the Ge~001! and Si~001! surfaces. In addition, the
band bending by the Ge layers on Si~001! is shown to be
negligible ~,0.1 eV! up to 2 ML.
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