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Electronic structure of monolayer and double-layer Ge on Si001)
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Electronic structures of the epitaxial Ge layers during the very initial growth on the Si(8Qll)xurface
have been studied by angle-resolved photoemission using synchrotron radiation. The surface band structures
are investigated in detail for a clean single-domain Si(004}2surface, a single-domain Si(00X2-Ge
surface at one monolayer of Ge, and a double-domain Si(001}%e 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 (3G Si
Ge(00)), and Ge/S00Y) surfaces in relation to the structure and stoichiometry of the initial Ge layers on
Si(001)2x 1. 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.
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[. INTRODUCTION In contrast to the large amount of structural studies on
Ge/Si001), there have been very few studies on its elec-
The growth of Ge on the 8101) surface has been studied tronic structure. A detailed band-structure measurement for
extensively due to its potential in new optoelectronic deviceghis system by angle-resolved photoelectron spectroscopy
and high-speed electronic devices as well as due to its fuflARPES could be hindered by the double-domaibD)
damental importance as a model system for the heteroeptharacter of an ordinary Si(001)2L substrate. In the
taxial growth of semiconductors? Various structural prop- Present work, the ARPES measurement based on a linearly
erties of the Ge/$001) system have been discussed so farpolarized synchrotron radiation was performed for the Ge/
such as the dimer reconstruction on the surfate surface  Si(001) surfaces at different Ge coverages using a single-
stress’ and the evolution of the early Ge clusters anddomain(SD) Si(001)2<1 substrate. To investigate the exis-
islands? These issues are directly and indirectly relevant totence and dispersion of surface stat®§'s and resonances
the noble devices based on quantum well structiires. on the growth front, we prepared a SD clean Si(003)2
Despite such a large number of experimental and theoresurface, a SD Si(001)22-Ge surface at 1 ML and a DD
ical studies on Ge/8)01), the details of the very initial Si(001)2<1-Ge surface at 2 ML. The ARPES results on
growth are still a subject of controversy, especially when itthese Ge/$001) surfaces are compared with the previous
comes to the monolayer regime. It seems that there had be&xperimental and theoretical studies.
a wide consensus on the fact that the Ge initial growth pro-
ceeds in a layer-by-layer fashion up to the critical thickness 1. EXPERIMENT
of 3—4 monolayersML).>46The previous scanning tunnel-
ing microscopy(STM)” and many other studies have re- The SD Si(001)X 1 substrate was prepared on a spe-
ported the initial growth as the Ge-dimer formation on cially cut highly flat S{001) wafer through cycles of high-
Si(001)2x 18- However, the recent experimertal®and  temperature annealing and Si homoepitaxial groWwthhe
theoretical studiéd!* indicated that Ge initially grows as typical LEED pattern of a SD Si(001)21 surface is shown
mixed Ge-Si dimers and that Ge atoms intermix with Si at-in Fig. 1(a), where the ratio of majority 1 and minority
oms on the surface and also at the subsurface layers. Vefy< 2 domains is about 8 to 1. Ge atoms were deposited onto
recently the intermixing on the surface was clearly identifiedthe SD Si(001) X 1 surface held at room temperature from a
with STM.® At the full monolayer coverage, some suggestedgraphite effusion cell. The pressure during deposition was
that the surface is terminated purely by Ge dimers, in conkept below 1.6<10™° mbar. After the Ge deposition, the
trast to the submonolayer intermixing, due to the gain in thesample was annealed typically at 600 °C. A completion of the
surface free energybut others reported that a considerablefirst Ge layer(1 ML) is indicated by a clear SDX2 LEED
fraction of Ge atoms diffuse to subsurface laygré®® pattern(90°-rotated from the clean surface<2) as shown
Concerning the local geometry of the Ge-Si mixed dimers, an Fig. 1(b). The SD character of the surface deteriorates for
very large buckling angle with Ge atoms buckled-up wasthe deposition of more than 1 ML and a completely DD 2
reported by a photoelectron diffraction studywhich was, X1 LEED pattern is observed from2 ML.
however, not reproduced by the subsequent theoretical Photoemission measurements were carried out for the SD
calculations:*18 Si(001)1x 2-Ge surface formed at 1 ML along most of the
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FIG. 1. LEED patterns ofa) the clean SD Si(001)2 1 surface
and (b) the SD Si(001) X 2-Ge surface at 1 ML(c) The surface
Brillouin zone of the Si(001)X 1 surface.

symmetry axes of the surface Brillouin zot8B2) [Fig.
1(c)] and for DD Si(001)21-Ge surface at 2 ML along

[010] and[110]. ARPES spectra of the clean SD Si(001)2
X1 surface were also measured in detail for direct compari- o
son. A linearly polarized synchrotron liglifrom the beam _FIG. 2. ARPES spectra taken along tf@10] azimuth (oo

line BL-7B at Photon Factory, Japawas used at photon —jJ/) at a photon energyh() of 17.8 eV for(a) the clean SD
energies fiv's) of 17.8 and 13.5 eV at an incidence angle Si(001)2x 1 surface andb) the SD Si(001) X 2-Ge surface. The
(6;) of 45° from the surface normal unless specified. Thephoton incidence anglé, is 45° and the step in the emission angle
emission anglé, of photoelectrons was scanned with a stepée is 2°. The different bulk- and surface-related spectral features are
of 2°. A commercial ARPES spectromet@/G ADES-400  marked. The gray lines are guides to eyes.

was used with an angular resolution of 1°.

Binding Energy (eV)

state. Indeed, a few surface-related features are observed in
Il. RESULTS AND DISCUSSION Fig. 2(a). The two dominant spectral features with low bind-
ing energiegdenoted as A and B following the notation of
Figure 2 shows the series of ARPES spectréapthe SD  the previous literatuf8) have been assigned as the dangling-
clean Si(001)X 1 surface andb) the SD Si(001)X2-Ge  pond surface states of the buckled Si dinfér&eature D
surface(1 ML) taken along th¢010] azimuth[T'go—Jg; di-  close tob has been assigned as a surface state due to the
rection, see Fig.()]. The[010] azimuth is common inthe  back bonds of the dimers. The weak feature G has also been
space for both X1 and 1xX2 SBZ's, where a direct com- identified as a surface state but its origin is not clear yet: this
parison of the spectral features of the clear2 and 1  may correspond to a surface state due to the dimer bond or to
X 2-Ge surfaces is possible. In both figures, a strongly disthe back bond$’
persive featur® due to the bulk direct transition is observed.  In Fig. 2(b), we find similar four spectral featuresle-
This bulk band is close to the edge of the bulk-band gap andoted asS;, S,, S,;, andSs) for the 1-ML Ge on S001)
the region with a lower binding energy thénroughly cor-  within the bulk-band-gap region. Another state denote8;as
responds to the bulk-band gap where a surface state is eis observed as a broad shoulder n€araround the normal
pected. Comparing the binding energy of this bulk band, themission. The surface character of this feature is not clear
valence band maxima are determined to be @6 eV below here but will be made more apparent along the other azi-
the Fermi level Eg) for both surface€’ That is, no Ge- muths. On the Si(001)%2-Ge surface, the whole surface
induced band bending is observed on the2-Ge surface spectral features appear significantly broader. This broaden-
within our spectroscopic resolution of 0.15 eV. Furthermorejng might come partly from the increase in the defect density
this fact does not change for the well-ordered 2-ML Ge filmon the surface as observed by STRef. 7) or from the
on Si001) as shown below. enhanced phonon broadening due to the lower Debye tem-
Since the[010] azimuth has a wide bulk-band gap down perature of Ge compared to Si. In particular, ieand S,
to 3.6 eV belowEg, it is relatively easy to identify a surface states of 1-ML Ge/$001) are not resolved as clear as A and
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FIG. 3. Experimental dispersions of the spectral features along
the [010] azimuth ["go—Jg,) for the clean SD Si(001)2 1 [open
circles as taken from the spectra shown in Figg) Pand the SD
Si(001) X 2-Ge surfacefclosed circles from the spectra shown in
Fig. 2(a) and open squares takentat=17.8 eV andg,=0°]. The
shade area corresponds to the bulk bands projected to e 1
surface Brillouin zone. The gray lines are guides to eyes.

Photoemission Intensity {arb. units)

B on the clean Si(001)2 1 surface due to such broadening. !
However, the presence of these two states are corroborated I
from the spectra taken along other azimuthal directions or L | L1

with different measurement geometries and photon energies. 1_/\‘\ /—/L
Except for this broadening the overall similarity of the spec- S i (0 | T Y s
tral features of clean Si(001)21 and 1X2-Ge is remark- 8 2 1 O=Er s 2 1 &

able. The experimental dispersions of the bands observed on Binding Energy (eV)
the SD 1x 2-Ge surface along th®10] azimuth are shown _FIG. 4. Similar ARPES spectra to Fig. 2 but along g,

together with those of clean Si(001)A in Fig. 3. The 7 Joo surface Brillouin zone lindalong the dimer axjsfor (a) the

shaded area indicates the bulk bands projected into the . .
X1 SBZ. As mentioned above, the overall band structure Oéean SD Si(001)21 and(b) the SD Si(001)k2-Ge surfaces.

the 1X 2-Ge surface is almost identical to those of the clean )
Si(001)2x 1 surface. As shown below, such a close similar-bulk-band gap thoughout the SBZ. As previously repofted,
ity is also observed along other SBZ lines. The only notice-2nother surface state is identified al.5 eV on the clean
able differences are the marginal binding energy shif6pf surface(H), which seems to split into | and H around thig,
from that of A aroundk,~0.4 A~ and a similar shift o5 point [Fig. 4@]. The corresponding surface state on the 1
from that of D. X 2-Ge surface is denoted 8g[Fig. 4(b)] but its splitting is
Due to such similarity and the common dimer reconstruc-hot so well resolved.
tions, the correspondence between the surface states of 1 Figures %a) and 8b) show, respectively, the experimental
X 2-Ge and clean Si(001)21 is very obvious as given in band dispersion summarized along the direction parallel to
Fig. 3. That is, we can assigh andS, to the dangling-bond the dimer bonds as partly measured from the spectra shown
states of the dimers onX2-Ge (A and B) and S; to the  in Fig. 4 and along the dimer-row directiof’ §,— Jg in the
back bond statéD). Further discussion on the surface statessBz, the raw data are not shown heralong theT oo— Joo
of 1X2-Ge will be given below after we show the ARPES SBZ line, the dispersions &, (S;) and A (H) are exactly
spectra along other azimuths. the same as far as the present measurement can tell. A similar
Figure 4 compares the ARPES spectra of the SD cleadegree of proximity is also observed for tBg (S,) and A
Si(001)2x1 and SD IX2-Ge surfaces along thEy—Joo  (B) along thel oo— J, direction.
SBZ line (i.e., along the surface dimer bondJhis corre- The whole observed dispersions of the 1-ML Ge layer
sponds to thg110] azimuth on clean Si(001)21 but to  (1x2-Ge) are summarized in Fig. 6. They are compared
[110] on 1Xx2-Ge due to the 90° rotation of the dimeriza- with the theoretical band dispersions calculated for the
tion direction. Thus, this comparison applies only for theSi(001)1Xx 2-Ge surface; the solid lines are for the Ge-Ge
surface spectral features and the substrate bulk-band dispefimer structure(1-ML Ge termination,?! and the dashed
sions can in principle be different. In these spectra, we alstines for Ge-Si mixed dimers (half-monolayer Ge
observe the dangling-bond surface stateS))(within the  termination.'® For the latter case, we assume that a half of

-
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5 e L AVeV'% FIG. 6. Summary of the experimental dispersions of the surface
®0° S3 ~d .O o ag oeq, states(resonancesfor the Si(001)2x2-Ge (1 ML) surface(the
2 L 2 q symbols and the stat&%, S,, S;, Sy, andSg). The solid line is
the theoretical dispersions calculated for the pure Ge-Ge diftiers
19%%0, AAAIA e . | ML) on Si001) (Ref. 21), the dashed lines for the mixed Ge-Si
- 00 04 ® 0.8 dimers on S001) (Ref. 18, and the hatched lines for the Ge dimers
Wave Vector k; (A1) on a clean G@01) surface(Ref. 22. In theory,D,,, corresponds to

the up-dimer-atom stat®, (B,) the back-bond states, amj the
FIG. 5. Experimental dispersion of the spectral features alonglimer-bond state. The shade area corresponds to the bulk bands
(a) theTgo— Joo (taken partly from the data shown in Fig.and(b) ~ Projected to the X1 surface Brillouin zone.
T oo Ji (raw data not shownsurface Brillouin zone lines for the
clean SD Si(001)X 1 (open circles taken div=17.8 eV and, the ambiguity of coexisting domains, one should note that
=45°) and the SD Si(001)4 2-Ge surfacegclosed circles taken the stoichiometry of the surface dimers on Si(00%)2-Ge
at hv=17.8 eV and#,=45°; open squares taken hv=17.8eV is not sufficiently clear yet.

and#;=0°; open triangles taken atv=13.5 eV andy;=45°). The Nevertheless, the comparison given in Fig. 6 makes clear
shade area corresponds to the bulk bands projected to e 1 the assignment of the origin of the surface states observed for
surface Brillouin zone. The gray lines are guides to eyes. 1x2-Ge. TheS, state observed throughout the whole SBZ

corresponds to the occupied dangling-bond state as men-
the Ge adatoms are intermixed into the subsurfacgoned above. More exactly, it corresponds to the fully occu-
|ayer3?'1_13|n addition, the theoretical result for the pure Ge p|ed P, state localized on the up_dimer atom of a buckled
dimers on the clean Ge(001y2 surface is given by the dimer (D, in theory. This state is known to split into two
hatched line$? A few bulk-related features and unassignedsubbands due to the antiferromagetic order of the buckling
minor peaks observed at 2.5-3.5 eV are taken out for clarityaiternate buckling directions between neighboring dimers
At first, one can easily notice the very good overall agreepn the Sj001) surface?*?® Such splittings are clearly ob-

ment between the experimental and theoretical results ar@erved in the present experiment aroulig and Koo points

also the close similarity between the theoretical results of th ; )
three largely different dimer configurations; Ge-Ge dimers(f?Or both clean Si(001)2 1 (Aand B and 1x2-Ge (S, and

. i . i S,) (raw data not shown here Similar splitting for
on S(00D, Ge-Ge dimers on Ge0D), an_d Ge .S' dimers on Ge(001)2<1 was also observed, but only along {fg.0]
Si(001). Note that the surface-band dispersions of the Ge | - . . .
dimers on G&O01) and that of the Si dimers on ®01) azimuth aroundly;. This splitting is also consistent to the
already have a great similarffy. This must be due to the STM results showing mostly the antiferromagnetic buckling
almost identical surface structure of the(@&1) and S{001) of the dimers on the whole surface even at room temperature
surfaces but is still surprising considering the different lattice®fter the Ge submonolayer g_rovxi‘PnNote that the theoretical
constants and different valence states of Ge and Si. In arySults do not show the splitting of the dangling-bond surface
case, the close similarity between the theoretical results fortateDyp (S: and S; in the E}Xperlmental datasimply be-
the different dimer configurations can, thus, be understoo2use all the band calculations for the Ge-related surfaces
from such structural and electronic proximity of the(Gal) ~ Were performed only with the:21 surface unit cell instead
and S{001) surfaces. In the experimental point of view, the Of More rigorousc(4x2). _ _ _
similarity between the band structure of the Ge and Si dimers Other than the surface states with the dangling-bond ori-
has not been established in detail mainly due to the fact thatin, theS; state observed arourdis identified as one of the
a single-domain Ge(001)21 surface could not be prepared back-bond statesB( in theory); four fully occupied back-
so far. Hence the direct comparison of the band dispersioRond surface resonances are expecteq due to the four back-
along thel oo~ Joo andT g9~ J 4o SBZ lines was limited while bond orbitals of a dimer. This state disperses strongly to-
the comparison along thE10] direction showed the ex- WardsJy, and is observed as ti% state within the band gap
pected similarity. While the present data provides more exaroundJ;,. TheSs state around), is also related to another
tensive experimental information over the full SBZ without back-bond statedB,. However, it is not clear whether the
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strongly dispersing state betwedg, and Ky, at 2—-3 eV hv=17.8 eV Along [010]
corresponds to the back-bond stdde or the dimer-bond

stateDIiD. If we compare more detailseof the theoretical band DD Si(001)2x1-Ge (2ML)
dispersions between the pure Ge dimers and the mixed Ge-Si
dimers, there is a noticeable difference for the dispersion of
the B, state; for the mixed dimerfand also for the Ge
dimers on G&01)] the binding energy oB; at J is much
lower than that of the pure Ge dimers or((&1). Then the
present result might be interpreted as to favor the pure Ge
dimer case over the mixed dimer model although a more
systematic theoretical study is required for a clear conclu-
sion. This does not deny the intermixing itself since the in-
termixing on the surface can occur both through formation of
mixed Ge-Si dimers or formation of a mixture of pure Ge
and pure Si dimers.

The structural and electronic similarity between the Ge-
Ge, Ge-Si, and Si-Si dimers further leads to a very little
difference between the corresponding STM imagasis
fact partly contributed to the misinterpretation of the initial
Ge growth as forming simple Ge addimers in the earlier
STM studies. Recently, Qin, Swartzentruber, and Lagally re-
ported that Ge intermixing into the topmost Si layer could be
identified by STM but only in the empty-state STM
imagest® This indicates that the difference in the band struc-
ture can be more than marginal in the empty state bands
above the Fermi level. It does not conflict with the present
result since we confirm the close similarity of the surface
band structure in the filled states. However, even in the
empty state imaging the difference between the Ge-Si mixed
dimers and the pure Ge dimers was thought to be beyond the
resolving power of the STM imag®.

One can naturally expect that the number of pure Ge-Ge
dimers increases for a thicker film, where one may find some

bl |S5 S4 S

Photoemission Intensity (arb. units)

difference in the surface band structure. We have prepared a , | , ! ) -10
well-ordered 2-ML Ge film which exhibits a DD>X21 LEED 5 4 3 2 1 0=Ef
pattern as mentioned above. Figure 7 shows the series of Binding Energy (eV)

ARPES spectra on the DD Si(001¥2 -Ge surface at 2 ML

taken withhy=17.8 eV along th¢010] azimuth. As evident FIG. 7. Similar ARPES spectra to Fig. 2 but for the DD

in this figure, we identify essentially the same surface statesi(001)2x 1-Ge surface formed by 2-ML Ge deposition. The gray
with almost the same dispersions with those of the llines are guides to eyes. The surface states and their dispersions are
X 2-Ge(1 ML) surface except for the broadening and weak-almost identical to the SD Si(001)2-Ge surface at 1 ML.

ening of the spectral features. As mentioned above this

broadening may come from the increased disorder on the

topmost layer or from the enhanced phonon broadening. Thige epitaxial Ge layers during the very initial growth on the

resu_lt only reconfirms the close similarity_ b_etween the ele_CSi(001)2>< 1 surface. The surface band structures are inves-
tronic structures of the Ge-Ge and Ge-Si dimers gnd_ the INgated in detail for a clean single-domain Si(00X)2 sur-
sensitivity of the surface band structure on the st0|ch|ometr¥ace’ a single-domain Si(001)X2-Ge surface with one
and intermixing of the surface dimers. As a different aP-monolayer of Ge, and a double-domain Si(00%)P-Ge sur-
proach, Ku and Nemanich performed an ARPES study onthgyce "ot two monolayers. The two different surface-state
SiGey _ alloy surfaces grown on a®01) surface’® In that  2n4s” que to the up-dimer atom stat& éndS,) of the
study, a dangling-bond s.ta(é\) and a back-bond stal®)  ,ckjed dimers and the three other surface-states bands due
were observed on both3Ge gand 56-86_%-2 aIon_surfacgs to the back bondsS,, S;, andS;) are identified clearly for

(the DD 2x1 surfacesalong the[010] azimuth with proxi- 5| three above surfaces with very similar dispersions. These

mal dispersions to those of the clean Si(00%)P surface.  roqits are compared with the previous experimental and the-
That result is thus fully consistent to the present observation, qtical reports for the band structures of the Si(002)2
V. SUMMARY and the Ge(001)2 1 surfaces and further with the theoreti-
cal band structures of the Si(00X2-Ge surfaces with the
An angle-resolved photoelectron spectroscopy study wapure Ge dimers or the mixed Ge-Si dimers on top. The sur-
devoted to study systematically the electronic structures oface band structure is shown to be insensitive to the inter-
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