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Electronic structure of the Si(111)-21x 21{(Ag+Au) surface
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Angle-resolved ultraviolet and x-ray photoelectron spectroscopies were used to analyze the electronic band
structure of the Si(111)/21x \21(R+10.89)-(Ag+Au) surface that was induced by Au adsorption of 0.19
atomic layer onto the §111)-v3Xxv3-Ag surface at room temperature. We found two intrinsic dispersive
surface-state bands crossing the Fermi level, which were considered to originate from an antibonding surface
state of the initiaV3 X v3-Ag structure. The electrons accumulated in these bands were found to be donated by
Au adatoms. The electron transfer from Au adatoms into the substratgswface space-charge layevas
also confirmed by measuring the changes in band bending. The results seemed to be consistent with an atomic
model in which the Au adatoms sit atop the Ag trimers of tBex v3-Ag framework. We proposed a kind of
atomic bonding mechanism on this surface, referred to as “parasitic surface bonding,” where Au adatoms
make metallic bonds via a surface-state band of the substrate syS8d&3-18208)02515-¢

I. INTRODUCTION X v3-Ag surface is known to have no dangling bordist
the answer for this question is not trivial. The electronic
Surface superstructures ofy@1x \21(R+10.89°) peri- states for atom bondings should be clarified to determine the
odicity are known to emerge by adsorption of a submono-atomic structure.
layer noble metal(Au, Ag, or CU onto the Si111)- The third point to be interested in is the electrical conduc-
V3Xv3-Ag surface’™ These21x 21 superstructures ex- tance parallel to the surface. In our previous pafiefs;°
hibit some interesting common features, which have driverye have reported a very high electrical conductance for all

us into a series of investigations including the presenthe V21x 421 surfaces induced by Au, Ag, and Cu adsorp-
study®~8 tions. Photoemission spectroscopy measurements suggested

First of all, from the point of view of atomic structures that the high surface electrical conductances were not due to
the \21x \/2—1 surfaces seem to be formed only by period,icthe surface space-charge layer but rather due to surface-state
simple adsorption of the noble-metal adatoms on tfe bands. In fact, dispersive surface-state bands crossing the
Xv3-Ag framework. In fact, based on scanning tunnelingFerml level ) were found on the/21x y21-(Ag+Au)
microscopy (STM) observations, Nogami, Wan, and Ein surface by our preliminary measurements of angle-resolved

ultraviolet photoelectron spectroscop§RUPS.”8
proposed a structural model for th@1x /21 superstructure In the present paper, we thoroughly analyze the evolution

induced by Au adsorptiofhereatter referred to a2l  of the electronic structures during the structural conversion
X \21-(Ag+Au)]; Au adat_oms should sit on the centers of from thev3 X v3-Ag to the y21x 21-(Ag+Au) superstruc-
some of the Ag trimers in the honeycomb-chained-trimeryres, in connection with their atomic structures. The results
(HCT) structurd of the v3Xv3-Ag surface. The Au cover- can pe understood by some characteristic modulations of the
age should be 0.24 monolayel) in their model. On the  4iomic and electronic structures of the initied X v3-Ag
other hand, Ichimiya, Nomura, and Horio derived anothergface. So we will begin with the reanalysis of the elec-
structural model for the same surface based on STM anggnic structure of the’3 X v3-Ag surface, comparing it with

reflectior! high-energy electron_ diffraction(RHEED) previous reports on #1617 From our systematic investiga-
observationg.Au adatoms should sit on the centers of SOMEions, we have proposed a kind of mechanism for surface-

of the Si trimers of the HCT structure. Protrusions in STM 41om honding, called parasitic surface bonding, where adsor-
images, in their conclusions, might be due to electronic staté§ate atoms make metallic bonds with each other via a

induced by Au adatoms and do not directly correspond {0 the face-state band of the substrate surface. The correlation
adatoms. The Au coverage was 0.14 ML in their model. Bothyeryween the surface electrical conductance and the electronic

models, however, suggest a common feature that the Hcg'tructure of they21x 21 (A : :
o . -(Ag+Au) surface will be dis-
framework of the initialV3Xv3-Ag surface is not broken. . ;sseq priefly and its details will be given elsewhere.

So it can be expected that a rich knowledge on the atomic
and electronic structures of th8& X v3-Ag surfacé® will be
useful to discuss those of th@1x 21 superstructures.

The second point to be questioned is how noble-metal Experiments were carried out in an ultrahigh vacuum ap-
adatoms make bonds with the substrate. Since wBe paratus whose base pressure was belowl6 ° Torr. It

Il. EXPERIMENT
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FIG. 1. ARUPS spectra taken from the(Bli1)-v3 Xv3-Ag surface at room temperature. The excitation light was teh (a) and (b)
normal incidence anét) 45° from the surface normal. The electron emission anglesere changed from the surface normalap[101],
(b) [112], and(c) [101] directions, respectively.

consisted of a RHEED system, an x-ray source, an ultraviolet Ill. RESULTS

(UV) light source, and an electron analyz€G ADES 500. A. ARUPS for the Si(111)-v3xv3-A ¢

The x-ray source for x-ray photoelectron spectrosdo{iS _ ' or the Si119) g surtace

had a twin anode of Mg and Al. It produced a M{a Figure Xa) shows the ARUPS spectra taken from the

(1253. 6 eV or an AlK« (1486.6 eV line. Their full widths ~ Si(111)-v3Xv3-Ag surface at RT with normal incidence of
at half maximum(FWHM'’s) were about 0.8 and 0.9 eV, UV light. The photoelectron detection angle® were
respectively. The UV light source used in ultraviolet photo-changed from the surface normal in an orientation along
electron spectroscgp(j_cJPS) experiments was an unpolarized [101]. The anglesé, presented here correspond to the
Hel (21.22 eV emission, whose energy width was about 4syrface-parallel wave vector around th@oint (6,~31°) in
meV, sufficiently small compared to the energy resolution ofhe second/3 xv3 surface Brillouin zongSB2). The bind-
the_ electron energy analyzer. The energy of photoelectrorﬁIg energy is referred to &, which was determined from
emitted from the sample surface was analyzed by a hemi o peailic edge in an UPS spectrum from a Ta sample
spherical electron analyzer that could rotate around two axeﬁolder A strong dispersive peak ndag can be observed at
centering the sample. The angular resolution was about 2the erﬁission angles arountl=27°—35°, as indicated by

which was estimated from the prospecting angle of the en- 2
trance aperture of the analyzer from the sample. The typic(,ﬁrrowheads. This is called ti® surface state band. Its bot-

energy resolution was 0.1 eV when the pass energy was sk IS located at about 0.18 eV belds . From these mea-
t0 10.0 eV. surements, we have constructed a two-dimensional band-

The substrate was p-type S{111) wafer of 20 Q cm Qispersiop (jiagram shown in Fig(&olid circles. This result
resistivity at room temperaturéRT) and its typical dimen- IS Very similar to the report by Johanssenhal, although
sion was 2% 4x0.4 mn?. A clear 7x7 RHEED pattern they used a heavily doped’ -type Si crystal with polarized
was produced by flashing the sample at 1200 °C severa/V light from a synchrotrort® We have measured the spec-
times by direct current around 10 A through it. Tk@  tra with the incident angles of UV ligh#;=0°, 15°, 30°,
XVv3-Ag structure was made at a substrate temperature @¥5°, and 60° measured from the surface normal. With
450 °C by depositing Ag with a rate of 0.66 ML/min. After =15°, theS, peak was slightly weaker than 8t=0°, but
cooling the substrate down to RT, th@1x \21-(Ag+Au)  still observable. Atg;,=30° we could not obtain meaningful
structure was formed by depositing Au of about 0.19 MLspectra aroundd,=30° because the reflection of the UV
coverage onto the’3 Xv3-Ag surface with a rate of 0.50 light was so strong around this andie our apparatus, the
ML/min. The structural conversions were always monitoreddetection angled, coincided with the specular reflection
by RHEED during the depositions. The coverages of Ag andingle of the incident UV light a¥;= 6,=30°). Therefore,
Au were calibrated using their deposition durations with con-since theS; peak was observable, if it exists, only in the
stant deposition rates by assuming that 1 ML of Ag and 0.5arrow range of angles aroud=30°, we could not judge
ML of Au are needed for complete conversions in RHEEDwhether or not thé&; peak was detectable éf=30°. How-
patterns from the X7 structure to the’3Xv3-Ag (Refs. 9  ever, we could definitely say that no peaks could be observed
and 18 and the 5<2-Au superstructure®, respectively. aroundEg at any emission angles with;=45° and 60°.
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FIG. 2. Two-dimensional band-dispersion diagram for the 24" 31°
Si(111)-v3Xv3-Ag surface. Closed circles indicate the peak posi- T T v
tion in the ARUPS of Fig. (a). Open circles are for thé3 Xv3-Ag -2 -1 Er-2 -1 FEr
surface covered by 0.1 ML of A(see Fig. 3 Their sizes qualita- Binding Energy (eV)

tively correspond to the intensity of the respective peaks. The sym-
bolsT andM are symmetric points in theé3 X v3 surface Brillouin hFth 3. ARUPSd sé)pectra taker; from thh€><1/3—A_g S:J_rfsce,
zone. The solid curve represents the upper edge of the projectéﬁi Ich was covere y_O._l ML of Au. The excna_tlo_n ight was
bulk valence band including band-bending effect at the init@l fluminated with normal incidence. The electroger_mss[on angles
% v3-Ag surface. The broken curve is that for t@xv3-Ag sur-  VE'® changed from the surface normal to [h61] direction.

face covered by 0.1 ML of Au. o — .
does not exist in thgl12] direction in the measured range of

. . 6.. TheS; band appears only in a narrow range nggoint
Figure Xc) shows the spectra taken @t=45° with the other inethe\f3>ix/§ SBZ[.)p y 9 o

conditions kept the same as in Figall There is no emission
intensity aroundeg at all emission angles used. This is con- ,
sistent with the reports by Yokotsulet al'®* and Hansson B. ARUPS for the S(111-121x \21{Ag-+Au) surface

et al,}” where theS; state is not detected & =45°. In our When Au of about 0.1 ML coverage was deposited onto
previous papef,we could not determine th&, band in  this V3Xv3-Ag surface at RT, the RHEED pattern still
ARUPS measurements either because the illumination anglefiowed the same3 X v3 pattern without any/21x /21 su-

6, were set again to be 30° or 45° from the surface normalperspots. However, the corresponding ARUPS changed as
So we stated incorrectly in that paper that the bottom of th&hown in Fig. 3. Compared to the spectra of the initial

S, band should be located abo&: so that theS; band  XV3-Ag surface[Fig. 1a)], the features scarcely changed,
would be empty and that only théconduction electrons but the_ whole spectra shifte.d towards high_er binding energy.
thermally excited from the filled states would exigtough !N particular, theS; band shifted by approximately 0.16 eV
this is a situation predicted by the first-principles @nd itS intensity became stronger. T9eband at this surface
calculation$™3. From the present studies, however, welS plotted by open circles in the dispersion diagram of Fig. 2.

have become aware that i band can be actually ob- When Au was further deposited onto the surface, the
served only when the UV illumination ang is set to be J21x {21 superreflection spots began to appear in the

less than 15°. This point indicates that this surface electroni’EHEED pﬁttern from about 0.13 ML coverage and thef spots
state is excited only by the component of electric vector of?€@Me the strongest around 0.19 ML coverage. Figure 4

light parallel to the surface. This symmetry means thaghe Shows the ARUPS spectra taken from thql$l)-J2__1
state consists mainly gf, andp, componentgthexy plane % V21-(Ag+Au) surface withg,=0°, scanned in thg101]
is on the surfade One might expect, however, that there diréction. Two upward-dispersive peaks appear figar as
should be a sufficient parallel electric-vector component tdndicated by big and small arrowheads. Here we call them
make theS, peak observable even éi=45° or 60°. How- Si andS; bands, respectively. The bottom of tBg band is
ever, we could not detect it at these illumination angles. Thignuch lower than that of thg; band belowEg . When6; was
means that the emission intensity is not simply proportionaket to be 30°, the emission peaks corresponding t&ftend
to the parallel electric-vector component of the light, sug-Si bands could be observed as shown in our previous daper,

gesting some photoelectron diffraction effect. but they were slightly weaker than at=0°. The two peaks
In scanning the electron f'inglyz_er in t_[ﬂalZ] direction,  dispersed not only in a narrow range @f around 6,
we could not detect any emission intensity nBareven at  =30°, but also in a wider range of angle, so that we could

0,=0°, as shown in Fig. (b). This is because thE point  detect them in spite of strong reflection of UV light g



9018 XIAO TONG, CHUN SHENG JIANG, AND SHUJI HASEGAWA 57

Si(111)+v21xv21-(Ag* Au) Si(111)-v21xv21-(Ag*Au)

e lisf h
Oe =21.2eV
[(112]
96 9 e
. 31
20 | *
19° \’J\ :

30

ey 29

18 ) =

28

° e

11 o

P -

10° 26

QN K"“.‘

Qo -

Meesrrene] o\“:'
\/\ - \A/\v b
/\/\\,.E__ A

€ hy P
Gel =212eV

101 J=—

Oe

Photoemission Intensity (arb. units)
Photoemission Intensity (arb. units)

19° ? \23~
18° 5 -\21;
PP IV s PSPPI ST B EPRPIP SR | T i I T T P T
I e R < B R < R N 51 ) B R R R D T A R ¢
Binding Energy (eV) Binding Energy (eV)
FIG. 4. ARUPS spectra taken from th@1x \21-(Ag+Au) FIG. 5. ARUPS spectra taken from th@21x \21-(Ag+Au)

surface. The excitation light was illuminated with normal incidence.surface. The excitation light was illuminated in a direction 15° off
The electron emission anglek were changed from the surface the surface normal. The electron emission anglesere changed
normal to the[101] direction. Open and closed circles marked at from the surface normal to thgl12] direction. Open and solid
some of the small arrowheads correspond to the respective positiorfrcles marked at some of the small arrowheads correspond to the
in the y21x /21 surface Brillouin zone shown in Fig. 6. respective positions in thg¢21x /21 surface Brillouin zone shown

in Fig. 6.
=30°. At 6;=45°, theS; andS;} peaks were very weak, but
still recognizable (though theS; peak at the_ initialv3 the v3Xv3 SBZ. Here we show the point@nd emission
Xv3-Ag surface was not detectable at all with=45°). 51650,y corresponding to the wave vectors for the emis-
This slight difference in illumination angles for detecting the sion peaks indicated by some of the small arrowheads with
surface-state peaks between izt x \/2—1.'(A9+A”) phase  gpen and closed circles in Figs. 4 and 5. We notice that the
andv3 Xv3-Ag phase might mean a slight change in Sym-peaks indicated by open and closed circles in Figs. 4 and 5
metry of wave functions of the electronic states or a change
in the photoelectron diffraction effect. However, it still can
be said that th&; andS] states consist mainly gf, andp,
components as in the case of tBg state of the initialv/3
Xv3-Ag surface.

We also measured the ARUPS from the sam@ H)-
J21x \21-(Ag+Au) surface scanned in tHa12] direction
and =10.89° off the[101] direction with #,=0°, 15°, 30°,
and 45°. For the initia¥/3 X v3-Ag surface, no emission near
Er could be observed in these directiofsee Fig. 1b)].
However, in the spectra from th¢21x \/21-(Ag+Au) sur-
face, weak peaks ne&: could be observed, but they were
not so prominent compared to those in {i®1] direction \
shown in Fig. 4. For example, Fig. 5 shows the ARUPS =X
taken in the[112] direction with §;=15°. We notice weak ~ '
peaks around 0.15 eV belo®, as indicated by small ar-
rowheads. These were not observed at the initidal

FIG. 6. The 1X1, v3xv3, and v21x+/21 surface Brillouin
zones(SBZ's) are represented by dot-dashed lines, dashed lines,

Xv3-Ag surface[compare with Fig. (b)]. . :
; ) and solid lines, respectively. The symbdls K, andM are sym-
In Fig. 6 we show the SBZ's of thex11, v3xv3, and metric points in thev3Xv3 SBZ. The positions of the open and

\/2—1>< \/Z_l(Ri 10.89°) periodicities. B(_acause the/?_l closed circles show the values of the wave vegtoof photoelec-

X \[21-(Ag+Au) surface has gou.ble 9quwa|ent dpmams I0-trons(and the respectivé,), which correspond to some of the small
tated by+10.89° from the[101] direction, respectively, We  arrowheads with open and closed circles marked in Figs. 4 and 5.
must consider two types of SBZ's for this structure as shownrhe open and closed circles imply the respective equivalent points
in Fig. 6. The symbol$’, M, andK are symmetric points of in the y21x 21 SBZ.
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M T _[101] Xv3-Ag surface, the/3 xv3-Ag surface covered by about
T T T T T T T T T 0.1 ML of additional Au, and the/21x \21-(Ag+Au) sur-
B e a0 e face. The binding energies of the level were measured to be
St . .

Binding Energy (eV)

0.6

0.8

1.0

1.2

1.4

98.75, 98.28, 98.42, and 98.45 eV, respectively. The peak
positions were determined from the centers of the FWHM's
of the emission peakwe could not resolve the spin-orbit
splitting in the 2 level because of poor monochromaticity

of the illuminating x ray, but the peak shifts could be deter-
mined with +0.05 eV accuracy by numerical fittingsWe
changed the input power for the x-ray tube to confirm no
photovoltaic effect by x-ray irradiation. These data can be
used to evaluate the band bendings in the surface space-
charge layer as discussed in the next section because the
energy of the photoelectrons from the $ Rvel is so high
(higher than 1 keYthat they are bulk sensitive, almost free
from surface chemical shifts. The escape depth of our pho-
toelectrons is about 2 nm, estimated from a so-called univer-
sal curve of electron escape depth as a function of kinetic
electron energ¢® which is long enough to diminish the ef-
fect of surface chemical shifts, but short enough compared to

-1
Wave Veetor (A the band bending that extends over 200 nm for the doping

FIG. 7. Two-dimensional band-dispersion diagram for &~ concentration in our Si crystal.

X \[21-(Ag+Au) structure. Closed circles indicate the peak posi-
tion in the ARUPS of Fig. 4. Their sizes qualitatively correspond to I\V. DISCUSSION
the intensity of the respective peaks. The symHdoland M are .

symmetric points in the3xv3 SBZ. The solid curve represents the A. Si(111)-{3x \3-Ag surface

upper edge of the projected bulk valence band including the band- According to the first-principles calculatiohs?? the S,
bending effect. state at the initial/3 X v3-Ag surface originates from an an-

N . . tibonding electronic state between Ag and Si atoms, so that it
correspond to the same positions, respectively, inB&  should locate abov&r to be empty. However, at the real
X /21 SBZ as shown in Fig. 6. These points are respectivelgyrface as shown in Fig. 2, tifs-state band is partially filled
identical in the reduced SBZ. Therefore, we can concludey electrons. Johanssat al® attributed this partial filling
that these peaks do not originate from the surface-defecty electron transfer from donor levels in bulk because their
states but rather they are the peaks intrinsic in (&l sample was a heavily doped® crystal. However, even

X 21 structure. p-type wafers exhibited th&, band belowEg as shown in

Figure 7 shows a two-dimensional band-dispersion diaour present study. Where do the electrons in $ieband
gram for the \21x \21-(Ag+Au) surface, obtained from come from?

Fig. 4. The sizes of the solid circles qualitatively correspond First, we estimate the charg@lectron concentration
to the intensity of the respective peaks in the spectra. Theapped in theS; band. By assuming th§, band in Fig. 2 to
symbolsI” andM are symmetric points in th€3xXv3 SBZ.  be parabolic, the effective mass® of electrons in this band
The strongly upward-dispersiv®, band appears only near can be estimated from a relation between energpd wave
theT point of thev3 X v3 SBZ, like theS; band of the initial ~ Vectork, e=#k?/2m*, wheret: is the Planck constant di-
V3 xv3-Ag structure. Compared to the origiry band(Fig. ~ Vvided by 2:-5.1From Fig. 2, wherk is the Fermi wave vector
2), the bottom ofS! band is much lower belo, which ~ ke=0.11 A%, the energye measured *from the bottom of
implies that theS? band is occupied by more electrons. The € band ise=0.18 eV. Then we gem” =0.25m,, where
S; band has similar energy position and dispersion to thdle IS the free electron’s rest Mass. This valuerdf IS com-

. = . . parable to that of the conduction electrons in bulk
ongm/al St bimd around” point. Because the dispersion of =0.33n,. Since the density of states in a unit volume of a
the S; andS; bands obeys mainly theé3xv3 symmetry, .o dimensional free-electron system is given by a constant
they are considered to be remnants of Byeband of the

initi ; . D=m*/7#/? the charge densitg filling the S; band is
initial v3Xv3-Ag structure. The interpretation of the nature O = —De= —1.8¢ 10%/cr? Whéree < the clementar
of the S; and S} bands will be discussed in Sec. IV. S e+ , y

There are extra small peaks around the middle betweefharge. This de_nsity corresponds to 0.07 electronsvBer
theI" and M points as shown in Fig. 7, which are not ob- X3 surface unit cell

served in Fig. 2. These features come from the weak peaks Next we estimate the excess chargele) concentration

C o L . accumulated in the surface space-charge layer. The surface
satisfying they21x 21 periodicity mentioned above. Er of the Si(111)-77 structure is known to lie 0.63 eV

above the valence-band maximidhSo, by considering Si
2p shifts in XPS mentioned in Sec. I(from 98.75 eV at the
7X7 surface to 98.28 eV at thé3 Xv3-Ag surface, the

surfaceEg for the v3xXv3-Ag structure should be 0.16 eV

C. XPS for the respective surfaces

We measured the Si2core-level emission in XPS at RT
from the Si(111)-%7 clean surface, the initialv3
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Bulk Bulk mentioned in Sec. Il C. This means that the surfagelies
ourtace . Conduction Band oartace Conduction Band 0.30 eV above the valence-band maximum on this surface.
St St 8 That is to say, the energy bands beneath the surface change
L —Qu LA into an almost flat-band condition becausge in deep bulk
e e[ — Er ""“iV# g , Er lies 0.29 eV above the valence-band maximum. This indi-
S tw Y vere J’-Le 033 eV ;019 eV cates that the excess holes accumulated in the surface space-
07 ey L Valdntd Dot = Valeice Rond charge layer at the initiaf3xXv3-Ag surface is depleted by
e 023 v o adsorption of 0.1 ML of Au. However, compared to the ini-
S j—r tial v3Xv3-Ag surface in Fig. 1a), the intensity of theS;
peaks in the spectra was strengthened, as shown in Fig. 3,
(@) Si(111)-V3X ¥3-Ag Surface ®) Sil11)-V21 X V21-(Ag +Au) and its bottom was shifted down froRy , as shown by open

Surface

circles in Fig. 2. This means that ti$ band is occupied by
FIG. 8. Schematic illustrations of the surface states and the banthore electrons than at the initial surface. These electrons do

bending in the surface space-charge layer atahe3xv3-Ag and  not come from the substrate bulk, but from the Au adatoms
(b) \21x \/21-(Ag+Au) surfaces, respectively. These are obtainedbecause the surface space-charge layer is neflabands.
from the results of ARUPS and XPS. If electrons were transferred from the surface space-charge

layer into theS; band, more holes should be accumulated in
above the valence-band maximum. Thgs position is ap- the space-charge layer to maintain the neutrality. However,
proximately the same as in previous repdfté:On the other there is actually no excess holes in the layer. So it can be said
hand, for the Si wafer gp type used in this experiment, the that the excess electrons in tBgband do not come from the
distance betweeRg and the valence-band maximum in deepsurface space-charge layer, but that the Au adatoms donate
bulk is 0.29 eV, estimated from the resistivii>> Therefore,  electrons into theS,-state bandand also partially into the
the band bending in the surface space-charge layer is upurface space-charge layer to diminish the excess holes
ward, as shown in Fig. (8. This means that the surface therein. The chargeelectron concentration trapped in the
space-charge layer is a weakly hole-accumulation layerS; band of the 0.1-ML-Au adsorbed3 Xv3-Ag surface is
Then the excess chardbole) concentrationQgc accumu-  estimated in the same way as mentioned in Sec. IV A to be
lated in the surface space-charge layer can be estimated. Bys = —2.9x 10" e/cn?. Therefore, the increment of the
solvi_ng the Poisson equation under the given band bendingoncentrationAQsl compared toQs of the initial v3
and !ntegratlng the accumulated hole concentratfame can XV3-Ag surface isAQg = —1.1x 101 e/cm?. Since this
obtain Qgc=1.7x 10'* e/cn?. 1

By comparing— Qs, andQgc thus obtained, it can be said

that the electron concentration trapped in tBe band is

much larger than the hole concentration in the surface spac
charge layer. So only a small number of the electrons in thé&
S; band come from the substrate burface space-charge When the surface structure was transformed frome
layen. However, the majority of them should come from XV3-Ag surface t0,/21X ‘/,2_1'(A9+AU) by Au deposition
other surface statesall S, states, which are located above ©f @bout 0.19 ML, the Si @ core level shifted towards

Er. Such donor-type surface states are positively charged!igher binding energy by 0.17 eV compared to the situation
whose (positive) charge concentration ist, so that the of the initial v3 Xv3-Ag surface(see Sec. Il ¢ This means

trality i iNtaiNedOwt Oc +Ow —0. where — that the surfacéer is located 0.33 eV above the valence-
neutrality is maintainedQsct Qs, +Qs =0, where=Qs, o h4 mayimum and the band bending in the surface space-

~Qs,>Qsc. Itis impossible at the present stage to answelcharge layer is slightly downward, as shown in Figb)8

a question whether these surface stags which donate This indicates that the excess holes accumulated in the sur-
electrons into theS; band, are intrinsic or extrinsisuch as face space-charge layer below the init@xv3-Ag struc-
defect states Experimentally, however, we can definitely ture [Fig. 8@)] are completely depleted. Because the band
say that theS; band is always partially filled by electrons, bending is downward, the surface states of tf&lx 21
irrespectively of the doping type and doping concentration oktructure must be positively charged in the net or at least the
Si wafers used and also of the surface preparation proceregative net charge must be reduced compared to that of the
dures. This suggests the natureSfband filling to be in- initial v3xXv3-Ag surface. Therefore, we have to say that the
trinsic. On the other hand, we have found that a very smalhdsorbed Au atoms become positive by donating electrons
amount of Ag adatomgless than 0.03 ML deposited onto into the S] and S} surface-state bands as well as into the
the v3xv3-Ag surface donate electrons into tBe band®®  surface space-charge layer to diminish the holes therein. In

This suggests another possibility that the electrons trapped isther words, the Au adatoms make surface states well above
the S; band of the “clean”v3Xv3-Ag surface are extrinsi- E. empty.

AQs, is provided by Au adatoms of about 0.1 ML coverage,
each Au adatom donates approximately 0.1-0.2 electrons.
a’_his donor-type action of Au adatoms is the same as Ag
datoms deposited onto th@ X v3-Ag surface?*

cally originated. By assuming th&; andS} bands to be paraboli¢hough
they seem to be slightly asymmetric around thgoint as
B. Si(111)-y21x \21{(Ag+Au) surface shown in Fig. 7, we get the effective mass of electrons in the

. * _ * _ .
Compared to the initiaV3xv3-Ag surface, the Si @ respective bandfnsi—O.ZZh‘le andmsI—O.ZQme. Since the

core level at the/3Xv3-Ag surface covered by 0.1 ML of energies at the bottoms of the respective bands are 0.16 and
Au shifted to higher binding energy by about 0.14 eV, as0.62 eV measured frorkr as shown in Fig. 7, the charge
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(electron concentrations trapped in the bands are then calWan, and Lin and Ichimiya, Nomura, and Horio assumed.
culated to be QSiz —1.5x10% e/cn? and QSI= —7.4  This expectation is reasonable if we consider some experi-

X 1013 e/cr?, respectively. Therefore, the increment of the mental facts:(i) The y21x 21-(Ag+Au) domains easily
total charge(electron concentration in these bands with re- slide on the surface, leaving th@ X v3-Ag substrate behind
spect to that in th&, band at the initiaV3Xv3-Ag surface  during STM observations?® suggesting that Au adatoms
is given by AQSﬁS{ =Qs +Qgr = Qs =~ 7.1X 10 simply adsorb and move on top of th@ X v3-Ag substrate
elcn?. These extra electrons come from the Au adatoms ofurface: (i) the 21x y21 superstructures are commonly
0.19 ML coverage. This means that each Au adatom in th&rmed on the/3Xv3-Ag surface by Ag or Cu adsorption as
J21x |21 structure donates about 0.5 electron, which igvell @s Au and these threg21x {21 superstructures look
slightly larger than the above-mentioned case of 0.1-ML-AuVerY similar in STM and UPS measuremefsiii) Ag ada-
adsorption without the y21x \21 superstructure. The [OMS on top of the/3Xv3-Ag surface at RT are extremely
amount of charge transferred from Au adatoms thus dependg0bile to make a two-dimensional adatom gas pHése,
on whether or not they make a periodic arrangement While the V21x |21 superstructure is formed only by cool-
J21x 21 superstructupe ing the surface below 250 K to reduce the mobility of Ag
adatoms:® From these considerations, we can say that Au
is the origin for the very high electrical conductance of this2daoms do not make covalent bonds with the substrate at-

surface; the surface space-charge layer hardly contributes ggns of thef3><1/3-Ag structure. Qur' results of photoemis-
the electrical conduction because it is a depletion layer a ion spectroscopies furthermore indicate some charge trans-
mentioned abovél® er between the Au adatoms and the substrate. So the

In our previous papék,from preliminary UPS measure- bonding between them is not a physical adsorption such as

ments, we made a guess on the charge transfer between Nk ‘?'er Waals bonding._lt is also impossible to say as _ionic
Au adatoms and the Si substrate, which was the opposite f°nding because metallic ban@ andsS,) are detected in

the present conclusion; the electron doping into the surface?PS experiments. We thus think it an interesting question
state bands from the Au adatoms should not occur. ThatOW the adatoms are bonded to ##xv3-Ag surface hav-

wrong conclusion was caused by overlooking the chargd"d no dangling bonds. _ .
transfer from the Au adatoms into the buliurface space-  For they21x V21 surface, Nogami, Wan, and Lin report

charge layer We have arrived at the opposite conclusion inby STM observations that Au adatoms lie on the Ag-trimer
the present paper only after the quantitative estimations dfenters of the/3xv3-Ag framework. However, Ichimiya,
the charge concentrations accumulated in the surface-stabéomura, and Horio assume that Au adatoms lie on the Si-
bands as well as in the surface space-charge layer, as df§imer centers of the/3xv3-Ag structure’. Recently, we
cussed above. The electrons should be actually transferrdifive found by STM observations that Ag adatoms also sit on
from the Au adatoms not only into the surface-state bandghe Ag-trimer centers of the3 X v3-Ag framework to make
but also into the surface space-charge layer. As describedi V21X y21 superstructure by additional Ag adsorption at
above, more electrons are trapped in the surface stasd  low temperatured? This y21x \21-Ag surface showed very

St at the y21x 21-(Ag+Au) surface compared to in the Similar STM images as thg21x y21-(Ag+Au) surface in-

S, state at the initial/3 X v3-Ag surface. These excess elec- duced by Au adsorption at RT. So we prefer to conclude that
trons in the surface states cannot come from the substraftl adatoms sit on the Ag trimerghough we do not com-
because the surface space-charge layer is nearly neatral Pletely agree with the model of Nogami, Wan, and Lin be-
slightly depleted layérbeneath the/21x \21 structure. This cause of the different .saturauon coverage of Au adaloms_
quantitative discussion results from our finding of the suit-méntioned below, this expectation seems to be consistent
able illumination angles of UV light in ARUPS experiments, With our photoemission results in the present study and to be
which was essentially important to detect Biesurface-state N€lpful in solving the above question how Au adatoms bond
band of the initialv3xv3-Ag surface and thes] and ¥ ~ With the surface.

; Figure 9 is a structural model of a single domain of the
bands of the/21x 21-(Ag+Au) surface(in fact, we could : )
not find theS, band in UPS spectra in the previous pafer. V21X \21-(Ag+Au) phase with the underlyingv3

We would like to correct the guess in Ref. 7 about the eIec-X‘/j'Ag surface pr'oposed by Nogami, Wan., and Lifihe
tron transfer. topmost layer consists of Au adatoms. The distances between

the nearest-neighboring adatoms are maiflig,, wherea,
_ o is the length of the X1 surface unit vector, while some of
C. Atomic bonding in the V21 \21-(Ag+Au) structure them are 2, or \/7a,. We consider that these arrangements
We next discuss the interrelation between the energy banaf adatoms raise a characteristic dispersion of3hand Sy
structure and the atomic arrangement of thé@1l bands that mainly obeys th&8 xv3 periodicity. As the first
X \21-(Ag+Au) surface. For this superstructure, Nogami, trial to understand the nature and the origin of the surface-
Wan, and Litt and Ichimiya, Nomura, and Hofigroposed  state bands in thg21x 21-(Ag+Au) phase, we would like
different models for its atomic arrangement. However, theyto suggest that th8, state of the initiav3Xv3-Ag surface
did not explain how the Au adatoms bond to the substratés modulated by getting the electrons from the Au adatoms to
surface. The/3 Xv3-Ag surface has no dangling bonds to be be the S}- and S;-surface-state bands in thg21x 21
a stable surface with a low surface enetgy'? phase. By considering that the local density of states of the
This v3XVv3 framework does not seem to be severelyS; state is known to have maxima at the centers of Ag trim-
broken in the21x 21-(Ag+Au) structure, as Nogami, ers of thev3 xXv3-Ag framework!'?we guess the nature of

The large amount of electrons accumulatec®inand S;
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—Si Trimer

adatom sites, but they can travel into the neighboring Ag
trimers that are without Au adatoms. This is plausible by

Ag Trimer
3 considering the strong dispersions of BfeandS} bands(as
well as the originalS; band, which means extended wave
functions of these electronic states. In other words, Au ada-
toms can share electrons via these bands to form a two-
dimensional metallic bonding among them. This may also be
the origin of the high electrical conductance of th@1
X \21-(Ag+Au) phasé.®

This is considered to be a different type of bonding for the
surface superstructure on a semiconductor. Usual bonding on
the surface is that the substrate atoms and the adatoms pro-
vide electrons simultaneously to form covalent bonds by
sharing the two electrons and the resulting energy level splits
into bonding and antibonding states. However, t{i21
X \/21 structure is a special case. TH&xVv3-Ag surface
does not provide electrons for bonding, but only provides an
antibonding surface stat®,. A bonding is formed between
the adatoms and the surface via the surface state by energy
resonance, resulting in a characteristic modulation in the en-
ergy level. Here we call this type of bonding parasitic surface
bonding. This can be also the reason why Au adatoms sit on
the Ag trimers instead of on the Si trimers. The Si trimers do
not possess an antibonding state like $aeband. Therefore,
the Au adatoms tend to sit on the Ag-trimer centers.
. , o Then the Au adatoms are only loosely bonded with Ag
the S} and$; states as follows. The surface st& origi-  trimers, compared to the case of usual covalent bondings.
nates from the Ag trimers on which the Au adatoms adsorbrhjs is consistent with the following experimental facts: The
because th&] state disperses mainly around thepoint of  |/21x \/21 domains easily slide toward or against the tip de-
the v3Xv3 SBZ and because they have additional photopending on the bias-voltage polarity in STM observatfons
emission of the\21x 21 periodicity (as discussed with and the domains also show a “waving” behavior during
Figs. 4 and & TheS; state, which also disperses around theSTM observation$.These indicate that Au adatoms can eas-
I point of thev3xv3 SBZ, is considered to come from the ily migrate on thev3xXv3-Ag surface and also that the un-
Ag trimers without Au adatoms. This is plausible if we con- derlyingv3xv3-Ag framework is not severely destroyed by
sider that the number of “bare” Ag trimers is reduced at theAu adsorption.
J21x \21-(Ag+Au) structure compared to at the initial
V3XV3-Ag surface, so that the intensity of t!8 band be-
comes weaker at thg21x \21-(Ag+Au) surface(Fig. 4)
than that of theS; band in Fig. 1a). However, of course,
these guesses should be confirmed by further theoretical a
experimental studies. In fact, thg21x 21 phase has
double domains rotating by 21.8° to each other, a halfwa
angle, which makes it very difficult to map the band disper-
sion in the singley21x 21 SBZ. So, if we could prepare
the \/21x /21 superstructure in single-orientation domains,
more detailed discussion would be possible.

Although there are no dangling bonds on th& trimers without Au adatoms
Xv3-Ag surface, there exists tH® band of an antibonding ) ' . : L

; . We proposed a kind of mechanism for atomic bonding in

state. This surface state can trap electrons. According to Ol,[IF] 21X \21-(Ag+A fruch ferred i
results of XPS, the electrons occupying BfeandS; bands € (Ag+Au) structure, referred to as parasitic

surface bonding; adatoms make metallic bonds with each
O.f t_he V21x \/2—1-(A_g+Au) su_rface come from Au adatoms other via electrons accumulated in a surface-state band of the
sitting on the Ag trimers. This means that Au adatoms ar

tvely ionized. Due 1o the Coulomb attraction betweersU2STate:
positively ionized. Due to the Loulomb attraction beWWEen o yagqits in this experiment seem to support an atomic

Au ions and the negative charge backgroundsjnand Sy
. . model of they21X \21-(Ag+Au) structure that Au adatoms
bands on Ag trimers, a stable surface structure will be (Ag )

formed. In addition, according to the model of ti21x 21 adsorb atop the Ag trimers of th&xv3-Ag framework.
structure(Fig. 9), every Ag trimer is not occupied by Au
adatoms. The shortest distance between the nearest-
neighboring Au adatoms is as small €%a,. So the elec- We acknowledge Fumio Shimokoshi, Yuji Nakajima,
trons donated into the Ag trimers are not localized at the AuSakura Takeda, Tomohide Takami, and Tadaaki Nagao for

0o - Si atoms
e Ag atoms
© Au adatoms

FIG. 9. Structural model of the/21x \21-(Ag+Au) super-
structure, made up of Au adatoms simply adsorbed on top of th
V3 Xv3-Ag framework, proposed by Nogami, Wan, and I(Ref.

1). The \21x /21 unit cell is shown by a thick lozenge.

V. CONCLUSIONS

For the S{111)-y21x \21-(Ag+Au) structure, we have
rliaund two upward-dispersive surface-state ba8fisand S;
crossingEg . By estimating the charge concentrations in the
respective surface-state bands and the surface space-charge
ayer, we conclude that Au adatoms donate electrons mainly
into the S; band of an antibonding state at the initid}
XVv3-Ag surface. Then the electron wave function of Be
%and is considered to be modulated to be $hieband at Ag
trimers on which Au adatoms sit and to be Bieband at Ag
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