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Electronic structure of the Si(001)c(6 x 2)-Ag surface studied by angle-resolved photoelectron
spectroscopy using synchrotron radiation
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The surface electronic structure of the single-domain Si(€@L% 2)-Ag surface has been studied by
polarization-dependent angle-resolved photoelectron spectros@®@RPES using synchrotron radiation.
Through detailed ARPES measurements, the Si(€@LX 2)-Ag surface is found to be semiconducting with
a band gap larger thar 0.7 eV. Three different surface states are identified within the bulk band gap, whose
dispersions and symmetry properties are determined. The surface band structures observed have a close re-
semblance with those of the Si(001)X3)-Ag surface reported recenflid. W. Yeomet al, Phys. Rev. 57,
3949(1998]. This result suggests a similarity between the substrate reconstructions c(f6tk)-Ag and
(2%X 3)-Ag phases formed at a proximate condition. The surface structure of Si(@P)-Ag and the
origins of the surface states observed are discu$S81.63-1829)04724-4

I. INTRODUCTION X2) was reported by LEEORef. 8§ and STM(Ref. 9 at
almost identical conditions with theX23 phase except for a
Thin films of Ag on Si surfaces have been the prototypeslightly different temperature during the deposition of Ag.

system of metal/semiconductor inferfaces due to a minimaFhe c(6X2) phase is metastable, and converts to the32
chemical interaction between the two elements and due tehase with only a mild post-annealifign spite of the close
well-defined interface structures. Because of such techngimilarity in formation conditions of the 3 andc(6x2)
logical and fundamental interest, intensive studies have bee?hases, Ag 8 XPD pattern§ and STM imagebof these two
devoted especially to the Ag/3il1) surfaces/interfaces over Surfaces are very different, suggesting a large difference in
the past two decadéddowever only a few attempts have so their local structures. No further information on tl¢6
far been made for Ag thin films on the (801 surface in <?2) surface has been reported. _
spite of the simple surface structure and importance in device ' this paper, we extend our previous electronic structure

technology of the $001) substrate. Recently there has beenStUdy on the (3)-Ag phasé to ¢(6x 2)-Ag in order to
a renewal of interest in the Ag/®01) system, which was study the similarity and difference of these two phases and to

: : i ified understanding of the bonding and adsorption
motivated partly by the observation of the local- or long- gain a uni :
range-order structures of thex2, 2x2, and 2<3 phases behaviors of the submonolayer Ag on the Si(00L}()

: o . surface. We have prepared a single-domaiSD)
dur_mg the _|n|t|al growth of Ag on 001) by scanning tun- Si(001)x(6x2)-Ag surface, and have investigated the sur-
neling microscopy (STM) and low-energy-electron-

. . o face state band structure of tlef6x2)-Ag phase with

4
diffraction (LEED) studies>* The surface structures of these polarization-dependent angle-resolved photoelectron spec-
surface phases have not been made clear.

) troscopy(ARPES using synchrotron radiatio{SR). Several
Among such order phases, the Si(001X(2)-Ag surface gy face states are identified, and their dispersions as well as
has been the main subject of recent interest. Two differendy mmetry properties are determined. This result is discussed

structure models have been introduced for the Si(001)(3n comparison with that of the Si(001)§23)-Ag surface®
X 3)-Ag surface by STMRef. 4 and low-energy electron

microscopy studies, based on Ag coveragestodind: ML,
respectively. However, the surface band structure reported
recently was not compatible with these previous structure The experiments were performed on the vacuum ultravio-
models® This electronic structure study suggested, then, det beam line BL-7B(Research Center for Spectrochemistry,
Ag coverage of2 ML for the Si(001)(2x3)-Ag surface in  the University of Toky® at Photon Factory, KEK, Japaf.
order to explain the semiconducting surface band stru€tureThe detailed experimental setup and procedures for the
Subsequently, a very recent x-ray photoelectron diffractiorsample preparation are the same as reported b&fneell-
(XPD) study successfully introduced a structure, an arrangesrdered SD Si(001)(2 1) surface was prepared as the sub-
ment of Ag overlayer atoms, based on tha/L coverage!  strate and a SD Si(00&]6x 2)-Ag surface was formed by a
On the other hand, another long-range-order pte$e  deposition of~0.6-ML Ag at room temperature and a sub-

II. EXPERIMENTS
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FIG. 1. (@) The surface Brillouin zone of the(6X2) surface
with symmetry points indicatedb) Two different geometries of
polarization-dependent ARPES measurements for the determination
of the symmetry properties of surface states. See text for explana-
tion. In A, geometry, the incident synchrotron radiation and its
polarization are in the same plane with the surface normal and the
direction of photoelectron detection. On the other hand, inhe
geometry, the incident synchrotron radiation and its polarization are 5 4 3 2 1 Ep
in the plane perpendicular to that of the surface normal and the Binding Energy (eV)
photoelectron detection.

FIG. 2. Normalized ARPES spectra for the single-domain

. Si(001)c(6X% 2)-Ag surface taken along the surface Brillouin-zone

sequent annealing at200°C as reported befofeOn the |irll(e of?( -Y )Thge uhoton ener usegd is 17u4 eV ancli thu; Eoton

other hand, a SD Si(001)§23)-Ag surface is prepared by . ” 0o ?O‘ € pho h gy 2o | e pr

the same procedure but at a substrate temperature of 200 9¢¢' ent ange e‘.) Is 45°. The step in emission ang .ee‘*(s) s 2

duri he d . b&tween the neighboring spectra. The peak positions of different
uring the deposition. . surface states assigned are marked with different symbols.

ARPES spectra of the SD Si(0aX6x2)-Ag surface
were measured using linearly polarized SR at photon enet-. . . . .
gies (w) of 17.4 and 14.7 eV. The spectra shown beIOWbmdmg energies tha8,, which becomes faint at off-normal

. . - missions and is barely observed again at emission angles
were normalized by background intensities above the Fer_nﬁﬂger than 24°(denoted asS, in Fig. 2. Two other weak

11 o

level (E,F)', ARPES spectra Were_takEn ata SEfp of 2 MNfeatures are noticed at>30°, although they are not so well
the emission angleséf) along thel'og-Yoo, I'ooYoo, @d  resolved from each other. One of these featuetsa lower
FoeMooI'1y lines of thec(6x2) surface Brillouin zone  binding energyis denoted as;, as explained in detail be-
(SBZ) [see Fig. 1a)]. _ low. A characteristic band at higher binding energies is the

In order to investigate the symmetry properties of surfacesteeply dispersing bank, which is due to the well known
state wave functions along the SBZ axes containing mirropulk direct transition-2
symmetry planes, we adopted two different measurement ge- Figure 3 shows the experimental dispersion curves for the
ometries denoted a, [6; (the incident angle of SR from  gheciral features observed along g, Y}, line taken at
the surface normgk45°] andA. (6;=20°) as shown in : O

. ' g = Ui | hv=14.7(open circlesand 17.4 eMsolid circles in the A,

Fig. 1(b).** According to the symmetry selection rufepho- geometry, and also adw=17.4 eV in theA. geometry
toelectrons only from even-symmetry initial states are de'(solid diamonds For ARPES scans takenlab = 17.4 eV in
tected in theA, geometry while photoelectr(_)ns from both the A, geometry, the gray-scalg-k| diagrant**4 is also
even- and odd-symmetry states are probed inAhegeom- g0 to give a more comprehensive view of the spectral

Sters)/mgtl'\r’ililfs n§?§32§if?:§g;f§rzﬁ|yere recorded inAthe features around the bulk band gap. In this diggi‘&ﬂﬁ,the
intensities of the spectral features are approximately repre-
sented by the brightness in the gray scale by taking the sec-

Il. RESULTS ond derivatives of the spectra. The shaded region in the up-
per figure is the bulk band projected onto the 1 SBZ!°

The ARPES spectra of the SD Si(0@{$x2)-Ag sur-  and the thin white dashed line in the lower figure is the edge
face are shown in Fig. 2. These spectra were taken along ths the projected bulk band. The two uppermost baggand

SBZ line of I'yg-Y{, (the[110] axis) at a photon energy of S, have parts of their dispersion curves within the projected

17.4 eV. In these spectra, the most prominent spectral featulailk band gap, indicating their surface nature. A comparison

is the relatively large and sharp peaks with binding energiewith ARPES spectra of the clean Si(001)X2) surface

of 1.2-1.8 eV at emission angles of 12°—26° and° to taken at the same condition confirms tBatandS, states are

—10°; this feature is denoted &3,. Around the normal intrinsic to the Si(001(6x 2)-Ag surface. This comparison

emission, another spectral feature is observed at smalledso reveals that the third bai® cannot be assigned to any
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FIG. 3. (Upped Experimental dispersions for the single-domain  FIG. 4. Experimental dispersions for the single-domain
Si(001)c(6x 2)-Ag surface along the surface Brillouin zo(&B2) Si(001)c(6 % 2)-Ag surface alond o-M gL' 11.-
line of FOO-V(’)O. The small and large symbols represent the rather
distinctive and the weak spectral features, respectively. Sotidn ARPES spectra of the Si(004(6 %< 2)-Ag surface along the

circles and diamonds indicate peak positions obtainedlirgeom- T .M -, line of the SBZ. Two different photon energies,
etry with hv=17.4 (14.7) eV and inA.. geometry withhv=17.4 ;147 (open circles and 17.4 eV(solid circle3, were
eV, respectively. The shaded region is the bulk band structure Pr9jsed. The gray-scaleEg-k” diagl’al’TJfl'M taken from the

jected onto the X1 SBZ. The major surface and bulk bands are _ : .
traced by thick gray lines(Lower) The gray-scaléEg-k; diagram ARPES scans atv=17.4 eV n th£A+ geometry is also

(Refs. 11 and 14for the single-domain Si(00L{6x 2)-Ag surface  ShOWN in Fig. 4. Along thd’o-Mo-T'14 line, the bulk band

alongTo-Yj, taken from the ARPES scanslat=17.4 eV in the ~ 9ap is wider than along the110] axis: the valence-band

A geometry. The dispersions for the surface states are depicted paximum is located roughly at a binding energy-e2 eV

white dashed lines. The thin white dashed line is the edge of bullat I";;. Within this wider gap, we observe three rather dis-

band projected into X1 SBZ. persionless bands, which are identified as the aforementioned
Si, Sy, and S; surface states from their binding energies.

bulk feature of the Si substrate or to a surface state of thgvhile the dispersion 08, is quite clear throughout thﬁoo—

clean Si(001)(X 1) surface. The surface state natureSgf MOO_FH line, those forS; andS; are obvious only within the

will be made more clear below. As shown in Fig.S8, S,, i . vl .
andS; are observed at the same binding energies for differ22nd-gap region. Along thEgg-Moo-I's, line, a band at a

ent photon energies, which corroborates them as being su?—mdIng energy of~2.2 eV appears with large intensities,

and its dispersion is invariant for the change of photon en-
face states.

We observe another band at a binding energy of 2.3 e\Fr9y- However, it is not clear .Whether_thl.s is another.surface
= i state of thec(6x2) phase since a similar feature is also
around Yoo, which was also observed on the cleangpserved on the clean Si(001)X2) surface at the same

Si(001)(2x 1) surface. Thus this state is thought to originatepinding energy at similar SBZ points. The nondispersing

from the Si substrate. In addition, a characteristic nondisyand at~ 3.8 eV and the bulk bankl at off-normal emission

persing band is observed at a binding energy-#.8 eV, : =
with ho = 17.4 eV (solid symbols in Fig. B This band was 2nd!es mentioned above are also observed along'tge

also observed for the Si(001)23)-Ag surface, and was Mool line.

suggested to be a surface resonance s&én(Ref. 6. The Similar ARPES measurements were also made along yet

binding energy of this band shifts slightly for the data takenanother major symmetric axis of ttg6x2) SBZ,I'g5-Y oo

at hv=14.7 eV. This seems to suggest the contribution of{110]), which find similar spectral featureS;, S,, andS;.

bulk electronic states to this band in some extent. As menThe dispersion curves along thgq Y line are shown in

tioned above, the steeply dispersing bamds due to the the gray-scaleE,-k diagrams™** of Fig. 5. The diagrams

well-known bulk feature. Since the bulk babds observed are taken from ARPES scans hAv=14.7 eV in theA,

at almost the same binding energy as that on the cleageometry(left) and at 17.4 eV in thé. geometry(right).

Si(001)(2x1) surface, it is estimated that the formation of  After establishing the existence and dispersions of the

the c(6X2)-Ag phase does not change the surface banthree surface states within the bulk band g8p-S;, we

bending. This is similar to the case of the Si(00TX@)-Ag  further studied their symmetry properties. Figure 6 shows a

surface® collection of ARPES spectra in the two measurement geom-
Figure 4 shows the dispersion curves obtained with theetries,A, andA.., which have different symmetry selection
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FIG. 5. Gray-scaleEg-k) diagrams(Refs. 11 and 14for the 2 g Rl LRl
single-domain Si(00L)6X2)-Ag surface alongl'gs-Yqq taken 0.8 0.4 0.0 0.4 0.8
from the ARPES scans & =14.7 eV in theA, geometry(left), Wave Vectork;, (A')

and at 17.4 eV in thé\. geometry(right).

FIG. 7. Summary of the surface-state dispersiongapkingle-
rules. It can be clearly found th&; andS, states are en- domain  Si(001$(6x2)-Ag ~ and (b)  single-domain
hanced and quenched, respective|y, in mg geometry SI(OOl)(2>< 3)'Ag surfaces within the bulk band gap. The disper-
along both mirror symmetric axes. This behavior can also b&ons of surface states are guided by thick gray lines. The solid
noticed in Fig. 5. This suggests th&¢ (S,) has oddeven circles and diamonds are from the ARPES spectra taken at a photon

L energy of 17.4 eV irA, andA. geometries, respectively.
symmetry along botH yy-Yqo and I'gy-Y(, lines. The sym- o * =9 P y

metry property ofS; is rather unclear due to its small inten-

sity (sp). Ag 4d bands are located at a binding energy-o6

eV, and are thought to have little influence on the states
around the bulk band ga&p®
IV. DISCUSSION As mentioned above, the Si(0@(px2)-Ag and
From Figs. 3-5, it is apparent that the Si(001)(2<3)-Ag surfaces are prepared at very similar
Si(001)c(6% 2)-Ag surface is semiconducting with a band conditions. However, Ag 8 XPD study revealed that the
gap of larger than-0.7 eV, which is similar to the case of local structures around Ag adsorbates are quite different be-
the Si(001)(2<3)-Ag surface® This indicates an even num- tween these two phases. T_hu_s it is rather surprising that these
ber of surface electrons in the unit cells of bef6x2) and W0 surfaces have very similar band bendings and further
2% 3 phases, consistent with the same Ag coverage of thes"Y Similar surface-state bands. The Si(00Lj@-Ag and
two phaseg.From this electron counting, we have suggested>!(001)X(6X2)-Ag surfaces have three surface states within
that the Si(001)(X 3)-Ag surface has a Ag coverage bf the buII_< bz_and gap at almost the same b|_nd|ng_energ|es,.as
ML.2 in contradiction to the available structure mod®ls. shown in Fig. 7, although one can notice slight differences in
The Ag coverage of ML also holds for thec(6X 2) phase, surface-stat_e_dispersions reflecting_the di_stinc_tion in_the sur-
although there is no proposed structure model at present. face periodicity. Furt_he_rmore, the intensity dlstr|but|on_s of
Due to the lack of structure models and theoretical bandthe Surface states within the bulk band gap as a function of
structure calculations for the(6X 2) phase, it is impossible €Mission angle closely resemble one another in the
to assign origins of the surface state bands observed. Wh&i(001)(2x3)-Ag and Si(0013(6x 2)-Ag surfaces.
can be said is that the three surface states within the band Recently Sid core levels of the Si(00£(6x2)-Ag and

gap,S;~S,, would stem from Ag § and Si valence electrons Si(001)(2x 3)-Ag surfaces were found to be very similar,
indicating a close similarity of the reconstructions of outer-

Single-domain Si(001)c(6x2)-Ag most Si layers for these two surfacésThus the resemblance
ﬁo_?{ T ll_zo-Yl T A, between the surface band structures of these two phases is
by =174eV ® e At thought to reflect the similarity in the Si substrate reconstruc-

S

tions. This interpretation is natural, since surface-state bands
with monovalent adsorbates are generally governed by sub-
strate reconstructions, as shown in the well established ex-
amples of alkali adsorption on ®01) (Ref. 18 and Ag

adsorption on $111).2° Then the distinctive difference in
the Ag 3d XPD patterns of the Si(001)(23)-Ag and
Si(001)c (6% 2)-Ag surfaces is interpreted to reflect the dif-
ferent arrangements of Ag adsorbates. This is plausible since
XPD patterns are not sensitive to the substrate reconstruc-
. A L (., tions beneath the adsorbate layer when the adsorbates form
543 2B%nd§1F E5ner4 (-;’V)Z 1 B an overlayef. That is, it is suggested that the Si(00(§
& Bnerey X 2)-Ag and Si(001)(X3)-Ag surfaces have similar Si

FIG. 6. Selected polarization-dependent ARPES spectra of th8Ubstrate reconstructions but different adsorbate arrange-
single-domain  Si(00X(6x2)-Ag surface recorded withhy ments. The substrate reconstruction is definitely not based on
=17.4 eV. Spectra depicted with solid linégots are obtained in  the dimerization of the Si top-layer atoms, sin® the
A, (A.) geometry. Peak positions of the surface stas, S,,  C(6X2) periodicity cannot be incorporated with thex2
andsS;, are indicated by circles, triangles, and squares, respectiveidimer reconstruction, an(®) surface states related to the Si

Intensity (arb. units)
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dimers of the clean 8001) surface(such adD, |, H,andG  The Si(001f(6X2)-Ag surface is found to be semiconduct-

in Ref. 13 are not observed for both ¢23)-Ag andc(6  ing in consistent with the previous ARPES result for the

X 2)-Ag phase$.The similarity in the substrate reconstruc- Si(001)(2x 3)-Ag surface formed at the same Ag coverfge.

tions of Si(001)(2< 3)-Ag and Si(001g(6x 2)-Ag surfaces  This result is interpreted as evidence of /L coverage

naturally explain the proximity in the preparation conditionsfor these two Ag-induced phases. The surface band structure

of these two phases. That is, converting the metasteffle of the c(6X2) surface is found to be similar to that of the

X 2) structure to X 3 does not require much energy since it Si(001)(2x 3)-Ag surface, suggesting that these two sur-

accompanies only a rearrangement of Ag adsorbates. THaces have similar Si substrate reconstructions. This sugges-

detailed structure analyses of the Si(08Bx2)-Ag and tion does not contradict the Agd3XPD result® and is con-

the Si(001) (2 3)-Ag surfaces remain to be investigated. sistent with a recent high-resolution Sp Zphotoemission
result!” Proper theoretical calculations on the surface struc-

V. CONCLUSIONS tures and surface-state bands are required.

Polarization-dependent ARPES with synchrotron radia-
tion was applied to the SD Si(004(6X 2)-Ag surface in
order to investigate its surface band structure. From detailed
ARPES measurements along the important symmetric axes The authors are grateful to Dr. K. Sakamoto and Dr. T.
of thec(6X 2) surface Brillouin zone, three different surface Sakamoto for providing us with a well-oriented Si wafer, and
states §;, S,, andS;) are identified, and their symmetry to Dr. A. Kimura and A.Harasawa for their help during the
properties along the mirror symmetric axes were determinecexperiments.
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