PHYSICAL REVIEW B, VOLUME 64, 245421

Comprehensive study of the metdsemiconductor character
of adatom-induced AgSi(111) reconstructions
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A \/21x /21 reconstruction can be formed by either Ag or Au adsorption on the Ad/Bi\/3x /3 surface.
The electronic structures determined by angle-resolved photoemission from thes@two,/21 surfaces
show clear similarities. The presence of the extra Ag or Au adatoms results in a metallic surface with two
surface state bands near the Fermi level. Only one of these bands crosses the Fermi level instead of two as
reported in the literature. A tiny amount of Ag deposited onto {24 x \21-Ag surface below 100 K trans-
forms it into a 6x6 periodicity. The additional Ag leads to an interesting transition from the metdfic
X \/21 surface to a semiconducting<® surface with a gap of about 0.2 eV with respect to the Fermi level.
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Presently, the surface electronic structure around theuced partial occupation of a surface state band that should
Fermi level of different semiconductor surfaces attracts a lobe unoccupied for an ideaf3x /3 surfacé® There are two
of attention. Many studies focus on phase transitions on twonatural sites for the Ag adatoms, i.e., Ag trimer or Si trimer
and one-dimensional systems and the possible occurrence sites. Adsorption of Ag on Ag trimer sites is, however, sup-
a metal to semiconductor transition. When the temperature igorted by theoretical calculatiodsyhich find these sites to
lowered a Peierls or a charge density wave transition mape more favorable, energetically, than the Si trimer sites.
take place resulting in a gap opening. Another interestingrhese calculations were performed for 1/3 ML of Ag which
type of metal/semiconductor transition is related to the presmeans that all Ag trimers were occupied and that the surface
ence of a small amount of additional adatoms. We have restill had a /3% 3 periodicity. Two metallic surface bands
cently reported that the Ag/@EL1) system shows a metal to were found which both cross the Fermi level. It was con-
semiconductor transition when Ag atoms are added to theluded that the upper band is an adatom-induced band, while
Ag/Ge(111) /39X /39 surface to form the 86 phasé.The  the lower band is derived from the underlyin®@x 3 sur-
Ag/Si(111) system, which has been subject to extensive studface. The anomalously high conductance value observed for
ies, shows a/21x /21 and a 6<6 reconstruction. The basic the 21X 21 was explained in terms of these two metallic
character of the reconstructions formed by Ag on tha ) bands*¢~1% which were believed to exist also on the Ag-
and Gé111) surfaces is very similar although different peri- induced21x 21 surface. The concept of two metallic sur-
odicities are observed for the intermediate phases. The oBace bands on thg21x 21 surface is, however, not consis-
servation of the metal to semiconductor transition on Aghent with our photoemission data as is shown below.
Ge(111), has motivated us to perform a detailed study of the | this paper we present data from the Ag-inducézil
surface electronic structure near the Fermi le@gl)(for the 51 and 66 surfaces obtained by angle-resolved photo-
three different periodicities of the Ag/3iL1) system. Infor-  gjeciron spectroscop§ARPES. Valence band spectra from
mation about the surface electronic structure is espeuallyhe Au-inducedy21x 21 surface are also shown in order to

important when the surface conductance is studied. Thig,gjjitate 4 comparison with the Ag-induced one. The pres-
topic has been discussed quite a lot in the literature in conz

: h " ; . . Z-lence of the extra Ag/Au atoms results in a metallic surface
nection to the Ag/S1L1D) surfaces since a strong variation is \yith two surface state bands near the Fermi level. However,
observed when the reconstruction changes.

\ e only one surface band on th@1x /21 surface is metallic.
The Ag/S(111) \3x /3 surface, which is formed by an- g the data obtained from the Ag-induced and the Au-

nealing a Si111) surface covered by 1 monolayéviL) of : % : .
Ag adatoms, seems to be well described by the honeycomt|>r-1ducecj\/2—1 V21 surfaces give the same picture. Further,

. . iti X -
chain-trimer (HCT) model? The J21x y21 and the &6 addition of Ag onto they21x \21-Ag surface leads to an

, interesting transition from a metallic surface to a semicon-
phases are formed by adding Ag to thi@x /3 surface be- g

4 , ducting 6x 6 phase.
low room temperaturé? The electronic structures of the Ag- The photoemission study was performed at beam line 33

induced/21x 21 and 6<6 phases have not been reported ¢ the Max-| synchrotron radiation facility in Lund, Sweden.

so far. All the available photoemission data on the surfacere angle-resolved valence band spectra presented here were
electronic structure of the/21x 21 phase come from the gptained with a total energy resolution 650 meV and an
closely related Au- and Cu-induced21x 21 surfaces. It angular resolution of-2°. The S{111) samples cut from a

has been reported that th¢d3x 3 phase of Ag/SiL1)  single crystal wafeXSb doped, 3Q2 cm) were preoxidized
shows one metallic baritf, while two metallic bands have by an etching method and cleaned in-situ by stepwise direct
been reported for the Au- and Cu-induceg®1X21  current heating up to 930°C. This procedure resulted in a
surfaces:®-8 The presence of the metallic band of th8  clean and well-ordered surface, as evidenced by the strong
X /3 surface can be explained in terms of an adatom insurface state emission and a sharp7/ low-energy electron
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FIG. 1. LEED patterns obtained with a beam energy of 114 ev. [ 3 \—«_,_.. {1 s l'-.\ \“"”'*
(a) Ag/Si(111) V3x /3 at 100 K with~1.0 ML of Ag; (b) y21 3‘;‘;;21 e «1/(2)(;;21 A""”“":rﬁ 7601; N
X \21 surface at 100 K with~0.15 ML of Ag added to the,3 (a)l e (b)l T (Cl) T L
X /3 surface;(c) 6x6 surface at 70 K with~0.22 ML of Ag 20 10 0 20 10 o 20 10 o

added to the/3x /3 surface;(d) Au-induced21x 21 surface at

100 K with ~0.15 ML of Au added to the/3x /3 surface. ENERGY RELATIVETO Eg, (V)

FIG. 2. ARPES spectra recorded from the A¢gI%l) surfaces
diffraction (LEED) pattern. Ag and Au were evaporated onto with a photon energy of 21.2 eV. The emission angles correspond to
the Si sample from tungsten filament sources calibrated by R points near thd point of the second/3x /3 SBZ, along the
quartz crystal monitor. Evaporation of 1 ML of Ag followed T_\ T Jine (see insét (8) V21x 21 surface at 100 K(b) Au-
by annealing at 520°C for 2 min, resulted in a shaf® induced+/21x /21 surface at 100 K(c) 6X 6 surface at 70 K.

X 3 LEED pattern[Fig. 1@)]. A y21x /21 surface[Fig.
Ilo(\?v)]’rvgglr?]h Itser\rlwl;frlgtl??/eLEv%aDsatotggiFr)\ee?tuk;?/S Sel\l/%f;[(l)yratt)t?r; expected from a fully occgpied surface state band. Thus, in
' %ontrast to the two metallic surface state bands reported for

;O.li_ ML of Ag Ol’fltO th%ﬁ_?ﬁbsurfgg_e. ngzﬁsnfurf_ the Au- and Cu-induced21x 21 surface4,°~8 our photo-
ace[Fig. 1(c)] was formed either by adding 0. 0 emission data only show one metallic surface ba®g.(To

Ag onto the 3% |3 surface, or by adding-0.07 ML onto e ahje to compare with the surface that initially led to the
the y21x 21 surface, below 100 K. The Au-induce®l  interpretation of two metallic bands, we also show our Au-
X /21 surfacdFig. 1(d)]_, which is V|S|ble.by LEED atroom jhquced \21x 21 spectra in Fig. ). The two types of
temperature, was obtained by evaporaing.15 ML of Au 575 /21 surfaces show similar surface band structures near
onto the Ag/Si111) 3 |3 surface. o the Fermi level. The Au-induceg21x 21 surface has an

A set of angle-resolved photoemission spectra from thg,,ard dispersing bang, and aS, band which crosses the
V21x\21-Ag surface along thd-M-T' line of the V3  Fermi level in quite close resemblance with the Ag case. The
X /3 SBZ is shown in Fig. @). Both the\21x \21 and the  spectra of Fig. &) are similar to the spectra presented in
6X 6 reconstructions can be regarded as superstructures orReefs. 6-8 for the same type of surface. The explanation to
\/§>< \/§ substraté>*3In similarity with the earlier studies the different interpretations of the photoemission data can be
we therefore use the’3x /3 surface Brillouin zonéSB2) found in the intensity behavior of th&, and S, surface
to describe the azimuthal directions for all reconstructionsstates §;* and S; in Ref. 6. For the Ag-inducedy21
Six surface state$;—S; were detected in the valence band X /21 surface one can clearly follow t18 band to its dis-
spectra. All are present in Fig(&, except forS;, which  persion maximum at -39° and it is well separated fr&m
appears for smaller emission angles. Two surface st8ies, The relative intensity of th&; and S, states changes dra-
andS,, are important for the discussion of the metallicity of matically around that emission angle. T8¢ state becomes
the surface.S,, which has a dispersion minimum at strong while theS,; intensity quickly vanishes at higher emis-
—0.19 eV atf.=—38°, crosseEr at §.=—34° andf, sion angles. A very similar behavior is observed for the Au-
= —44° resulting in a clear metallic character of the surfaceinducedy21x 21 surface in Fig. @). This rapid change in
The S, surface state is located at0.92 eV atf,=—32°  the intensities seems to be the reason whyShetate was
and it disperses steeply upwards to a maximum energy ofbelieved to cross the Fermi level in the earlier studies. If just
—0.36 eV atd,=—39°. Instead of crossing the Fermi level, the strong peak is followed as one band it will give that
S, seems to turn downwards again beyofid= —40°, as impression. However, this leads to a clear discontinuity in

245421-2



COMPREHENSIVE STUDY OF TH . .. PHYSICAL REVIEW B 64 245421

I I I I I I I
E.OF — R —
Pl ) St (b) Tl © 35'3 -~
5 A h
ORI . Ss . A .
eecc? * [EE RS AN R . Sl-u' ---~.S.5 SS
M S3 M . ...- e S2 SG~ - Sz ear
% ot bl .. ""'.. c e *
. - - ¢tets o, oo
U-]_z_ | S3 -... . e S3 . '..." N
33 V2121 6x6
I T S T N | I TN T O B R I N I R R
I B T T T T 1 O
BeO” (@) | 1 ® |
— © @ [110]
> 1 ‘
Nl 52 vee Ss S’ M A
-1 L T ., N I — _ —
) - S asana [112]
= S3‘ [ - e - 1
% L ] - ] an Szl L - A 82 -
=4 S3' .. fres S3'. "eagn "
20 - 4 27 _
V3xy3 V21xv21 6%6
| | | | | | | | | | | | | | | | | | | | |

0 04 08 12 0 04 08 12 0 04 08 12
ky (A" ky (&) ky (&)

FIG. 3. Dispersions of the surface states on AG/Bl) along thel'-M-I" andT-K-M lines of the /3% /3 SBZ (see insét The dot size
indicates the relative intensity of the different surface states. The projection of the light polarization vector on to the surface is either paralle
to (A) or perpendicular to4,) a given azimuthal direction during measureméat, (d) \3x /3 surface(b), (€) \21x /21 surface{o),

(f) 6x6 surface.

the dispersion of th&,* surface state at & value of about induced superstructures on tl;{éx /3 substrate, it is impor-
1.2 A~1 (see Fig. 7 of Ref. 6 We can trace the jump in the tant to discuss the electronic structure on this basic surface.
dispersion curve to the quite different energy $f at Earlier studies of the Ag/§i11) 3% 3 surface’® have
—38° compared t&, at —40° in Fig. 2b). To conclude this  reported three surface statss, S,, andS;, whereS, is a
part, we find that only one ban®) is metallic, while theS;  metallic band. In the ideal HCT model of the 1 ML Ag/
band behaves as a fully occupied surface band. . Si(111) 3% /3 surface, there is an even number of valence
Figure c) shows a set of angle-resolved photoemissiongyqons per unit cell. Thus the surface should have an in-
Spectra obtained at 70 K from thex@ surface along the herently semiconducting character. One interesting observa-
T-M-T line of the \3X 3 SBZ. Four surface states were tion from low temperature STM studies is that a highly mo-
detected §;, S;, S3, and Ss). In contrast to the metallic bile two-dimensional gas of extra Ag adatoms exists on the
character of thg/21x /21 surface, the B 6 surface shows a Ag/Si(111) 3 /3 surface This could explain the origin
semiconducting behavior, as evidenced by a clear gap of 0.8f surface stat&,. The presence of these extra Ag adatoms,
eV with respect tdEg at .= —41.5°. In comparison to the with their loosely bound electrons, leads to a partial filling
V21x 21 surfaces, we find the®, becomes significantly of the unoccupied surface stag of the ideal\3x /3 sur-
stronger and it shows a clear downwards dispersion abovice. Regarding our experimental results from g}@-x ﬁ
0e=—41.5°, while the metallic banc, is missing. It is  surface, we want to point out that after the initial formation
found thatS, is located at -0.2 eV ab=—41.5° and it  of the \/[3% \/3 surface there was always a significant inten-
disperses downwards t61.05 eV atd.=—32°. As can be sity from the partially occupied, dispersing surface st&g (
seen from the spectra the addition of Ag atoms has a drayith a minimum energy of about 0.2 eV below the Fermi
matic effect on theS, and S, bands. That isS; becomes |evel. After the initial preparation the samples were carefully
strong, while we find tha§, vanishes for the 86 surface, annealed up to 600 °C for several minutes in order to re-
resulting in the observed band gap. These results are consigmve any surplus of Ag atoms. The result was that $he
tent with our earlier observations on thg39x 39 and  peak shifted upwards to the Fermi level and it became almost
6% 6 surfaces of Ag/Gd11)." extinct, which indicates that th¢3x /3 surface is intrinsi-
Figure 3 shows a summary of the band structures of thgajly semiconducting. In a theoretical calculation of tf@
three Ag-induced surfaces along theM-I" and I'-K-M % \/3 surface'® Aizawa et al. reported that a new inequiva-
lines. From these six panels, one can follow the changekent triangle (IET) model is energetically more favorable
observed for the different surface state bands. Since th#han the HCT model. The IET model predicts an asymmetry
J21x \/21 and 6< 6 surfaces can be envisioned as adatomwithin the \3x /3 unit cell, which has also been observed
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by STM at 6 and 62 K# As a consequence of the symmetry 3(d)]. This seems to indicate that the surface states of the
breaking, theS, andS; surface states, which are degenerate\/3x /3 surface split into two groups due to a partial occu-
at theK point along thd-K-M line, were predicted to split. pation of the Ag trimer sites. Therefore %, Ss(S;) and

We have performed low temperature ARPES studies down t&;(Sg) states may have the same origin as the ini8a)

70 K to investigate this effect. However, we did not find anys,(s)), and S;(S;) surface states of the3x \/3 surface.
splitting at theK point along thel'-K-M line, and actually  Interestingly, on the & 6 surface, thé, andS; surface state
the 70 K valence band spectra are essentially the same as thgnds seem to be completely removed, and onlyShand

100 K and the room temperature spectra. S, surface states are IdfEig. 3(f)]. This is not too surpris-

As shown by Fig. 3, there are clear similarities betweeny since further addition of Ag should continue to change
the surface band structures of th8x 3, V21X 21, and e empty Ag trimer sites into sites occupied by Ag adatoms,

6x6 surfaces. Figure(8) showsS, in an extreme energy yeqiting in a more or less complete conversion of $ge
position since the surface was annealed to remove any su,

plus of Ag adatoms. From our photoemission studies we findséa(:;gé asrt]g{:%(:‘a)s s?ct)e Zr:gtozgl]esgn?e(?ﬁ)é sa:rdfascse(zssg"zate
that the band minimum d§; shifts continuously downwards gs. '
when more and more Ag is deposited on Hi@x V3 sur- S, has been removed, then all surface states are below the

face. It is therefore natural to suggest tigatof all surfaces Fermi level and the new semiconducting<6 surface is

have the same origins, since extra Ag does not destroy th(éompleted. ) _
In conclusion, the surface electronic structures of four sur-

3% /3 framework and the local atomic structure might still _
remain, according to previous STM studiés!®*As can be faces (/3% 3, Au- and Ag-induced,21x 21 and 6x6)

seen from Figs. @ and 3b), there is, however, a significant have been investigated by ARPES. Two fully occupied sur-
difference in energy of th&, minimum. Compared to the face state bands are found on the annegiget |3 surface,
V3% /3 surface theS; minimum has been pulled down by Which shows an intrinsic semiconducting character. Six sur-
0.86 eV, resulting in a completely occupied surface statdace state bands are found on th@1x 21 surface. The
band on they21x 21 surface. The same phenomenon oc-surface electronic structures of the tw@1x 21 surfaces
curs on the Au-induced21x /21 surface, i.e., th&; mini- show clear similarities. We find, however, that only one sur-
mum is pulled down below the Fermi level as a smallface band on the/21x 21 surface is metallic in contrast to
amount of Au is deposited on thg3x /3 surface[Fig. the two metallic bands discussed in earlier reports. The 6
2(b)]. The S, and S; surface bands have also been pulledx 6 surface has four surface state bands without any band
down (0.74 eV} compared to the/3x \/3 surface. Figures crossing the Fermi level. The result is a semiconducting
3(d), 3(e), and 3f), shows the dispersions of ti8 and the character of the &6 phase, with a gap of about 0.2 eV with
S, states along th&-K-M line. These three panels clearly "€SPeCt t0Eg. Thus, by depositing small amounts of Ag
provide another piece of information about the different sur-atoms on the\/_§>< 3 surface, the surface electronic struc-
face state bands. The downward displacement ofSthand ture shows an interesting change frqm a semiconducting to a
S, surface bands on the21x 21 surface is very evident metallic and back to a semiconducting state.

when comparing Figs.(d) and 3e). The S5 and Sg surface Support from the MAX-lab staff is gratefully acknowl-
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