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Silver films were deposited at room temperature onto H-passivatétilssurfaces. Their electronic prop-
erties have been analyzed by angle-resolved photoelectron spectroscopy. Submonolayer films were semicon-
ducting and the onset of metallization was found at a Ag coverage®6 monolayers. Two surface states
were observed dt point in the metallic films, with binding energies of 0.10 and 0.35 eV. By measurements of
photoelectron angular distribution at the Fermi level in these films, a cross-sectional cut of the Fermi surface
was obtained. The Fermi vector determined along different symmetry directions and the photoelectron lifetime
of states at the Fermi level are quite close to those expected for Ag single crystal. In spite of this concordance,
the Fermi surface reflects a sixfold symmetry rather than the threefold symmetry of Ag single crystal. This
behavior was attributed to the fact that these Ag films are composed by two domains rotated 60°.
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[. INTRODUCTION properties of the Ag films, recent studies have focused their
efforts on alternative growth modes and regirh&s.

Among other metal-silicon systems, the growth of silver In this context, much effort has been devoted to find
(Ag) onto S{111) surfaces is one of the most extensively mechanisms that neutralize dangling bonds at tH&19%i
studied® Typically, Si111) surfaces exhibit a wide variety of surface’'° With this purpose, interest has been recently re-
reconstructions, originated by the tendency to saturate theived by the obtention of artificially produced H-terminated
dangling bonds resulting from the abrupt surface terminasurfaces with a high degree of homogeneity. The hydrogena-
tion. Because of this, deposition of Ag adatoms onto thes&on of the S{111)-(7X 7) restores the (¥ 1) symmetry of
surface reconstructions results in Ad/3il) interfaces with  the bulk and seems to destroy the Fermi lev&t) pinning
strongly different electronic properties of the interface. Byof the nonhydrogenated surfatet? The development of
far, the most commonly analyzed Ag(8ll systems are both the wet chemical treatment and the atomic hydrogen-
those of Ag films onto $111)-(7x7) and the Ag-derived based method has allowed the preparation of a stable and
Si(111)-(y/3% \3)R30° surface reconstruction. The interestunreconstructed flat Gi11) surfacet***with a nearly defect-
in such systems lies on the preparation of well ordered strudree termination. As a consequence of the high quality of this
tures which show new applications in optoelectronics adwydrogenated surface, four remarkably sharp features have
magnetic or optical devices. In general, it is highly desirablebeen recently resolved by angle-resolved photoelectron spec-
to achieve sharp interfaces, in which the conductivity androscopy (ARPES, which appear to be mostly located
transport properties depend on their size and spatial distribaround thek point#~1® The origin of these features is at-
tions. Nevertheless, because of stress effects, the most comibuted to(i) a surface resonance, withpa-p, symmetry:®
mon growth mode at room temperatRT) for nonreactive (i) a surface state identified as a Si-Si backbond $faed
Ag/Si(111) interfaces is the formation of three-dimensional (i) two higher binding-energy H-Si surface staté&s’
islands with widely varying heights® In order to avoid In spite of the extensive investigations of the electronic
these effects and to improve the conductivity and transporproperties of Ag films deposited onto clean(13il) sub-
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strates, there remains a lack of studies on the electronic proprons were excited withp-polarized synchrotron radiation,
erties of Ag films deposited onto HA3LD-(1x1) sub- thatis, with the polarization vector of incident light, the sur-
strates. The study of the Ag films deposited onto thesdace normal, and the emitted electrons lying in the same
surfaces has been mostly approached through structurplane. The current incident angle of the ligd;j was 0,
methods:®=2% in order to elucidate their growth mode on =45°. Nevertheless, some experiments were carried out as a
these passivated surfaces. Growth mode and structure 6inction of ®; .
these Ag films is drastically changed by the hydrogen termi- With this setup, the procedure to determine the FS using
nation of the Si111)-(7x7) surface’®* It is well known  ARPES is direct. For a given experiment, the was fixed
that Ag films deposited onto clean($11) surfaces grow in  and the intensity at th&g was recorded, along a series of
quasi-layer-by-layer fashion up to few monolayéwii’'s) at  azimuthal scans, for each step of the crystal rotation about its
RT, with a two-domain Ag-islands distributidh.At high  surface normal. This procedure was repeated at different po-
substrate temperatures, growth of Ag films onto clean Si sublar angle positions of the analyzer, which allows us to scan a
strates proceeds in the Stranski-Krastanov nfo@pposite  sheet of the Brillouin zondBZ) for eachhwv. In order to
to this behavior, impact-collision ion-scattering spectroscopymeasure the FS contour at different perpendicular wave vec-
showed that growth of Ag films deposited onto HA3il)-  tors, the above procedure can be carried out at different pho-
(1X1) surfaces follows a quasi-layer-by-layer mode even aton energies. In our measurements, the typical polar intervals
temperatures of 300 °&.In this case, the forming Ag is- were 1.5° and the azimuthal angle range was fixed at 180°.
lands appeared to be thinner than those deposited onto the these conditions, the typical measuring time was between
high-temperature clean substrat&s? Moreover, it was ob- 4 and 6 h, depending on statistics and optimal signal-to-noise
served that Ag films deposited onto H/EL1)-(1X1) sub- ratio.
strates at 300°C tend to follow a monodomain island The substrates weredoped S{111) single crystal, with a
distribution® nominal resistivity of 1082 cm. They were preparegk situ
With regard to the presence of H at the interface, it hasising a wet chemical treatment that results in a passivated
been shown that its presence gradually decreases with the A¢/Si(111)-(1x 1) surface™® After introducing the substrates
deposition even at R¥*indicating a partial replacement of in the chamber, the quality of the surfaces was checked out
H by Ag atoms. This effect has been recently confirmed bythrough the sharpness of the features appearing in the

resonant nuclear analysis of the Ag-HMI1) interface in  yalence-band photoemission spectrakapoint, which are
1-ML passivated Si substrates prepared by dosing atomic Hytriputed to intrinsic H-Si surface stat®s:®Ag was evapo-
at 820 K** These results show that low-temperature deposirated onto the surface at RT. The rate of evaporation, 0.06
tion of Ag causes part of the H monolayer to migrate to they/min, was determined by using a quartz microbalance. In
surface and the rest to remain at the interface. In contrasfpese conditions, Ag films of thickness ranging from 0.03 to

surface. at RT.

In this work we report on the electronic properties of Ag
films deposited onto H/8111)-(1X 1) surfaces at RT, deter-
mined by ARPES. In Sec. Il we describe the experimental IIl. RESULTS AND DISCUSSION
setup. The results obtained by ARPES are showed and dis- 5 \etaliization of Ag films deposited on HSi(111)-(1X 1)
cussed in Sec. lll. In this section we illustrate and discuss the
evolution of the Ag valence-band structure as the film thick- ) )
ness increases and the influence of H on it. We finish this Ad films were deposited at RT onto H($11)-(1x1) sur-

section with the analysis of the Fermi surfa@s) of the ~ faces with a nominal Ag coverag@(g) lower than 1 ML.
metallic films prepared. Valence-band photoemission measurements were carried out

in these films. Figure 1 shows the energy distribution curves
(EDC'’s) measured in these films witlw=32 eV atK and

I' points of the Si111) surface Brillouin zonéSBZ). All the
The experiments were performed at LURErsay, spectra are referred, in binding energy, to Be. With re-
France using the French-SpanigPES3 experimental sta- gard to the spectra corresponding to clean substrate, the most

tion of the Super-Aco storage ring, described elsewﬁ%re. remarkable features Kt point are those appearing with bind-
The measurements were carried out in a purpose-built uItrqf1g energies between 4 and 10 Elg. 1(a)]. These features
high vacuum system, with a base pressuresfl H mbar,  have been related with emission from surface stétes,
equipped with an angle resolving 50-mm hemlsphencaka,), and (') featured and a surface resonandéh)
VSW analyzer coupled on a goniometer inside the Chambefeaturd.15'16 Opposite to this, main emission from the sub-
The manipulator was mounted in a two-axes goniometer that — ’

allows rotation of the sample ifi) the whole 360° azimuthal State al” pointis related to bulk Si transitions.

angle and(ii) in the 180° polar emission angle relative to _ AS the f5q increases, the substrate features at tfo#md
surface normal €,¢¢), with an overall angular resolution of T points tend to be attenuated by the film signal. This effect
0.5°. The energy range of light was of 18-150 eV. For ais expected to be stronger for surface states than for bulk-
photon energy lfv) of hu=32 eV, as that used in our ex- derived states or surface resonances, due to the intrinsic lo-
periments, the energy resolution was of 60 M&Rhotoelec-  calization of the surface staté.This would explain the

surfaces

II. EXPERIMENT
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FIG. 1. EDC’s measured withuv=32 eV in Ag films deposited FIG. 2. EDC’s measured withu=32 eV in Ag films deposited
at RT onto H/S{111)-(1x 1) surfaces ata) Si(111) K point and(b) at RT onto H/S{j111)-(1x 1) surfaces ata) Si(111) K point and(b)
I" point. The corresponding Ag coverage is indicated on each Curvefpoint. The corresponding Ag coverage is indicated on each curve.
The different labeled features are those corresponding to the suliabeled features are those of Fig. 1. The insets show in detail the
strate. The insets show in detail the evolution with coverage of theevolution with coverage of the DOS at tifig- . Two features, la-

DOS at theke . beled SS1 and SS2, have been identifiel gbint close to the& .

faster decrease of intensity @f) and (@') features compared derived state close to tHg: at 6,4=0.56 ML. This can be
to that of the(b) feature withé,q [Fig. 1(@)], which would  considered the onset of metallization of Ag films deposited
support the assignment of tt{p) feature as a surface reso- onto H/S{111)-(1X 1) surfaces. These results would confirm
nance staté® the nonreactive behavior of Ag overlayers and suggest that
In spite of Ag deposition, nonappreciable changes in bindmetallization process of Ag films prepared onto HI%i)-
ing energy and linewidth of the substrate-derived features argl X 1) surfaces at RT follows the tendency through bulklike
detected as th@,q increases. On the other side, no tracemetallic films in a similar way to that observed in Ag films
from Ag-induced surface states at these points of the SBprepared onto clean Si surfaces at ®TWyithout additional
were detected. These facts suggest that this metametal-semiconductor surface states induced aEthe
semiconductor interface shows a nearly abrupt and nonreac- As it is expected for a quasi-layer-by-layer growth of Ag
tive behavior. films onto H/S{111)-(1x 1) substrates at R¥ the whole
The insets of Fig. 1 show in detail the evolution with; ~ metallization process can be monotonously followed in films
of the density of state€DOS) at theE in these submono- thicker than 1 ML. Figure 2 shows, in a similar way, the

layer Ag films. AtT' point [Fig. 1(b)], the DOS at the€ is  EDC’s measured in films thicker than 1 ML. The main fea-
negligible and the small emission observed can be attributetfeS observed in these spectra at both symmetry points cor-
to secondary electrons. The only emission expected to appekgsPond tﬁ_ tEe At‘ﬁ‘ld v;legceﬂ?and, a}pp?anng at tl))mt(tjmg
close to theEg at I point in metallic Ag111) films would energies higher than 4 eV. The Al features are better

come from the Shockley A@11) surface state. In Ag films resolved than those measured in Ag films with similar thick-

deposited onto clean Si substrates, emission from this sta %ess as-deposited onto clean Si substrates. This fact can be
appears in films thicker than 3 M. Therefore the lack of lated to the different growth mode of these films, which is

R e . o an indicative of the structural improvement obtained in films
emission afl” point with hv=32 eV is not really surprising prepared onto H/§111)-(1x 1) surfaces at RT. The insets of
in such nonreactive interfaces. At point, the situation is Fig. 2 show the evolution of the DOS at thg with 654. At

completely different from that observed &t point. This K point, the gradual increasing of emission at e ob-
symmetry point has a parallel wave vectok)( of K served in the submonolayer films defines in a clear peak. At
=1.09 A~1, which appears to be slightly smaller than the fx4=2.4 ML’s, the bulklike long lifetimesp band is formed
Fermi vector kg) of the bulk Ag111) FS cut with hv  and, consequently, the metallic behavior of these Ag films is

=32 eV along thd'K direction kg=1.13 A~1).?" There- completely established at this Ag coverage.[Apoint, the

fore the evolution of the DOS at thEg at this symmetry evolution of the DOS at th& is completely different from
point is directly related with the metallization process inthat observed in the submonolayer films. In addition, Ag
these films due to thep band crossing th&g. The inset of films of approximately 2 ML's show a new incipient emis-
Fig. 1(a) elucidates this point. It can be observed that thesion in the vicinity of theEg that becomes resolved in
DOS at theEg increases with th&,g with an incipientsp-  thicker films as two features, labeled as SS1 and SS2. These
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FIG. 3. Normal-emission valence-band spectra measured with
hv=32 eV in different Ag films deposited at RT onto H{&L1)-
(1X1). Curvesa—c correspond, respectively, to 4-, 5-, and 6-ML-
thick as-deposited Ag films. Curvd corresponds to the latter
6-ML-thick Ag film annealed to 300 °C for 5 min. Cuneecorre-
sponds to the latter one annealed again to 300 °C for 15 min an

then 1-ML-thick Ag film was deposited. Cur\;fecorrespond? toa states as they disperse. The inset shows the band diagram as ex-
further Ag deposition of 1 ML and then annealed to 300 °C for 5 ; .
. S . ~ - " tracted from the dispersion of these features. The error bars corre-
min. The binding energies of the SS1 and SS2 states are indicate ) - o
S . Spond to the energy resolution. Solid lines are parabolic fitting
by solid lines in these spectra.

curves of the obtained dispersions.

FIG. 4. Valence-band spectra measured by ARPES along the
[110] direction withhv=32 eV in a 7-ML-thick Ag film deposited
t RT onto H/S(111)-(1Xx 1) and annealed to 300 °C for 20 min.
mall solid bars indicate the binding energies of the SS1 and SS2

features correspond to occupied states SS1 and SS2 with Figure 4 shows the valence-band spectra measured by
binding energies of 0.10 and 0.35 eV, respectively. The oriARPES along the[110] direction with hv=32 eV in a
gin of these two features will be discussed in the next sec?-ML-thick Ag film deposited at RT onto H/§i11)-(1x1)
tion. and annealed to 300 °C for 20 min. Similar results are ob-
tained for the spectra measured along tB&1] symmetry
direction (not shown. Small solid bars indicate the position
B. Surface states of metallic Ag films of the SS1 and SS2 states as they disperse. The inset shows
In the previous section, it was pointed out the existence of’€ Pand diagram as extracted from the dispersion of these
. — features. The SS1 and SS2 states appear to crodsgtlae
SS1 and SS2 features in the valence-band specifapaint kj=0.16 and 0.22 A%, respectively. Solid lines are para-
of Ag films deposited at RT onto H/@il)-(1X1) with  pyjic fitting curves of the obtained band dispersions, which
0ag>2 MLs. Now, we discuss the origin of the states that correspond to an in-plane effective maﬂ?qTO of mﬁ* =(0.8
give rise to these features. Figure 3 shows the normal-i0_3)m0 and (0.56-0.09)m, for the SS1 and SS2 states,
emission valence-band spectra measured ith 32 eV in respectively, beingn, the free electron mass.
films prepared with different conditions. In this figure, curves Dispersion of SS1 and SS2 states along[ftie] symme-
a—c correspond, respectively, to 4-, 5-, and 6-ML-thick as-try direction has been also determined. Figure 5 shows the
deposited Ag films. Curve corresponds to the latter 6-ML- normal-emission valence-band spectra measured in a 6-ML-
thick Ag film annealed to 300 °C for 5 min. The latter samplethick Ag film deposited at RT onto H/&i11)-(1x1) and
was annealed again to 300°C for 15 min, and after thatthen annealed to 300 °C for 5 min, as a function of lthe
1-ML Ag film was depositedcurvee). Curvef corresponds  Solid lines indicate the binding energies of the SS1 and SS2
to a further Ag deposition of 1 ML and then annealed tostates in these spectra. From these results, it can be observed
300°C for 5 min. The binding energies of the SS1 and SS2hat these states do not disperse in the perpendicular wave
states are marked by solid lines in these spectra. From thesector range studied, which extends over the widlesym-
results, we can remark thaf) These states appear with Ag metry direction of the A¢L11) BZ.
deposition onto H/$111)-(1X1) surfaces in films thicker The facts observed aré) SS1 and SS2 show a parabolic
than 2—3 ML's and their intensities simultaneously increasedn-plane dispersioliFig. 4) and(ii) they do not disperse with
with 6,4 (i) Annealing effects make emission from the SS2hv (Fig. 5), indicating that SS1 and SS2 states can be con-
feature to decrease, whereas the SS1 feature is enhanceilered as two-dimensional states. It should be pointed out
Moreover, it appears that this annealing effect is irreversiblehat, due to the statistical variation of the in-plane dispersion
with additional Ag deposition(iii ) The binding energy of the of the SS1 statéFig. 4), we cannot discard the possibility
SS1 state is nearly constant in the whole Ag film-thicknesshat this state is related to a localized state connected with
range studied. Nevertheless, the SS2 feature appears slightigfects(zero-dimensional stateNevertheless, the facts ob-
shifted to lower binding energy after annealing. served are also coherent with the assignment of the SS1 state
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FIG. 6. Normal-emission valence-band spectra measured with
FIG. 5. Normal-emission valence-band spectra measured in Bv=50 eV in a 6-ML-thick Ag film deposited onto H/Qi11)-(1
6-ML-thick Ag film deposited at RT onto H/8i11)-(1x1) and  X1) and then annealed to 300 °C for 5 min, as a function of the
then annealed to 300 °C for 5 min, as a function of lthe Solid incident angle of ligh®; . Solid lines indicate the binding energies
lines indicate the binding energies of the SS1 and SS2 states @f the SS1 and SS2 states.
these spectra.

face. From our resultg=igs. 2 and 4 we have observed that

with the well-known Shockley surface state of bulk(Afll) ~ SS2 emission increases in a similar way to that of SS1 as a
(or spsurface state whose existence is due to the break of function of the Ag deposition. In addition to this, this state
crystalline periodicity at the surfac& This state is located in appears to be a parabolic state witm# quite close to that
the spband gap at thé. point of the bulk BZ. High-energy  optained for thespsurface state of bulk Ag11).%® These
resolution ARPES measurements carried out in(JA®  results suggest that SS2 is a surface state related to a bulklike
single crystal show that this state disperses as a paraboligrmination of the A¢L11) films, as the SS1 state, shifted to
surface state centered Btpoint, with a maximum binding higher binding energy.
energy of~0.03 eV at 300 K and crossing tHe: at k| In order to check these assignments for both SS1 and SS2
=0.05 A~129300n the other side, this state has been ob-states, we have analyzed the behavior of their wave functions
served in Ag films deposited onto clear{il) and C{001), as a function of®;. By means of®;, the weight of the
when these films are thicker than 2—3 ME%3L All these  components of the polarization vector of light can be tuned,
facts are in concordance with our observations, taking int@ither along the normal to the surfadarge®;) or contained
account the energy resolution of our measurements, and suji the surface planésmall ©;). In this way, emission from
port the assignment of SS1 as the(Atl) sp-surface state. perpendicular-to-surface components of the wave function is

With regard to the two-dimensional SS2 state, it appearenhanced at larg®; and decreased at smé&ll, . In the case
at 0.25 eV below the SS1 surface state. This state is rathéinat the emission plane is a mirror plampepolarized excita-
confined in the surface and spreads along the surface. At firibn selects even states with respect to this plane. As we are
sight, this state may be tentatively assigned to be @&t  interested only irsp states, even states referfgatates lying
spderived quantum-well state. Shallow quantum states withn the emission plane arglstates. Therefore, at larg®, , it
mf ~0.4m, have been observed at binding energies of 0.8vould be an expected enhancement of tipgicharacter.
eV3233 which is, in fact, quite close the top of the Asp- Figure 6 shows the normal-emission valence-band spectra
band in thel'L direction®*34 Nevertheless, this assignment measured witthu=50 eV in a 6-ML-thick Ag film depos-
of the SS2 state seems not to be correct, since it is not exted onto H/S{111)-(1x 1) and then annealed to 300 °C for
pected quantum states at binding energies of 0.35 eV ik min, as a function of th®;. The emission plane is that
2-ML Ag films and this state appears slightly outside thedetermined by th&' K direction, which can be considered as
sp-band range in the AL direction. In addition, its binding a mirror plane if we neglect multiple-scattering effetis.
energy appears to be constant withy, in the thickness range Solid lines indicate the binding energies of the SS1 and SS2
of the Ag films studied. In fact, a shallow Abll) sp  states. As one can observe, intensity of both states increases
guantum state should show a shift 6f0.2 eV to lower with ©,. Nevertheless, the intensity from SS1 increases
binding energies in the Ag thickness range of 4—8 ML's,slower than that from the SS2. In fact, the SS1 increase is the
following the phase-accumulation mod&l. 70% of that of SS2, as calculated after background subtrac-

After these considerations, it appears that the SS2 state i®n. These results can be explained if we consider that SS1
related to a Ag-derived surface state or surface resonancend SS2 are bulk-induced surface states. THE AL spgap
since it appears quite close, in binding energy, to the bottonis a Shockley inverted gap. In this casgrsurface states
of thespgap of the Ag valence-band projected onto ¢thil) inside this gap are, basicallglike at the top andp-like at
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the bottom. If we assume SS1 and SS2 todpesurface the work function of the metal at the surface and, conse-
states, they are expected to show a ragdike behavior quently, a decrease of the surface-barrier phiade. fact,
since they appear quite close to the bottom of the gap. Theréhese effects have been observed after adsorption of sub-
fore the observed increase of the SS1 and SS2 intensity witfionolayer alkali metals on Ci11) and on Ag11)) films

0, can be attributed to thejs, character. In any case, if they deposited onto graphite and (BlD-(7Xx7) at low
were only plike states, they should show the safede-  temperaturé?® In these cases, the magnitude of the ob-
pendence of the intensity. Nevertheless, SS1 shows $ervedASSwas a~10-20% of the work function decrease.

smoother®; dependence than that of SS2 which can be atNevertheless, in contrast to the observed role of alkali metals
tributed to a non-negligibls component. This contribution ©N metallic surfaces, it has been obser.ved that the presence
would be expected to be more important érsurface states  ©f H at the Ag111) and Ag110) surfaces increases the metal

at the top of the gap, which is coherent with our results.  Work function at the surface by 0.2-0.3 8¥,?slightly shift-

The behavior of the two different SS1 and SS2 features a9 the Agsp-surface state to lower binding energies. These
coming from thespsurface state seems to be establishedfacts suggest that the splitting of tisp-surface state cannot
The task now is to determine the origin of the splitting of thePe attributed to the presence of H at the metal surface.

Ag spsurface state into the SS1 and SS2 features. On one 1he second possibility for H to modify the binding energy
hand, our results show that annealing processes make an fif the Ag111) spsurface state comes from the presence of
reversible decrease of the emission from SS2, whereas th@Psorbed H at the metal-semiconductor interface. After Ag
from SS1 increase&Fig. 3). On the other hand, it has been deposmo_n, and mostly after anneah_ng processes, H can be
observed that Ag deposited onto H/BiD-(1x 1) surfaces progressively desqrbed from _the interface. Nevertheless,
at RT partially removes H from the metal-semiconductor in-large H-covered points of the Si surface can stay underneath
terface and this desorption process is enhanced at high&te Ad film, since, when one initial Ag cluster is formed, Ag

deposition temperaturéé:24This behavior has been also ob- @datoms appear not to be spontaneously substituted for H
served in Cu and Au films deposited onto these@toms around Ag adsorption sit€sThis situation would in-

substrated??* A similar H-desorption mechanism has also duce two different limiting conditions as far as the surface-

been observed when the studied RT-deposited films Werétate wave function could be influenced by surface condi-
annealed>¥" These facts suggest that the SS2 state is relatedns- It has been early observed that Agsurface state
to the presence of H at the metal-semiconductor interfaceShifts to lower binding energy as thicker Ag films are depos-
which somehow makes the bulk Aid.1) surface state appear t€d onto 1-ML Au/Ag SUbStfateASQ’, recovering a bulklike
closer to thesp-band-gap edge. situation in~10-ML-thick Ag films. This fact was explained
Several effects can cause a shift of #pesurface state. In by the presence of the interlayer Au film, which downshifts
the following, we will discuss the different possibilities for H the bulklike Ag surface state. In those systems, the decay
to induce such effect. Let us now discuss the possibility of€ngth of the surface state was determined to spread along
the existence of different Ag relaxed regions in films deposSeveral MLs(28 A).*In our case, a similar behavior may be
ited onto H/S{111) surfaces. It has been observed that the€xpected in Ag films deposited onto H(S11)-(1X1) sur-
binding energy of thespsurface state can differ from one faces. This behavior could be also understood in the frame of
substrate to other, depending on stilNevertheless, this he phase-accumulation mod@lin comparison with the
seems not to be the case of films as-deposited ont62Se of Ag films grown on the bare substrate, the reflectivity
H/Si(11D)-(1x 1), where only two splitted surface states are©f the Ag spsurface state at the interface is expected to in-
observed. If this splitting was induced by strain, the Ag filmscrease by the presence of H at the Si surface, since reflectiv-
would be mostly composed by two differently strained do-ity losses are reduced due to the larger flatness of the films
mains, which would imply that different points of the Ag Bz 9rown on the H-passivated surfacésThis fact would in-
are simultaneously probed by ARPES. This fact would makéluce an increase of the effective crystal phase and therefore
that the measured bulk Add features appeared anomalously the sp-surface state would downshift. In order to estimate the
broadened, which is not observed. magnitude of this effect, an increase of the crystal phase of
The study of the nature of surface states can be analyzedPProximately 30-40% would downshift thep-surface
in the framework of the phase-accumulation motiddased ~ State in~0.2 eV, which would reproduce quite well the
on the idea that surface states can be considered as electrdi@avior observed in our data for Ag films deposited onto
trapped between the surface gap and the surface brtier. H/Si(111)-(1X1) substrates.
this model, differences of the binding energy of surface
states are expected via the surface-barrier and crystal phases.
In principle, there are two possibilities for H to modify _ ) ) )
the binding energy of the bulk Agll) surface state. The In this section we analy_ze t_he electronic properties of the
first one is related to the fact that Ag deposition at RT re-Ad films beyond the metallization onset, centering this study
moves H from the interface, which seems to migrate to th@n the determination of the FS of these films. The image in
metal surfacé® This H on the surface appears to be mostlyFig. 7 shows the photoelectron angular distribution measured
removed when films are annealed at high temperatdres.at theEg with hv=32 eV in a 6-ML Ag film deposited onto
Under these conditions, the presence of H on the metalli€!/Si(11)-(1x1) and then annealed to 300°C for 5 min.
surface could induce a shift of the surface state to highePhotoelectron angular distribution measurements were car-
binding energiesAS9 as far as H produced a decrease ofried out by selecting the& axis corresponding to thgl10]

C. Fermi surface
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the Eg band crossing point away from the maximum inten-
hv=32 eV sity of emitted photoelectrons at th&r towards the
unoccupied-states sidé® In our experiments, the energy
window was 0.2 eV witthv=32 eV. From this analysis, it
was obtained that this Ag FS cut shows a maximum and
minimumkg values ofkp=1.29 and 1.16 A%, which occur

along the[110] and[211] (or [112]) directions, respec-
tively. These values are in concordance with those obtained
in metallic Ag films prepared onto @i11)-(7x 7) surface$?
The resemblance between the FS of both Ag films appears
not only in thekg values but also in the lifetime a&p states
at theEg .? Intrinsic photoemission linewidth of states at the
Er is dominated by photoelectron lifetint®In our experi-
ments, the linewidth of the FS1 feature, where it can be
isolated from other contributions, is 0.28.04 A~ on av-
erage, which implies that the inverse lifetime of photoelec-
trons is 4.0:0.5 eV?’ coherently with that expected in the
bulk  material for photoelectrons excited  with
hv=32 ev?"*’

The rest of the features observed in FidF52 and FS2)
(A"i) appear outside of the first SBZ, as a semicircular feature

(FS2 below a wide spotlike feature (FSR The presence of
these features is expected from neighboring BZ's, which

FIG. 7. (Color) Photoelectron angular distribution measured atyould be measured withv=32 eV* However, the most
the Be with hv=32 eV in a 6-ML Ag film deposited onto remarkable electronic information to be extracted from the
e s b e s v e T S fese talc fms sttt shows  sixtod symmetry
agonal Ad111) SBZ is plotted onto the image ' élst'rlbutlon, njstead of the prlcal. threefold.symmetry distri-

' bution found in the three-dimensional Ag single crystal. The
direction ofk; . The image has been scaled in such a way thaloss of symmetry of the FS of these films can be related to
it is linear in photoemission intensity and ky. The photo-  the fact that Ag films deposited onto H($11)-(1x 1) at RT
emission intensity is maximum for the brightest feature ancare composed by two domains rotated 60° from each other.
minimum for the darkest one. In this image, well-defined In order to illustrate this point, we have analyzed the in-
features are labeled, indicating the momentum distributionfluence of the two-domain character of the films on the re-
as a function okHy and kHX, of initial states lying at thé& . sulting Ag(111) FS. Figure 8 showson the lefy the band
The Ag SBZ contours are also plotted on the image, follow-dispersion of thespband of Ag111) single crystal along the
ing the extended zone scheme. high-symmetry directions of the SBZ110] (ky), [211]

In the center of the image it can be observed two diﬁeren(k‘ ), and[112], as would be obtained by ARPES withy
features, labeled as SS1 and SS2. The SS1 feature appears_igz eV* In this plot, the crossing points of thep band
an intense spot at the center of the image-@L10 A~*in  jth the E;. are indicated, which are labeled eg-e5. Each
size, whereas the SS2 feature is a homogeneous ringlike fegne of these points defines one point of the¥g) FS cut
ture centered af point with a radius of 0.23 A'. These (middle ploy and, extending this to the whole BZ, a two-
features appear at the FS cut as a consequence of the crodgnensional image of the Ag FS can be obtained. This FS cut
ing of the Er of the SS1 and SS2 surface states, as thesef Ag single crystal shows the intrinsic threefold symmetry
states disperse. The fact that these states show such a circutdrthe Ag BZ. The obtention of such a FS by ARPES as-
symmetry in thek; plane indicates that these states are isosumes that each direction of the hexagonal Ag SBZ is
tropic parabolic states, as expected fprderived surface scanned along one experimental azim(ipper ploj. Nev-
states in bulk metallic systenis. ertheless, this seems not to be the case of the Ag films pre-

Besides the surface-state-related features, additional onesred onto H/S1L11)-(1Xx 1) at RT. A film composed of two
appear in the image, at highgy values, which have been domains rotated 60° would artificially produce, by ARPES, a
labeled as FS1, FS2, and FSZhe intensity of these fea- 60° overlapping of the band structure, of the SBZ, and there-
tures appears to alternate in a factor of 1.1 along differentore of the FSright plots in Fig. 8. A film composed of two
azimuths differing 60° from each other. The FS1 feature apdomains rotated 60° would artificially produce, by ARPES, a
pears as a distorted ring inside the first SBZ, which corre60°-overlapping of the band structure, of the SBZ, and there-
sponds to the cut of the bulk Al1) FS in the first BZ}*  fore of the FS(right plots of Fig. 8. This is a consequence of
From this feature, th&g values of the FS of these Ag films the simultaneously scanning of the two Ag rotated domains,
can be extracted. In order to do this, one should take int@nd therefore of the two 60°-differing directions of the Ag
account experimental energy-window effects, which moveSBZ.

k

I

075405-7



A. ARRANZ et al. PHYSICAL REVIEW B 65 075405

11107 111 _
[101][011] A1) E11)

[121]

f"Binding Energy §inding Energy

FIG. 8. On the left. Dispersion of the bulk AbLl) sp band along th¢110] (kj), [211] (kjy), and[112] that would be obtained by
ARPES withhuv=32 eV. The crossing points apband with theE; are indicated and labeled ag—es. These points are also indicated on
the corresponding Ad11) FS cut(middle ploy. The hexagonal SBZ is also plotted and high-symmetry directions are indicgiper ploj.
On the right,(cross, dotsband dispersion is shown that would be obtained in a situation corresponding to Ag films with two domains rotated
60°. The resulting FS cut and SBZ are also plotted.

In conclusion, it has appeared that Ag films depositedof submonolayer Ag films appeared to follow the evolution
onto H/S(111)-(1x 1) at RT and then annealed to 300 °C for expected for an abrupt and nonreactive metal-semiconductor
5 min are composed by two domains rotated 60° in a slightlyinterface, with no trace observed from Ag-induced surface
different proportion. In contrast to these results, it seems thastates at these points of the SBZ. Bulklike metallization pro-
high—tﬁgpek:atur? Ag depositiﬁn E‘VOFS a monodomaircess was followed by analyzing the evolution of the DOS at
growth~ These facts suggest that there exists an activatio ; I ; P _
energy for the Ag nucleation beyond that monodomain A ﬂqifhEt;(;ﬂci)(slsli:]) K pomt, which coincides, aml.} 32 eV,

g point of the bulk Agp band with theEr .

growth is favored. In addition to this, the fact that the an-,, . .. . )
. ! o At initial Ag growth stage, films appeared to be semicon-
nealing process carried out after deposition appears not t

favor this structural transition seems to confirm the fact ob—&mtIng and the onset of metallization was established at a

served that Ag deposition rate may also play a role in th&@Verage of=0.6 MLs. The bulklike metallic behavior was
obtention of monodomain film¥. Nevertheless. much work Completely defined in Ag films of 2-3 ML's and the small
should be done to elucidate this point. In any case, thesinéwidth of the Ag4d-derived features indicates that high
results are promising and suggest that a good knowledge afty@lity (111-oriented films can be prepared onto
control of the growth conditions of Ag films onto H($L1)-  H-passivated Si surfaces.
(1x 1) substrates may improve the conductivity and trans- Two well-defined Ag-derived features appeared in the
port properties of these films, since the influence of elecvalence-band spectra measuredapoint, in films thicker
tronic barriers and hopping processes would be reduced. than 2 MLs. These features, labeled SS1 and SS2, were as-
signed to occupied states with binding energies of 0.1 and
V. SUMMARY 0.35 eV, respectively. These states were both identified, by
means of their perpendicular and parallel dispersion, as two
. ) . . , surface states appearing at thg gap of the Ag SBZ and
itedSIL\VterRt:'ln(])ig ?—T;;igit\/tgtlggr}giéli));irl}ﬂalése)sw?rrr?e?regfesc_- related to thesp-surface state of bulk AG11). As expected
) ) ) —~  for such surface state, the wave function of both SS1 and
tronic properties have been analyzed by ARPES, probing ss2 states shows a pronoungetike behavior, as revealed
andI" points of the Si111) SBZ. The valence-band spectra by photoemission measurements tuning the components of
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the polarization vector of light. The existence of two differ- In spite of the fact that the FS cut resembles a two-
ent surface states with the same origin was attributed to thdimensional cut of the three-dimensional bulklike Ag FS, it
fact that Ag deposition and annealing process partially desreflects a sixfold symmetry rather than the threefold symme-
orb H from the interface and therefore a downshift of thetry expected for Ag single crystal. This indicates that these

spsurface state is induced by the presence of H at the metakg films are composed by two domains rotated 60°.
semiconductor interface.

The electronic properties of metallic Ag films deposited at
RT onto H-passivated substrates were analyzed by measure-
ments of photoelectron angular distribution at te with
hv=32 eV. With this technique, a cross-sectional cut of the This work was financed by DGICY{Spain (Grant No.

FS of these films has been obtained with this The kg PB-97-1199 and the Large Scale Facilities program of the
values of this FS cut obtained in different symmetry direc-EU to LURE. Financial support from the Comunidad Au-

tions appeared to be in good agreement with those expectédnoma de Madrid(Project No. 07N/0042/98is also ac-

for bulklike Ag(112) single crystal. A similar agreement was knowledged. A.A. and J.F.S.-R. acknowledge financial sup-
also found for the photoelectron lifetime of states atHpe port from the Ministerio de Educaaioy Cultura of Spain.
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