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Electronic properties and Fermi surface of Ag„111… films deposited
onto H-passivated Si„111…-„1Ã1… surfaces
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Silver films were deposited at room temperature onto H-passivated Si~111! surfaces. 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 of;0.6 monolayers. Two surface states

were observed atḠ 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°.

DOI: 10.1103/PhysRevB.65.075405 PACS number~s!: 73.20.2r, 71.18.1y, 79.60.2i
e
ly
f
t

na
es

By

s
ru
a

bl
n
ib
co

a

o

eir

nd

re-
d
na-

en-
and

his
ave

pec-
d
t-

nic
I. INTRODUCTION

Among other metal-silicon systems, the growth of silv
~Ag! onto Si~111! surfaces is one of the most extensive
studied.1 Typically, Si~111! surfaces exhibit a wide variety o
reconstructions, originated by the tendency to saturate
dangling bonds resulting from the abrupt surface termi
tion. Because of this, deposition of Ag adatoms onto th
surface reconstructions results in Ag/Si~111! interfaces with
strongly different electronic properties of the interface.
far, the most commonly analyzed Ag/Si~111! systems are
those of Ag films onto Si~111!-(737) and the Ag-derived
Si~111!-(A33A3)R30° surface reconstruction. The intere
in such systems lies on the preparation of well ordered st
tures which show new applications in optoelectronics
magnetic or optical devices. In general, it is highly desira
to achieve sharp interfaces, in which the conductivity a
transport properties depend on their size and spatial distr
tions. Nevertheless, because of stress effects, the most
mon growth mode at room temperature~RT! for nonreactive
Ag/Si~111! interfaces is the formation of three-dimension
islands with widely varying heights.2–5 In order to avoid
these effects and to improve the conductivity and transp
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properties of the Ag films, recent studies have focused th
efforts on alternative growth modes and regimes.6–8

In this context, much effort has been devoted to fi
mechanisms that neutralize dangling bonds at the Si~111!
surface.9,10 With this purpose, interest has been recently
vived by the obtention of artificially produced H-terminate
surfaces with a high degree of homogeneity. The hydroge
tion of the Si~111!-(737) restores the (131) symmetry of
the bulk and seems to destroy the Fermi level (EF) pinning
of the nonhydrogenated surface.11,12 The development of
both the wet chemical treatment and the atomic hydrog
based method has allowed the preparation of a stable
unreconstructed flat Si~111! surface,13,14with a nearly defect-
free termination. As a consequence of the high quality of t
hydrogenated surface, four remarkably sharp features h
been recently resolved by angle-resolved photoelectron s
troscopy ~ARPES!, which appear to be mostly locate
around theK̄ point.14–16 The origin of these features is a
tributed to~i! a surface resonance, with apx-py symmetry,16

~ii ! a surface state identified as a Si-Si backbond state,16 and
~iii ! two higher binding-energy H-Si surface states.16,17

In spite of the extensive investigations of the electro
properties of Ag films deposited onto clean Si~111! sub-
©2002 The American Physical Society05-1
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strates, there remains a lack of studies on the electronic p
erties of Ag films deposited onto H/Si~111!-(131) sub-
strates. The study of the Ag films deposited onto th
surfaces has been mostly approached through struc
methods,18–20 in order to elucidate their growth mode o
these passivated surfaces. Growth mode and structur
these Ag films is drastically changed by the hydrogen ter
nation of the Si~111!-(737) surface.18,19 It is well known
that Ag films deposited onto clean Si~111! surfaces grow in
quasi-layer-by-layer fashion up to few monolayers~ML’s ! at
RT, with a two-domain Ag-islands distribution.21 At high
substrate temperatures, growth of Ag films onto clean Si s
strates proceeds in the Stranski-Krastanov mode.2 Opposite
to this behavior, impact-collision ion-scattering spectrosco
showed that growth of Ag films deposited onto H/Si~111!-
(131) surfaces follows a quasi-layer-by-layer mode even
temperatures of 300 °C.18 In this case, the forming Ag is
lands appeared to be thinner than those deposited onto
high-temperature clean substrates.18,19 Moreover, it was ob-
served that Ag films deposited onto H/Si~111!-(131) sub-
strates at 300°C tend to follow a monodomain isla
distribution.18

With regard to the presence of H at the interface, it h
been shown that its presence gradually decreases with th
deposition even at RT,22,23 indicating a partial replacement o
H by Ag atoms. This effect has been recently confirmed
resonant nuclear analysis of the Ag-H/Si~111! interface in
1-ML passivated Si substrates prepared by dosing atom
at 820 K.24 These results show that low-temperature depo
tion of Ag causes part of the H monolayer to migrate to
surface and the rest to remain at the interface. In contr
deposition at 360 K prevents the presence of H at the m
surface.

In this work we report on the electronic properties of A
films deposited onto H/Si~111!-(131) surfaces at RT, deter
mined by ARPES. In Sec. II we describe the experimen
setup. The results obtained by ARPES are showed and
cussed in Sec. III. In this section we illustrate and discuss
evolution of the Ag valence-band structure as the film thi
ness increases and the influence of H on it. We finish
section with the analysis of the Fermi surface~FS! of the
metallic films prepared.

II. EXPERIMENT

The experiments were performed at LURE~Orsay,
France! using the French-Spanish~PES2! experimental sta-
tion of the Super-Aco storage ring, described elsewher25

The measurements were carried out in a purpose-built u
high vacuum system, with a base pressure of 5310211 mbar,
equipped with an angle resolving 50-mm hemispheri
VSW analyzer coupled on a goniometer inside the cham
The manipulator was mounted in a two-axes goniometer
allows rotation of the sample in~i! the whole 360° azimutha
angle and~ii ! in the 180° polar emission angle relative
surface normal (uo f f), with an overall angular resolution o
0.5°. The energy range of light was of 18–150 eV. Fo
photon energy (hy) of hy532 eV, as that used in our ex
periments, the energy resolution was of 60 meV.16 Photoelec-
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trons were excited withp-polarized synchrotron radiation
that is, with the polarization vector of incident light, the su
face normal, and the emitted electrons lying in the sa
plane. The current incident angle of the light (Q i) was Q i
545°. Nevertheless, some experiments were carried out
function of Q i .

With this setup, the procedure to determine the FS us
ARPES is direct. For a given experiment, thehy was fixed
and the intensity at theEF was recorded, along a series
azimuthal scans, for each step of the crystal rotation abou
surface normal. This procedure was repeated at different
lar angle positions of the analyzer, which allows us to sca
sheet of the Brillouin zone~BZ! for eachhy. In order to
measure the FS contour at different perpendicular wave v
tors, the above procedure can be carried out at different p
ton energies. In our measurements, the typical polar inter
were 1.5° and the azimuthal angle range was fixed at 18
In these conditions, the typical measuring time was betw
4 and 6 h, depending on statistics and optimal signal-to-no
ratio.

The substrates weren-doped Si~111! single crystal, with a
nominal resistivity of 100V cm. They were preparedex situ
using a wet chemical treatment that results in a passiva
H/Si~111!-(131) surface.13 After introducing the substrate
in the chamber, the quality of the surfaces was checked
through the sharpness of the features appearing in
valence-band photoemission spectra atK̄ point, which are
attributed to intrinsic H-Si surface states.15,16Ag was evapo-
rated onto the surface at RT. The rate of evaporation, 0
ML/min, was determined by using a quartz microbalance.
these conditions, Ag films of thickness ranging from 0.03
8 ML’s were deposited onto H/Si~111!-(131) surfaces
at RT.

III. RESULTS AND DISCUSSION

A. Metallization of Ag films deposited on HÕSi„111…-„1Ã1…
surfaces

Ag films were deposited at RT onto H/Si~111!-(131) sur-
faces with a nominal Ag coverage (uAg) lower than 1 ML.
Valence-band photoemission measurements were carried
in these films. Figure 1 shows the energy distribution cur
~EDC’s! measured in these films withhy532 eV atK̄ and

Ḡ points of the Si~111! surface Brillouin zone~SBZ!. All the
spectra are referred, in binding energy, to theEF . With re-
gard to the spectra corresponding to clean substrate, the
remarkable features atK̄ point are those appearing with bind
ing energies between 4 and 10 eV@Fig. 1~a!#. These features
have been related with emission from surface states@(a),
(a8), and (b‘) features# and a surface resonance@(b)
feature#.15,16 Opposite to this, main emission from the su

strate atḠ point is related to bulk Si transitions.
As theuAg increases, the substrate features at bothK̄ and

Ḡ points tend to be attenuated by the film signal. This eff
is expected to be stronger for surface states than for b
derived states or surface resonances, due to the intrinsi
calization of the surface states.16 This would explain the
5-2
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ELECTRONIC PROPERTIES AND FERMI SURFACE OF . . . PHYSICAL REVIEW B 65 075405
faster decrease of intensity of~a! and (a‘) features compared
to that of the~b! feature withuAg @Fig. 1~a!#, which would
support the assignment of the~b! feature as a surface reso
nance state.16

In spite of Ag deposition, nonappreciable changes in bi
ing energy and linewidth of the substrate-derived features
detected as theuAg increases. On the other side, no tra
from Ag-induced surface states at these points of the S
were detected. These facts suggest that this me
semiconductor interface shows a nearly abrupt and nonr
tive behavior.

The insets of Fig. 1 show in detail the evolution withuAg
of the density of states~DOS! at theEF in these submono

layer Ag films. At Ḡ point @Fig. 1~b!#, the DOS at theEF is
negligible and the small emission observed can be attribu
to secondary electrons. The only emission expected to ap

close to theEF at Ḡ point in metallic Ag~111! films would
come from the Shockley Ag~111! surface state. In Ag films
deposited onto clean Si substrates, emission from this s
appears in films thicker than 3 ML’s.26 Therefore the lack of

emission atḠ point with hy532 eV is not really surprising
in such nonreactive interfaces. AtK̄ point, the situation is

completely different from that observed atḠ point. This
symmetry point has a parallel wave vector (ki) of ki
51.09 Å21, which appears to be slightly smaller than t
Fermi vector (kF) of the bulk Ag~111! FS cut with hy
532 eV along theGK direction (kF51.13 Å21).27 There-
fore the evolution of the DOS at theEF at this symmetry
point is directly related with the metallization process
these films due to thesp band crossing theEF . The inset of
Fig. 1~a! elucidates this point. It can be observed that
DOS at theEF increases with theuAg with an incipientsp-

FIG. 1. EDC’s measured withhy532 eV in Ag films deposited

at RT onto H/Si~111!-(131) surfaces at~a! Si~111! K̄ point and~b!

Ḡ point. The corresponding Ag coverage is indicated on each cu
The different labeled features are those corresponding to the
strate. The insets show in detail the evolution with coverage of
DOS at theEF .
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derived state close to theEF at uAg50.56 ML. This can be
considered the onset of metallization of Ag films deposi
onto H/Si~111!-(131) surfaces. These results would confir
the nonreactive behavior of Ag overlayers and suggest
metallization process of Ag films prepared onto H/Si~111!-
(131) surfaces at RT follows the tendency through bulkli
metallic films in a similar way to that observed in Ag film
prepared onto clean Si surfaces at RT,26 without additional
metal-semiconductor surface states induced at theEF .

As it is expected for a quasi-layer-by-layer growth of A
films onto H/Si~111!-(131) substrates at RT,18 the whole
metallization process can be monotonously followed in fil
thicker than 1 ML. Figure 2 shows, in a similar way, th
EDC’s measured in films thicker than 1 ML. The main fe
tures observed in these spectra at both symmetry points
respond to the Ag4d valence band, appearing at bindin
energies higher than 4 eV. The Ag4d features are bette
resolved than those measured in Ag films with similar thic
ness as-deposited onto clean Si substrates. This fact ca
related to the different growth mode of these films, which
an indicative of the structural improvement obtained in film
prepared onto H/Si~111!-(131) surfaces at RT. The insets o
Fig. 2 show the evolution of the DOS at theEF with uAg . At
K̄ point, the gradual increasing of emission at theEF ob-
served in the submonolayer films defines in a clear peak
uAg52.4 ML’s, the bulklike long lifetimesp band is formed
and, consequently, the metallic behavior of these Ag films

completely established at this Ag coverage. AtḠ point, the
evolution of the DOS at theEF is completely different from
that observed in the submonolayer films. In addition,
films of approximately 2 ML’s show a new incipient emis
sion in the vicinity of theEF that becomes resolved i
thicker films as two features, labeled as SS1 and SS2. T

e.
b-
e

FIG. 2. EDC’s measured withhy532 eV in Ag films deposited

at RT onto H/Si~111!-(131) surfaces at~a! Si~111! K̄ point and~b!

Ḡ point. The corresponding Ag coverage is indicated on each cu
Labeled features are those of Fig. 1. The insets show in detail
evolution with coverage of the DOS at theEF . Two features, la-

beled SS1 and SS2, have been identified atḠ point close to theEF .
5-3
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A. ARRANZ et al. PHYSICAL REVIEW B 65 075405
features correspond to occupied states SS1 and SS2
binding energies of 0.10 and 0.35 eV, respectively. The
gin of these two features will be discussed in the next s
tion.

B. Surface states of metallic Ag films

In the previous section, it was pointed out the existence

SS1 and SS2 features in the valence-band spectra atḠ point
of Ag films deposited at RT onto H/Si~111!-(131) with
uAg.2 ML’s. Now, we discuss the origin of the states th
give rise to these features. Figure 3 shows the norm
emission valence-band spectra measured withhy532 eV in
films prepared with different conditions. In this figure, curv
a–c correspond, respectively, to 4-, 5-, and 6-ML-thick a
deposited Ag films. Curved corresponds to the latter 6-ML
thick Ag film annealed to 300 °C for 5 min. The latter samp
was annealed again to 300 °C for 15 min, and after th
1-ML Ag film was deposited~curvee). Curvef corresponds
to a further Ag deposition of 1 ML and then annealed
300 °C for 5 min. The binding energies of the SS1 and S
states are marked by solid lines in these spectra. From t
results, we can remark that:~i! These states appear with A
deposition onto H/Si~111!-(131) surfaces in films thicker
than 2–3 ML’s and their intensities simultaneously increa
with uAg . ~ii ! Annealing effects make emission from the S
feature to decrease, whereas the SS1 feature is enha
Moreover, it appears that this annealing effect is irrevers
with additional Ag deposition.~iii ! The binding energy of the
SS1 state is nearly constant in the whole Ag film-thickn
range studied. Nevertheless, the SS2 feature appears sli
shifted to lower binding energy after annealing.

FIG. 3. Normal-emission valence-band spectra measured
hy532 eV in different Ag films deposited at RT onto H/Si~111!-
(131). Curvesa–c correspond, respectively, to 4-, 5-, and 6-M
thick as-deposited Ag films. Curved corresponds to the latte
6-ML-thick Ag film annealed to 300 °C for 5 min. Curvee corre-
sponds to the latter one annealed again to 300 °C for 15 min
then 1-ML-thick Ag film was deposited. Curvef corresponds to a
further Ag deposition of 1 ML and then annealed to 300 °C fo
min. The binding energies of the SS1 and SS2 states are indic
by solid lines in these spectra.
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Figure 4 shows the valence-band spectra measured
ARPES along the@ 1̄10# direction with hy532 eV in a
7-ML-thick Ag film deposited at RT onto H/Si~111!-(131)
and annealed to 300 °C for 20 min. Similar results are
tained for the spectra measured along the@ 2̄11# symmetry
direction ~not shown!. Small solid bars indicate the positio
of the SS1 and SS2 states as they disperse. The inset s
the band diagram as extracted from the dispersion of th
features. The SS1 and SS2 states appear to cross theEF at
ki50.16 and 0.22 Å21, respectively. Solid lines are para
bolic fitting curves of the obtained band dispersions, wh
correspond to an in-plane effective mass (mi* ) of mi* 5(0.8
60.3)mo and (0.5660.09)mo for the SS1 and SS2 state
respectively, beingmo the free electron mass.

Dispersion of SS1 and SS2 states along the@111# symme-
try direction has been also determined. Figure 5 shows
normal-emission valence-band spectra measured in a 6-
thick Ag film deposited at RT onto H/Si~111!-(131) and
then annealed to 300 °C for 5 min, as a function of thehy.
Solid lines indicate the binding energies of the SS1 and S
states in these spectra. From these results, it can be obs
that these states do not disperse in the perpendicular w
vector range studied, which extends over the wholeGL sym-
metry direction of the Ag~111! BZ.

The facts observed are:~i! SS1 and SS2 show a parabol
in-plane dispersion~Fig. 4! and~ii ! they do not disperse with
hy ~Fig. 5!, indicating that SS1 and SS2 states can be c
sidered as two-dimensional states. It should be pointed
that, due to the statistical variation of the in-plane dispers
of the SS1 state~Fig. 4!, we cannot discard the possibilit
that this state is related to a localized state connected
defects~zero-dimensional state!. Nevertheless, the facts ob
served are also coherent with the assignment of the SS1

th

nd

ted

FIG. 4. Valence-band spectra measured by ARPES along

@ 1̄10# direction withhy532 eV in a 7-ML-thick Ag film deposited
at RT onto H/Si~111!-(131) and annealed to 300 °C for 20 min
Small solid bars indicate the binding energies of the SS1 and
states as they disperse. The inset shows the band diagram a
tracted from the dispersion of these features. The error bars co
spond to the energy resolution. Solid lines are parabolic fitt
curves of the obtained dispersions.
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with the well-known Shockley surface state of bulk Ag~111!
~or sp-surface state!, whose existence is due to the break
crystalline periodicity at the surface.28 This state is located in
the sp band gap at theL point of the bulk BZ. High-energy
resolution ARPES measurements carried out in Ag~111!
single crystal show that this state disperses as a para

surface state centered atḠ point, with a maximum binding
energy of;0.03 eV at 300 K and crossing theEF at ki
50.05 Å21.29,30 On the other side, this state has been o
served in Ag films deposited onto clean Si~111! and Cu~001!,
when these films are thicker than 2–3 ML’s.26,31 All these
facts are in concordance with our observations, taking i
account the energy resolution of our measurements, and
port the assignment of SS1 as the Ag~111! sp-surface state.

With regard to the two-dimensional SS2 state, it appe
at 0.25 eV below the SS1 surface state. This state is ra
confined in the surface and spreads along the surface. At
sight, this state may be tentatively assigned to be a Ag~111!
sp-derived quantum-well state. Shallow quantum states w
mi* ;0.4mo have been observed at binding energies of
eV,32,33 which is, in fact, quite close the top of the Agsp-
band in theGL direction.33,34 Nevertheless, this assignme
of the SS2 state seems not to be correct, since it is not
pected quantum states at binding energies of 0.35 eV
2-ML Ag films and this state appears slightly outside t
sp-band range in the AgGL direction. In addition, its binding
energy appears to be constant withuAg in the thickness range
of the Ag films studied. In fact, a shallow Ag~111! sp-
quantum state should show a shift of;0.2 eV to lower
binding energies in the Ag thickness range of 4–8 ML
following the phase-accumulation model.35

After these considerations, it appears that the SS2 sta
related to a Ag-derived surface state or surface resona
since it appears quite close, in binding energy, to the bot
of thespgap of the Ag valence-band projected onto the~111!

FIG. 5. Normal-emission valence-band spectra measured
6-ML-thick Ag film deposited at RT onto H/Si~111!-(131) and
then annealed to 300 °C for 5 min, as a function of thehy. Solid
lines indicate the binding energies of the SS1 and SS2 state
these spectra.
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face. From our results~Figs. 2 and 4!, we have observed tha
SS2 emission increases in a similar way to that of SS1 a
function of the Ag deposition. In addition to this, this sta
appears to be a parabolic state with ami* quite close to that
obtained for thesp-surface state of bulk Ag~111!.36 These
results suggest that SS2 is a surface state related to a bul
termination of the Ag~111! films, as the SS1 state, shifted
higher binding energy.

In order to check these assignments for both SS1 and
states, we have analyzed the behavior of their wave funct
as a function ofQ i . By means ofQ i , the weight of the
components of the polarization vector of light can be tun
either along the normal to the surface~largeQ i! or contained
in the surface plane~small Q i). In this way, emission from
perpendicular-to-surface components of the wave functio
enhanced at largeQ i and decreased at smallQ i . In the case
that the emission plane is a mirror plane,p-polarized excita-
tion selects even states with respect to this plane. As we
interested only inspstates, even states refer top states lying
in the emission plane ands states. Therefore, at largeQ i , it
would be an expected enhancement of theirpz character.

Figure 6 shows the normal-emission valence-band spe
measured withhy550 eV in a 6-ML-thick Ag film depos-
ited onto H/Si~111!-(131) and then annealed to 300 °C fo
5 min, as a function of theQ i . The emission plane is tha
determined by theGK direction, which can be considered a
a mirror plane if we neglect multiple-scattering effects16

Solid lines indicate the binding energies of the SS1 and S
states. As one can observe, intensity of both states incre
with Q i . Nevertheless, the intensity from SS1 increas
slower than that from the SS2. In fact, the SS1 increase is
70% of that of SS2, as calculated after background subt
tion. These results can be explained if we consider that S
and SS2 are bulk-induced surface states. The Ag~111! spgap
is a Shockley inverted gap. In this case,sp-surface states
inside this gap are, basically,s-like at the top andp-like at

a

in

FIG. 6. Normal-emission valence-band spectra measured
hy550 eV in a 6-ML-thick Ag film deposited onto H/Si~111!-(1
31) and then annealed to 300 °C for 5 min, as a function of
incident angle of lightQ i . Solid lines indicate the binding energie
of the SS1 and SS2 states.
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the bottom. If we assume SS1 and SS2 to besp-surface
states, they are expected to show a ratherp-like behavior
since they appear quite close to the bottom of the gap. Th
fore the observed increase of the SS1 and SS2 intensity
Q i can be attributed to theirpz character. In any case, if the
were only p-like states, they should show the sameQ i de-
pendence of the intensity. Nevertheless, SS1 show
smootherQ i dependence than that of SS2 which can be
tributed to a non-negligibles component. This contribution
would be expected to be more important forsp-surface states
at the top of the gap, which is coherent with our results.

The behavior of the two different SS1 and SS2 feature
coming from thesp-surface state seems to be establish
The task now is to determine the origin of the splitting of t
Ag sp-surface state into the SS1 and SS2 features. On
hand, our results show that annealing processes make a
reversible decrease of the emission from SS2, whereas
from SS1 increases~Fig. 3!. On the other hand, it has bee
observed that Ag deposited onto H/Si~111!-(131) surfaces
at RT partially removes H from the metal-semiconductor
terface and this desorption process is enhanced at hi
deposition temperatures.22–24This behavior has been also o
served in Cu and Au films deposited onto the
substrates.12,24 A similar H-desorption mechanism has al
been observed when the studied RT-deposited films w
annealed.23,37These facts suggest that the SS2 state is rel
to the presence of H at the metal-semiconductor interfa
which somehow makes the bulk Ag~111! surface state appea
closer to thesp-band-gap edge.

Several effects can cause a shift of thesp-surface state. In
the following, we will discuss the different possibilities for
to induce such effect. Let us now discuss the possibility
the existence of different Ag relaxed regions in films dep
ited onto H/Si~111! surfaces. It has been observed that
binding energy of thesp-surface state can differ from on
substrate to other, depending on strain.39 Nevertheless, this
seems not to be the case of films as-deposited o
H/Si~111!-(131), where only two splitted surface states a
observed. If this splitting was induced by strain, the Ag film
would be mostly composed by two differently strained d
mains, which would imply that different points of the Ag B
are simultaneously probed by ARPES. This fact would ma
that the measured bulk Ag4d features appeared anomalous
broadened, which is not observed.

The study of the nature of surface states can be analy
in the framework of the phase-accumulation model,35 based
on the idea that surface states can be considered as elec
trapped between the surface gap and the surface barrier28 In
this model, differences of the binding energy of surfa
states are expected via the surface-barrier and crystal ph

In principle, there are two possibilities for H to modif
the binding energy of the bulk Ag~111! surface state. The
first one is related to the fact that Ag deposition at RT
moves H from the interface, which seems to migrate to
metal surface.24 This H on the surface appears to be mos
removed when films are annealed at high temperature24

Under these conditions, the presence of H on the meta
surface could induce a shift of the surface state to hig
binding energies (DSS) as far as H produced a decrease
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the work function of the metal at the surface and, con
quently, a decrease of the surface-barrier phase.35 In fact,
these effects have been observed after adsorption of
monolayer alkali metals on Cu~111! and on Ag~111! films
deposited onto graphite and Si~111!-(737) at low
temperature.39,40 In these cases, the magnitude of the o
servedDSSwas a;10–20% of the work function decreas
Nevertheless, in contrast to the observed role of alkali me
on metallic surfaces, it has been observed that the pres
of H at the Ag~111! and Ag~110! surfaces increases the met
work function at the surface by 0.2–0.3 eV,41,42slightly shift-
ing the Agsp-surface state to lower binding energies. The
facts suggest that the splitting of thesp-surface state canno
be attributed to the presence of H at the metal surface.

The second possibility for H to modify the binding energ
of the Ag~111! sp-surface state comes from the presence
absorbed H at the metal-semiconductor interface. After
deposition, and mostly after annealing processes, H can
progressively desorbed from the interface. Neverthele
large H-covered points of the Si surface can stay undern
the Ag film, since, when one initial Ag cluster is formed, A
adatoms appear not to be spontaneously substituted fo
atoms around Ag adsorption sites.20 This situation would in-
duce two different limiting conditions as far as the surfac
state wave function could be influenced by surface con
tions. It has been early observed that Agsp-surface state
shifts to lower binding energy as thicker Ag films are depo
ited onto 1-ML Au/Ag substrates,43 recovering a bulklike
situation in;10-ML-thick Ag films. This fact was explained
by the presence of the interlayer Au film, which downshi
the bulklike Ag surface state. In those systems, the de
length of the surface state was determined to spread a
several ML’s~28 Å!.43 In our case, a similar behavior may b
expected in Ag films deposited onto H/Si~111!-(131) sur-
faces. This behavior could be also understood in the fram
the phase-accumulation model.35 In comparison with the
case of Ag films grown on the bare substrate, the reflectiv
of the Ag sp-surface state at the interface is expected to
crease by the presence of H at the Si surface, since refle
ity losses are reduced due to the larger flatness of the fi
grown on the H-passivated surfaces.18 This fact would in-
duce an increase of the effective crystal phase and there
thesp-surface state would downshift. In order to estimate
magnitude of this effect, an increase of the crystal phase
approximately 30–40% would downshift thesp-surface
state in ;0.2 eV, which would reproduce quite well th
behavior observed in our data for Ag films deposited o
H/Si~111!-(131) substrates.

C. Fermi surface

In this section we analyze the electronic properties of
Ag films beyond the metallization onset, centering this stu
on the determination of the FS of these films. The image
Fig. 7 shows the photoelectron angular distribution measu
at theEF with hy532 eV in a 6-ML Ag film deposited onto
H/Si~111!-(131) and then annealed to 300 °C for 5 mi
Photoelectron angular distribution measurements were
ried out by selecting thex axis corresponding to the@ 1̄10#
5-6
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ELECTRONIC PROPERTIES AND FERMI SURFACE OF . . . PHYSICAL REVIEW B 65 075405
direction ofki . The image has been scaled in such a way t
it is linear in photoemission intensity and inki . The photo-
emission intensity is maximum for the brightest feature a
minimum for the darkest one. In this image, well-defin
features are labeled, indicating the momentum distribut
as a function ofkiy

andkix
, of initial states lying at theEF .

The Ag SBZ contours are also plotted on the image, follo
ing the extended zone scheme.

In the center of the image it can be observed two differ
features, labeled as SS1 and SS2. The SS1 feature appe
an intense spot at the center of the image of;0.10 Å21 in
size, whereas the SS2 feature is a homogeneous ringlike

ture centered atḠ point with a radius of 0.23 Å21. These
features appear at the FS cut as a consequence of the c
ing of the EF of the SS1 and SS2 surface states, as th
states disperse. The fact that these states show such a ci
symmetry in theki plane indicates that these states are i
tropic parabolic states, as expected forsp-derived surface
states in bulk metallic systems.38

Besides the surface-state-related features, additional
appear in the image, at higherki values, which have bee
labeled as FS1, FS2, and FS28. The intensity of these fea
tures appears to alternate in a factor of 1.1 along differ
azimuths differing 60° from each other. The FS1 feature
pears as a distorted ring inside the first SBZ, which cor
sponds to the cut of the bulk Ag~111! FS in the first BZ.44

From this feature, thekF values of the FS of these Ag film
can be extracted. In order to do this, one should take
account experimental energy-window effects, which mo

FIG. 7. ~Color! Photoelectron angular distribution measured
the EF with hy532 eV in a 6-ML Ag film deposited onto
H/Si~111!-(131) and then annealed to 300 °C for 5 min. The d
ferent features observed have been labeled in the image. The
agonal Ag~111! SBZ is plotted onto the image.
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the EF band crossing point away from the maximum inte
sity of emitted photoelectrons at theEF towards the
unoccupied-states side.27,45 In our experiments, the energ
window was 0.2 eV withhy532 eV. From this analysis, i
was obtained that this Ag FS cut shows a maximum a
minimumkF values ofkF51.29 and 1.16 Å21, which occur

along the@ 1̄10# and @ 2̄11# ~or @ 1̄1̄2#) directions, respec-
tively. These values are in concordance with those obtai
in metallic Ag films prepared onto Si~111!-(737) surfaces.44

The resemblance between the FS of both Ag films appe
not only in thekF values but also in the lifetime ofsp states
at theEF .27 Intrinsic photoemission linewidth of states at th
EF is dominated by photoelectron lifetime.46 In our experi-
ments, the linewidth of the FS1 feature, where it can
isolated from other contributions, is 0.2860.04 Å21 on av-
erage, which implies that the inverse lifetime of photoele
trons is 4.060.5 eV,27 coherently with that expected in th
bulk material for photoelectrons excited wit
hy532 eV.27,47

The rest of the features observed in Fig. 7~FS2 and FS28)
appear outside of the first SBZ, as a semicircular feat
~FS2! below a wide spotlike feature (FS28). The presence of
these features is expected from neighboring BZ’s, wh
would be measured withhy532 eV.44 However, the most
remarkable electronic information to be extracted from
FS of these metallic films is that it shows a sixfold symme
distribution, instead of the typical threefold symmetry dist
bution found in the three-dimensional Ag single crystal. T
loss of symmetry of the FS of these films can be related
the fact that Ag films deposited onto H/Si~111!-(131) at RT
are composed by two domains rotated 60° from each oth

In order to illustrate this point, we have analyzed the
fluence of the two-domain character of the films on the
sulting Ag~111! FS. Figure 8 shows~on the left! the band
dispersion of thespband of Ag~111! single crystal along the
high-symmetry directions of the SBZ:@ 1̄10# (kix), @ 2̄11#

(kiy), and@ 1̄1̄2#, as would be obtained by ARPES withhy
532 eV.44 In this plot, the crossing points of thesp band
with the EF are indicated, which are labeled ase1–e5. Each
one of these points defines one point of the Ag~111! FS cut
~middle plot! and, extending this to the whole BZ, a two
dimensional image of the Ag FS can be obtained. This FS
of Ag single crystal shows the intrinsic threefold symme
of the Ag BZ. The obtention of such a FS by ARPES a
sumes that each direction of the hexagonal Ag SBZ
scanned along one experimental azimuth~upper plot!. Nev-
ertheless, this seems not to be the case of the Ag films
pared onto H/Si~111!-(131) at RT. A film composed of two
domains rotated 60° would artificially produce, by ARPES
60° overlapping of the band structure, of the SBZ, and the
fore of the FS~right plots in Fig. 8!. A film composed of two
domains rotated 60° would artificially produce, by ARPES
60°-overlapping of the band structure, of the SBZ, and the
fore of the FS~right plots of Fig. 8!. This is a consequence o
the simultaneously scanning of the two Ag rotated doma
and therefore of the two 60°-differing directions of the A
SBZ.

t

ex-
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FIG. 8. On the left. Dispersion of the bulk Ag~111! sp band along the@ 1̄10# (kix), @ 2̄11# (kiy), and@ 1̄1̄2# that would be obtained by
ARPES withhy532 eV. The crossing points ofspband with theEF are indicated and labeled ase1–e5. These points are also indicated o
the corresponding Ag~111! FS cut~middle plot!. The hexagonal SBZ is also plotted and high-symmetry directions are indicated~upper plot!.
On the right,~cross, dots! band dispersion is shown that would be obtained in a situation corresponding to Ag films with two domains
60°. The resulting FS cut and SBZ are also plotted.
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In conclusion, it has appeared that Ag films deposi
onto H/Si~111!-(131) at RT and then annealed to 300 °C f
5 min are composed by two domains rotated 60° in a sligh
different proportion. In contrast to these results, it seems
high-temperature Ag deposition favors a monodom
growth.22 These facts suggest that there exists an activa
energy for the Ag nucleation beyond that monodomain
growth is favored. In addition to this, the fact that the a
nealing process carried out after deposition appears no
favor this structural transition seems to confirm the fact
served that Ag deposition rate may also play a role in
obtention of monodomain films.37 Nevertheless, much work
should be done to elucidate this point. In any case, th
results are promising and suggest that a good knowledge
control of the growth conditions of Ag films onto H/Si~111!-
(131) substrates may improve the conductivity and tra
port properties of these films, since the influence of el
tronic barriers and hopping processes would be reduced

IV. SUMMARY

Silver films of different thickness~0–8 ML’s! were depos-
ited at RT onto H-passivated Si~111! surfaces. Their elec
tronic properties have been analyzed by ARPES, probinK̄

and Ḡ points of the Si~111! SBZ. The valence-band spect
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of submonolayer Ag films appeared to follow the evoluti
expected for an abrupt and nonreactive metal-semicondu
interface, with no trace observed from Ag-induced surfa
states at these points of the SBZ. Bulklike metallization p
cess was followed by analyzing the evolution of the DOS

the EF at Si~111! K̄ point, which coincides, athy532 eV,
with the crossing point of the bulk Agsp band with theEF .
At initial Ag growth stage, films appeared to be semico
ducting and the onset of metallization was established
coverage of;0.6 ML’s. The bulklike metallic behavior was
completely defined in Ag films of 2–3 ML’s and the sma
linewidth of the Ag4d-derived features indicates that hig
quality ~111!-oriented films can be prepared on
H-passivated Si surfaces.

Two well-defined Ag-derived features appeared in t

valence-band spectra measured atḠ point, in films thicker
than 2 ML’s. These features, labeled SS1 and SS2, were
signed to occupied states with binding energies of 0.1
0.35 eV, respectively. These states were both identified
means of their perpendicular and parallel dispersion, as
surface states appearing at thesp gap of the Ag SBZ and
related to thesp-surface state of bulk Ag~111!. As expected
for such surface state, the wave function of both SS1
SS2 states shows a pronouncedp-like behavior, as revealed
by photoemission measurements tuning the component
5-8
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the polarization vector of light. The existence of two diffe
ent surface states with the same origin was attributed to
fact that Ag deposition and annealing process partially d
orb H from the interface and therefore a downshift of t
sp-surface state is induced by the presence of H at the me
semiconductor interface.

The electronic properties of metallic Ag films deposited
RT onto H-passivated substrates were analyzed by meas
ments of photoelectron angular distribution at theEF with
hy532 eV. With this technique, a cross-sectional cut of t
FS of these films has been obtained with thishy. The kF
values of this FS cut obtained in different symmetry dire
tions appeared to be in good agreement with those expe
for bulklike Ag~111! single crystal. A similar agreement wa
also found for the photoelectron lifetime of states at theEF .
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In spite of the fact that the FS cut resembles a tw
dimensional cut of the three-dimensional bulklike Ag FS
reflects a sixfold symmetry rather than the threefold sym
try expected for Ag single crystal. This indicates that th
Ag films are composed by two domains rotated 60°.
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