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Quantum-well states in ultrathin Ag„111… films deposited
onto H-passivated Si„111…-„1Ã1… surfaces
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Ag~111! films were deposited at room temperature onto H-passivated Si(111)-(131) substrates, and sub-
sequently annealed at 300 °C. An abrupt nonreactive Ag/Si interface is formed, and very uniform nonstrained
Ag~111! films of 6–12 ML have been grown. Angle-resolved photoemission spectroscopy was used to study
the valence band electronic properties of these films. Well-defined Agsp quantum-well states~QWS’s! have
been observed at discrete energies between 0.5–2 eV below the Fermi level, and their dispersions have been
measured along theGK, GM (M 8), and GL symmetry directions. QWS’s show a parabolic bidimensional
dispersion, with in-plane effective mass of (0.38–0.50)mo , along theGK andGM (M 8) directions, whereas no
dispersion has been found along theGL direction, indicating the low-dimensional electronic character of these
states. The binding energy dependence of the QWS as a function of the Ag film thickness has been analyzed
in the framework of the phase accumulation model. A good agreement between experimental data and the
above-mentioned model is obtained for the Ag/H/Si~111!-~131! system. Hydrogen at the interface not only
enhances the Ag film uniformity, but also acts as a barrier modifying the phase change of the Ag-sp electron
wave upon reflection at the Ag/Si interface.
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I. INTRODUCTION

During the last years, the study of low-dimensional stru
tures has attracted considerable interest because spatia
finement of electrons in thin films results in discre
quantum-well states~QWS’s!. In semiconductor layer sys
tems, these effects are well known, and they have alre
been used in electronic devices. However, the observatio
quantization effects in metallic layers has been restricted
few systems. In this respect, thin Ag films have attracte
great interest due to the nearly free-electron characteristic
the sp bands over large regions of the Brillouin zone~BZ!.
Ag-sp QWS’s have been widely observed in thin Ag film
deposited onto several metallic substrates.1–14 In contrast,
confinement effects on Ag films deposited onto semicond
tor substrates have been only observed in a scarce numb
systems.15–18 Weak peaks associated to QWS’s have be
observed by Wachset al.15 in photoemission spectra of 5–1
ML Ag films deposited on Si~111!-~737! at room tempera-
ture ~RT!. The weakness of the QWS’s observed by the
authors could be associated with the formation of a nonu
form Ag island size distribution, which would wash out th
manifestation of quantum size effects in photoemissi
These facts suggest that an improvement of Ag deposi
conditions and silicon substrate preparation could play a
role for the observation of well-defined QWS’s in thin A
films deposited onto silicon substrates. In fact, this was
served by Neuhold and Horn,17 on a 21-ML Ag film depos-
ited at 130 K onto a Si~111!-~737! substrate, and subse
quently annealed at RT, and by Matsudaet al.18 on 6–30-ML
Ag films deposited at 100 K onto Si~001!-~231! substrates,
after annealing at 300–450 K. Such special deposition c
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ditions lead to the formation of more uniform Ag films
where quantum-size effects have been observed by ph
emission. However, for the Si~111!-~737! substrates, strain
induced by film growth was also present in the film.17 There-
fore, it would be desirable from both fundamental and te
nological point of views to consider alternative better Si~111!
surfaces free of complex reconstruction structures, wh
could lead to the formation of high-quality non-straine
Ag~111! films on Si~111! substrates.

The nucleation and growth mode of thin Ag films depo
ited onto Si surfaces can be modified by changing the sur
free energy of the substrate. This modification can be acc
plished by the termination of the Si~111! surface by a foreign
atom.19,20 For this reason, there is a great interest in the f
mation of high-quality artificially H-terminated Si~111!-
~131! surfaces, by both a wet chemical treatment and
atomic hydrogen-based method.21 Hydrogenation of the
Si~111!-~737! surface saturates the dangling bonds, restor
the 131 symmetry of bulk silicon. In a recent study on th
electronic structure of the H-terminated Si~111!-~131! sur-
face, the high quality of such a type of unreconstructed
surfaces prepared by a wet chemical treatment has been
firmed by angle-resolved photoemission spectrosc
~ARPES!.22 Four remarkably sharp features have been
solved in the valence-band photoemission spectra at thK̄
point, being attributed to~i! a surface resonance with apx-py
symmetry,~ii ! a surface state identified as a Si-Si backbo
state, and~iii ! two different higher binding-energy H-Si sur
face states.

The growth mode and structure of thin Ag films deposit
onto hydrogen passivated silicon surfaces are substant
different from the observed ones for Si~111!-~737! sur-
©2002 The American Physical Society10-1
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A. ARRANZ et al. PHYSICAL REVIEW B 65 195410
faces.19,20 When Ag is deposited onto a clean Si~111!-~737!
surface, the growth proceeds in a quasi-layer-by-layer m
at RT, and according to the Stranski-Krastanov growth m
at 300 °C. Opposite to this, Ag deposition at 300 °C onto
H/Si~111!-~131! surface, leads to a quasi-layer-by-lay
growth mode. In this case, the formation of islands mu
thinner and with a narrower size distribution than those
the nonpassivated substrate was observed by imp
collision ion-scattering spectroscopy19 and scanning electron
microscopy.20,23 In addition, Sumitomoet al.19 have found
that Ag films deposited onto Si~111!-~737! substrates at RT
have a two-domain Ag~111! island distribution, whereas
those grown on the hydrogen-terminated surface at 300
have a single-domain preferred orientation. According
these authors, hydrogen-mediated epitaxy of single-dom
Ag~111! films deposited on Si~111!-~737! substrates a
300 °C is observed. It has been suggested that hydroge
the interface can be partially removed during Ag deposit
at high temperatures.24–26 If the hydrogen coverage at th
interface would decrease below 0.3 ML, an undesired rec
struction of the surface, to a two-dimensional layer of t
Si~111!A33A3-Ag structure, plus thicker Ag~111! islands
could occur.24,27 So it would be desirable to lower the A
temperature deposition in order to avoid a significant hyd
gen elimination at the interface, and therefore the abo
mentioned surface reconstruction.

Ag deposition at RT onto hydrogen-terminated Si~111!
surfaces has only been studied by scanning tunneling mic
copy ~STM!27,28 and by low-energy electron diffractio
~LEED!.24 LEED patterns24 show that hydrogen terminatio
remarkably suppresses the rotational disorder of Ag~111!
films which is observed for Ag deposition on Si~111!-~737!
surfaces. In addition, a decrease of the average size of th
islands along with an increase of the island density, h
been found by STM upon decreasing the substrate temp
ture from 300 °C to RT.27 Therefore, RT deposition leads t
even more uniform and compact Ag films than those dep
ited at higher temperatures. Unfortunately, in the literat
there is a lack of information from structural techniqu
about the single- or two-domain preferred orientation of t
Ag films deposited on hydrogen-terminated Si substrate
RT. Recently, the above-mentioned subject has been
dressed by studying the Fermi surface~FS! of 6-ML Ag films
deposited onto H-passivated Si~111!-~131! surfaces at RT,
and subsequently annealed at 300 °C.29 This study has shown
that the measured FS reflects a sixfold symmetry rather
the threefold symmetry expected for a Ag~111! single crystal.
This behavior confirmed the fact that these Ag films are co
posed by two domains rotated 60°, being the first evidenc
a two-domain preferred orientation of the Ag~111! films de-
posited at RT onto H-terminated Si~111!-~131! surfaces.

In this work, thin Ag~111! films have been deposited i
ultrahigh-vacuum~UHV! at RT onto H-passivated Si~111!-
~131! substrates, and subsequently annealed at 300 °
enhance the film uniformity. In such a way, an abrupt non
active Ag/Si interface is formed, and very uniform no
strained thin Ag~111! films of 6–12 ML have been obtained
The high quality of the silver films has been probed
ARPES. Well-defined Agsp QWS’s have been observed
19541
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discrete energies between 0.5 and 2 eV below the Fermi l
(EF), and their energy dispersions have been measured a
the GK, GM (M 8) and GL symmetry directions. QWS’s
show a parabolic dispersion, with an in-plane effective m
of (0.38–0.50)mo , along theGK and GM (M 8) symmetry
directions, whereas no dispersion has been found along
GL direction, supporting the two-dimensional electron
character of these states. On the other hand, the binding
ergy dependence of the QWS’s as a function of Ag fi
thickness has been analyzed in the framework of the ph
accumulation model.4 A good agreement between expe
mental data and the above-mentioned model is obtained
the Ag/H/Si~111!-~131! system.

II. EXPERIMENTAL DETAILS

The experiments were performed at LURE~Orsay,
France! using the French-Spanish~PES2! experimental sta-
tion of the Super-Aco storage ring, described elsewher30

The measurements were carried out in a purpose-built U
system, with a base pressure of 5310211 mbar, equipped
with an angle resolving 50-mm hemispherical VSW analy
coupled on a goniometer inside the chamber. The manip
tor was mounted in a two-axis goniometer that allows ro
tion of the sample in~i! the whole 360° azimuthal angle~f!,
and ~ii ! in the 180° polar emission angle relative to surfa
normal ~u!, with an overall angular resolution of 0.5°. Th
current incident angle of the light (Q i) was 45°.The avail-
able energy of light (hn) was between 18 and 150 eV. For
photon energy of 32 eV, the overall energy resolution,
cluding the analyzer, was 60 meV.22

The substrate was ann-doped Si~111! single crystal, with
a nominal resistivity of 100V cm. It was preparedex situ
using a wet chemical treatment that results in a passiva
H/Si~111!-~131! surface.21 After introducing the substrate in
the analysis chamber, the quality of the surface was chec
out through the sharpness of the features appearing in
valence-band photoemission spectrum at theK̄ point, which
are attributed to intrinsic H-Si surface states.22 Ag was
evaporated onto the surface at RT. The rate of evapora
0.0660.002 ML/min, was determined by using a quartz m
crobalance. In these conditions, Ag films of thicknesses ra
ing from 6 to 12 ML were deposited onto H/Si~111!-~131!
surfaces at RT, and subsequently annealed at 300 °C to
hance the film uniformity.

III. RESULTS AND DISCUSSION

Normal and off-normal valence-band~VB! photoemission
spectra, after background subtraction, of 6–12-ML Ag film
deposited at RT onto H-terminated Si~111!-~131! substrates
and subsequently annealed at 300 °C, are presente
order to obtain the Agsp-band dispersion along theGL, GK,
andGM (M 8) symmetry directions. Figure 1 shows the ev
lution of the normal-emission VB spectra measured w
hn532 eV as a function of Ag thickness. The intense a
sharp peak observed at 0.1eV belowEF is the surface state
~SS! in the band gap along the direction of the Ag~111! crys-
0-2
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QUANTUM-WELL STATES IN ULTRATHIN Ag~111! . . . PHYSICAL REVIEW B65 195410
tal. The sharpness of this peak reflects the good crystalli
and orientation of the Ag film. It should be pointed out th
the sharpness observed for this peak is comparable to
observed one for Ag films deposited onto highly orient
pyrolytic graphite, HOPG~0001!, where a very narrow heigh
distribution of Ag islands has been observed.5,17Neuhold and
Horn17 have attributed the depopulation of the Ag SS to
presence of tensile strain induced by film growth in a 21-M
Ag film on Si(111)-(737). Comparison of our results with
the works of Wachset al.15 and Neuhold and Horn17 suggests
an improvement of the quality of the silver films, as a co
sequence of the ideally H-terminated Si~111! substrate sur-
face used in this work. As a consequence, high-quality n
strained Ag films can be successfully prepared o
H-passivated Si(111)-(131) surfaces at RT, with a subse
quent annealing. Alternative techniques for Ag deposition
Si~111!, based on the cooling of the substrate to 130 K a
subsequent annealing at RT, also lead to the formation
very uniform Ag films where manifestation of quantum-si
effects in photoemission has been observed.17 However, ef-
fects associated with the strain cannot be avoided,
should be taken into account to describe the electronic p
erties of such Ag thin films.17

Three series of well-resolved intense Agsp QWS’s, char-
acterized by the quantum numbern51 –3, can be observe
at discrete energies between 0.5 and 2 eV below the Fe
level in Fig. 1. The evolution of the QWS energies as
function of Ag thickness for the different series observ
(n51, 2 and 3! will be analyzed later in the backdrop of th

FIG. 1. Normal-emission valence-band spectra measured
hn532 eV for different Ag film thicknesses deposited onto
H-terminated Si~111!-~131! substrate at RT, and subsequently a
nealed at 300 °C. In the bottom, thesp band dispersionE(k') of
bulk Ag along theGL direction is shown in order to illustrate th
physical origin of the QWS peaks observed in the spectra.
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phase accumulation model,~PAM!.4 The quantum numbern
is defined asn5m2n, wherem is the number of Ag mono-
layers, andn is the number of antinodes in the probabili
density. Agsp QWS’s of similar quality have been also ob
served by Neuhold and Horn17 in a 21-ML Ag film on
Si(111)-(737), deposited at 130 K and subsequently a
nealed at RT, suggesting that special Ag deposition con
tions, or as shown in this work, Si~111! substrates free o
complex surface reconstructions, are necessary in orde
observe quantum-size effects in Ag films deposited o
Si~111! substrates. Therefore, it should be pointed out t
the weakness of the QWS peaks observed by Wachset al.15

in the photoemission spectra of 5–15-ML Ag films deposit
at RT onto Si(111)-(737) should be associated with th
formation of a nonuniform Ag island size distribution, as
consequence of standard deposition at RT. STM studies h
shown that Ag deposition on Si(111)-(737) substrates a
RT produces three-dimensional structures that are far f
an ideal epitaxial film.31,32 In the lower part of Fig. 1, the
sp-band dispersionE(k') of bulk Ag along theGL direction
is shown in order to illustrate the physical origin of the QW
peaks observed in the spectra. The above-mentioned dis
sion relationE(k') has been simulated by the two-ban
model given by Eq.~1!,5

E~k'!5Eo2A~kBZ2k'!21U2A4A2B~kBZ2k'!21U2,
~1!

whereA5\2/2m* , B53p2/a2, a54.09 Å is the silver lat-
tice constant,U54.2 eV is the width of the gap at theL
symmetry point of Ag~111!, Eo50.31 eV is the position of
thesp-band edge relative toEF , m* 50.7mo is the effective
mass of the electrons in this band, (mo being the free-
electron mass!, andkBZ51.33 Å21 is the wave vector at the
BZ boundary~the L point in the@111# direction!.

Angle-resolved photoemission spectra of the VB me
sured withhn532 eV, along theGK andGM (M 8) symme-
try directions are presented in Figs. 2 and 3, for 6- and 7-
Ag films, respectively. As a reference, a scheme of
Ag~111! surface reciprocal-lattice unit cell is shown in th
figures. It should be pointed out, thatM̄ andM 8̄ points of the
surface BZ overlap because Ag films are composed by
60° rotated domains from each others.29 Dashed lines have
been added to show the energy dispersion of the diffe
peaks observed in the spectra. These peaks are the Q
denoted byn51 and 2 in Fig. 1, and the feature associat
with the Ag~111! surface state. The insets of Figs. 2 and
show the band diagram extracted from the dispersion
these features. Solid lines are parabolic fits to Eq.~2!, that
are expected to be a good approximation for small para
wave vector,ki , values:2

En~ki!5En~ki50!1\2ki
2/2mi* . ~2!

In Eq. ~2!, En(ki50), and the in-plane effective massmi* ,
are fitting parameters.

In agreement with a previous work,29 two sp Ag-derived
surface states SS1 and SS2, at binding energies of;0.1 and
0.32 eV, respectively, are found in the gap along theGL
direction of the Ag~111! films. The existence of two differen

th

-
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A. ARRANZ et al. PHYSICAL REVIEW B 65 195410
surface states with the same origin was attributed to the
homogeneous presence of hydrogen at the interface, du
the fact that the annealing process partially removes hy
gen; therefore, a downshift of the Ag surface state is p
duced in regions where hydrogen still remains at the in
face. It should be noted, that for Ag film thickness
>6 ML, the SS2 feature appears as an asymmetry of
more intense SS1 peak in normal-emission spectra. Howe
the SS2 peak becomes clearly resolved in the off-norm
emission spectra of Figs. 2 and 3, as a consequence o
Fermi level crossing of the SS1 state.

Surface states and QWS’s show a parabolic in-plane
persion, as can be observed in the insets of Figs. 2 and 3.
QWS in-plane effective massmi* has been obtained from th
fit of experimental data to Eq.~2!, giving values between
0.38mo and 0.50mo . These values are in good agreeme
with the reported ones in the literature for silver films
Cu~111! substrates, and are almost the same as the effe
mass for the Agsp valence band derived from a ban
structure calculation.2,9 Moreover, a linear increase of th
in-plane effective mass with the binding energy has b
observed. A similar behavior was also found by Muel
et al. for the Ag/Cu~111! quantum-well system.2

The evolution of the normal emission VB spectra as
function of hn for a 7-ML Ag~111! film is presented in Fig.
4. As can be observed, a negligible dispersion is found

FIG. 2. Angle-resolved photoemission spectra of the VB m
sured withhn532 eV along theGK symmetry direction for the
6-ML Ag film of Fig. 1. As a reference, a scheme of the Ag surfa
reciprocal-lattice unit cell is given in the figure. The inset shows
band diagram extracted from the dispersion of the features obse
in the spectra.
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QWS’s along theGL symmetry direction, as a consequen
of the quantization of the perpendicular wave-vector com
nent,k' , due to the finite and homogeneous thickness of
film. The nondispersive behavior along theGL direction, and
the parabolic in-plane dispersion along theGK andGM (M 8)
symmetry directions of the QWS and surface states, indic
the two-dimensional electronic character of these states.

The observation of confinement effects in th
Ag/H/Si(111)-(131) system requires either the presence
a relative gap in the Si~111! substrate, or the presence of
so-called symmetry or hybridization gap, in order to avo
the coupling of Ag-sp states with Si~111! sp states of similar
symmetry.1 Well-defined QWS’s have been observed in th
work for energies between 0.5 and 2 eV belowEF . Neuhold
and Horn17 have also observed similar quality QWS’s up
an energy of 3 eV belowEF . Thus, the above-mentione
requirements should be fulfilled for hydrogen-passivated
-nonpassivated Si~111! substrates. According to the calcu
lated valence-band structure,22 the maximum of the valence
band is at;0.8 eV below EF @for n-doped Si~111! sub-
strates#, and the first occupied state at theḠ point has been
observed at;1.2 eV belowEF for the H-Si(111)-(131)
surface.29 In addition, a Si band bending of;-0.2 eV, cal-
culated using a value of 0.5 eV for the Schottky barrier c
rected according to the interface-dipole model, should a
be considered.33,34 Therefore, the gap at theḠ point in the
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FIG. 3. Angle-resolved photoemission spectra of the VB m
sured withhn532 eV along theGM (M 8) symmetry direction for
the 7-ML Ag film of Fig. 1. As a reference, a scheme of the A
surface reciprocal-lattice unit cell is given in the figure. The in
shows the band diagram extracted from the dispersion of the
tures observed in the spectra.
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QUANTUM-WELL STATES IN ULTRATHIN Ag~111! . . . PHYSICAL REVIEW B65 195410
@111# direction of the Ag-deposited H-Si(111)-(131) sub-
strate extends up to;1 eV belowEF . So the observation o
QWS’s for binding energies above 1 eV, should be explain
by the lack of coupling between the Ag-sp states and the
Si~111! bulk states. The role of the presence of hydrogen
the Ag/Si~111! interface should also be taken into account
could act as a barrier, that would enhance the inhibition
the above-mentioned coupling, as observed in the 15-
Ag1x-ML Au 1 Ag~111! quantum-well system, upon in
creasing the Au interlayer thickness fromx50 to 3 ML.7

In order to further analyze the dependence of the Q
energies with the Ag film thickness, the binding energies
the QWS’s observed in Fig. 1 are plotted~solid symbols! as
a function of the Ag film thickness in Fig. 5. In this figure
data corresponding to 5–13-ML Ag films deposited on
Si(111)-737 at RT ~Ref. 15! have also been plotted fo
comparison~open symbols!. According to the phase accumu
lation model,4 the energy position of the QWS is given b
Eq. ~3!,

2k'~E!d1FC~E!1FB~E!52np, ~3!

wherek'(E) is the electron wave-vector component norm
to the surface,d is the Ag film thickness,n is the quantum
number previously defined, andFC(E) and FB(E) are the
phase shifts upon reflection of the electron wave function
the film/substrate and film/vacuum interfaces, respectiv
The above-mentioned model considers that QWS’s are e
tron waves trapped inside the Ag film between the barrier
the Ag/Si~111! and Ag/vacuum interfaces. Upon reflection
the Ag-sp electrons at the interfaces, phase changesFC(E)
and FB(E) are introduced, whereask'(E)d is the phase
change accumulated upon traversing the Ag film. In this w
thin uniform Ag films can be considered as an electr
interferometer,35 where the electron undergoes multiple r

FIG. 4. Normal-emission valence-band spectra as a functio
the energy of light,hn, for the 7-ML Ag film of Fig. 1.
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flections between the interfaces. For a given Ag film thic
ness, an Ag-sp electron standing wave is expected at a d
crete energy in the photoemission spectra, when the t
phase change satisfies the condition given by Eq.~3!. Figure
6 shows a schematic diagram illustrating the analogy of
phase accumulation model with an electron interferome
for the Ag/Si(111)-(131)-H system. Multiple reflection a
the interfaces of Ag-sp electrons are indicated by dashe
arrows. Ideal confinement is achieved for a 100% interfa
reflectivity. A reflectivity lower than 100% would imply par
tial transmission of the electron wave outside the Ag film
evanescent states, indicated by short arrows in the figure

In Eq. ~3!, the dispersion relationk'(E) for Ag~111! in
the GL direction can be simulated by the two-band mod
previously defined by Eq.~1!. For Ag thin films deposited on
HOPG~0001! and Fe~100! substrates,4,5 FC(E) has been de-

of

FIG. 5. QWS binding energies of Fig. 1 as a function of Ag fil
thickness~solid symbols!. For comparison, data corresponding
5–13-ML Ag films deposited onto Si(111)-(737) at RT, extracted
from Ref. 15, have been also plotted~open symbols!. Dashed lines
are the calculated thickness dependence of the QWS binding e
gies according to the phase accumulation model proposed in
text.

FIG. 6. Schematic diagram illustrating the analogy of t
multiple-reflection phase accumulation model with an electron
terferometer for the Ag/Si(111)-(131)-H system. Multiple reflec-
tions at the interfaces of Ag-sp electrons are indicated by dashe
arrows. Evanescent states outside the Ag films, due to inter
reflectivities lower than 100%, are indicated by short arrows.
0-5
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A. ARRANZ et al. PHYSICAL REVIEW B 65 195410
scribed by a semiempirical formula based on a step pote
approximation, in such a way thatFC(E) varies from -p to
0 from the bottom to the top of the gap.4 However, such an
approximation does not seem to be valid for t
Ag/H/Si(111)-(131) system, where a combination of rel
tive and symmetry gaps should be considered in orde
account for the observed confinement effects. In addition
should be pointed out that positive values forFC(E) were
recently obtained for the Ag/Si(001)-(231) and
Al/Si(111)-(737) systems.18,36For this reason, we have as
sumed that the total phaseF(E)5FB(E)1FC(E) is a lin-
ear function ofE.3,18,36The solid lines in Fig. 5 represent th
calculated thickness dependence of the binding energy o
QWS ~with n51 –3) based on the fit of the experiment
data ~solid symbols! to the PAM proposed by Eq.~3!. The
best fit has been obtained forF(E)50.75–2.86E. The good
agreement between experimental data and calculated
suggests that the PAM can successfully characterize
QWS observed in the Ag/H/Si(111)-(131) system. The ap-
plication of the PAM model to the data of th
Ag/Si(111)-(737) system15 ~open symbols in Fig. 5! gives
F(E)52.13–1.13E. The best fit for these data is shown
dashed lines.

As observed in Fig. 5, for a given Ag thickness, QWS
with the same quantum numbern are observed at lowe
binding energies in the Ag/H/Si(111)-(131) system than in
the Ag/Si(111)-(737) one. To gain more insight about th
fact, the phase change upon reflection of the Ag-sp electron
wave at the Ag/substrate interface,FC(E)5F(E)-FB(E),
has been calculated, using a semiempirical approximation
FB(E).4,18 Figure 7 showsFC(E)/2p as a function of the
binding energy, for the Ag/H/Si~111!-~131! ~solid line!, Ag/
Si~111!-~737! ~Ref. 16! ~dashed line!, and Ag/Si~001!-~231!
~Ref. 18! ~dotted line! interfaces, respectively.FC(E) for the
Al/Si~111!-~131! is also given for comparison~dash-dotted
line!.36 For Ag/Si~111!-~737!, Ag/Si~001!-~231! and Al/
Si~111!-~737! interfaces, FC(E) is positive, and varies

FIG. 7. FC(E)/2p as a function of the binding energy, for th
Ag/H/Si(111)-(131) ~solid line!, Ag/Si(111)-(737) ~Ref. 15!,
~dashed line!, Ag/Si(001)-(231) ~Ref. 18!, ~dotted line!, and
Al/Si(111)-(737) ~Ref. 36! ~dash-dotted line! interfaces, respec
tively.
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smoothly withE. Opposite to this behavior,FC(E) for the
Ag/H/Si~111!-~131! is mainly negative, showing a pro
nounced increase in the energy range from 2 to 0 eV. T
behavior resembles the negative phases obtained for
Ag~100!/Fe~100! interface, and other metal/meta
interfaces.3,12 According to Fig. 7, it seems that meta
semiconductor interfaces are characterized by a smo
varying positiveFC(E), whereas for metal/metal interface
a marked-varying negativeFC(E) has been found.3,12 There-
fore, metal/semiconductor and metal/metal interfaces h
large differences in the phase change that an electron-w
undergoes at the interface, as pointed out by Matsudaet al.,
for the scattering of Bloch states near the Fermi leve18

However,FC(E) of the Ag/H/Si~111!-~131! interface shows
a behavior rather different that the expected for a me
semiconductor inteface, being similar to the expected one
a metal/metal interface. This fact, suggests that hydro
passivation of Si~111! substrate not only enhances the A
film uniformity, but also changes the electron-wave scat
ing mechanism at the interface. This could be a conseque
of the inhibiting electronic-coupling role of the hydrogen
the interface. Nevertheless, additional work should be d
to get further information onFC(E) changes induced by a
atomic interlayer at metal/semiconductor interfaces.

IV. SUMMARY AND CONCLUSIONS

Thin Ag~111! films have been deposited in UHV at roo
temperature onto H-passivated Si~111!-~131! substrates, and
subsequently annealed at 300 °C to enhance the film un
mity. Deposition onto H-terminated Si~111!-~131! unrecon-
structed surfaces suppresses strain induced by film gro
As a consequence, an abrupt nonreactive Ag/Si interfac
formed, and very uniform nonstrained Ag~111! films of 6–12
ML have been obtained. The quality of the silver films h
been probed by ARPES. Well-defined Ag-sp QWS’s have
been observed at discrete energies between 0.5–2 eV b
the Fermi level, and their energy dispersion have been m
sured along theGK, GM (M 8), andGL symmetry directions.
QWS’s show a parabolic dispersion, with in-plane effecti
mass of (0.38–0.50)mo , along theGK andGM (M 8) direc-
tions, whereas no dispersion has been found along theGL
direction, supporting the two-dimensional electronic char
ter of these states.

On the other hand, the binding energy dependence of
QWS as a function of the Ag film thickness has been a
lyzed in the framework of the phase accumulation model
good agreement between experimental data and the ab
mentioned model is obtained for the Ag/H/Si~111!-~131!
system. A comparison of our results with the works existi
in the literature on QWS’s on Ag/Si interfaces, suggests t
hydrogen at the interface not only enhances the Ag film u
formity, but also modifies the phase change of the Ag-sp
electrons at the Ag/Si interface. Hydrogen could act a
barrier that would inhibit the electronic coupling between A
and Si sp states at the interface, therefore enhancing
degree of confinement of electrons in the Ag thin film.
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