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Quantum-well states in ultrathin Ag(111) films deposited
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Ag(11)) films were deposited at room temperature onto H-passivated JHll141) substrates, and sub-
sequently annealed at 300 °C. An abrupt nonreactive Ag/Si interface is formed, and very uniform nonstrained
Ag(11)) 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-definedpAguantum-well state€QWS'’s) have
been observed at discrete energies between 0.5-2 eV below the Fermi level, and their dispersions have been
measured along thEK, 'M(M’), andT'L symmetry directions. QWS's show a parabolic bidimensional
dispersion, with in-plane effective mass of (0.38—0rBQ) along thel’K and’"M (M) directions, whereas no
dispersion has been found along hke 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/K1$1)-(1X1) system. Hydrogen at the interface not only
enhances the Ag film uniformity, but also acts as a barrier modifying the phase change of #eefagtron
wave upon reflection at the Ag/Si interface.
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[. INTRODUCTION ditions lead to the formation of more uniform Ag films,
where quantum-size effects have been observed by photo-
During the last years, the study of low-dimensional struc-emission. However, for the Qil1)-(7X7) substrates, strain
tures has attracted considerable interest because spatial camduced by film growth was also present in the filhiThere-
finement of electrons in thin films results in discrete fore, it would be desirable from both fundamental and tech-
guantum-well statesQWS'’s). In semiconductor layer sys- nological point of views to consider alternative bettefl$i)
tems, these effects are well known, and they have alreadsurfaces free of complex reconstruction structures, which
been used in electronic devices. However, the observation afould lead to the formation of high-quality non-strained
guantization effects in metallic layers has been restricted to Ag(111) films on S{111) substrates.
few systems. In this respect, thin Ag films have attracted a The nucleation and growth mode of thin Ag films depos-
great interest due to the nearly free-electron characteristics @ed onto Si surfaces can be modified by changing the surface
the sp bands over large regions of the Brillouin zo(®Z).  free energy of the substrate. This modification can be accom-
Ag-sp QWS’s have been widely observed in thin Ag films plished by the termination of the @iL1) surface by a foreign
deposited onto several metallic substrdtéé.in contrast, atom!®?°For this reason, there is a great interest in the for-
confinement effects on Ag films deposited onto semiconducmation of high-quality artificially H-terminated &il1)-
tor substrates have been only observed in a scarce number @#<1) surfaces, by both a wet chemical treatment and an
systems>18 Weak peaks associated to QWS's have beermtomic hydrogen-based meth®ld.Hydrogenation of the
observed by Wachet al® in photoemission spectra of 5-15 Si(111)-(7X7) surface saturates the dangling bonds, restoring
ML Ag films deposited on $111)-(7x7) at room tempera- the 1X1 symmetry of bulk silicon. In a recent study on the
ture (RT). The weakness of the QWS's observed by theseelectronic structure of the H-terminated(Bil)-(1x1) sur-
authors could be associated with the formation of a nonuniface, the high quality of such a type of unreconstructed Si
form Ag island size distribution, which would wash out the surfaces prepared by a wet chemical treatment has been con-
manifestation of quantum size effects in photoemissionfirmed by angle-resolved photoemission spectroscopy
These facts suggest that an improvement of Ag depositiofARPES.? Four remarkably sharp features have been re-
conditions and silicon substrate preparation could play a kegolved in the valence-band photoemission spectra akthe
role for the observation of well-defined QWS’s in thin Ag point, being attributed t@) a surface resonance withpa-p,,
films deposited onto silicon substrates. In fact, this was obsymmetry,(ii) a surface state identified as a Si-Si backbond
served by Neuhold and Hof,on a 21-ML Ag film depos-  state, andiii) two different higher binding-energy H-Si sur-
ited at 130 K onto a $111)-(7X7) substrate, and subse- face states.
quently annealed at RT, and by Matswtaal 18 on 6-30-ML The growth mode and structure of thin Ag films deposited
Ag films deposited at 100 K onto ®01)-(2X1) substrates, onto hydrogen passivated silicon surfaces are substantially
after annealing at 300—450 K. Such special deposition condifferent from the observed ones for (8L1)-(7X7) sur-
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faces'®?*When Ag is deposited onto a clean(Bil)-(7x7)  discrete energies between 0.5 and 2 eV below the Fermi level
surface, the growth proceeds in a quasi-layer-by-layer mod€Eg), and their energy dispersions have been measured along
at RT, and according to the Stranski-Krastanov growth mode¢he 'K, TM(M') and 'L symmetry directions. QWS'’s
at 300 °C. Opposite to this, Ag deposition at 300 °C onto theshow a parabolic dispersion, with an in-plane effective mass
H/Si(11D-(1x1) surface, leads to a quasi-layer-by-layer of (0.38—0.50)n,, along the['K andI'M(M’) symmetry
growth mode. In this case, the formation of islands muchdirections, whereas no dispersion has been found along the
thinner and with a narrower size distribution than those orl’L direction, supporting the two-dimensional electronic
the nonpassivated substrate was observed by impactharacter of these states. On the other hand, the binding en-
collision ion-scattering spectroscdgyand scanning electron ergy dependence of the QWS's as a function of Ag film
microscopy’>?® In addition, Sumitomcet al!® have found thickness has been analyzed in the framework of the phase
that Ag films deposited onto @i11)-(7x7) substrates at RT accumulation modél.A good agreement between experi-
have a two-domain Ad1l) island distribution, whereas mental data and the above-mentioned model is obtained for
those grown on the hydrogen-terminated surface at 300 °¢he Ag/H/S{111)-(1X1) system.
have a single-domain preferred orientation. According to
these authors, hydrogen-mediated epitaxy of single-domain
Ag(111) films deposited on $111)-(7X7) substrates at IIl. EXPERIMENTAL DETAILS
300°C is observed. It has been suggested that hydrogen at The experiments were performed at LUR®rsay,
the interface can be partially removed during Ag depositionsrgnce using the French-SpanigiPES2 experimental sta-
at high temperatures=° If the hydrogen coverage at the tjon of the Super-Aco storage ring, described elsewffere.
interface would decrease below 0.3 ML, an undesired reconrhe measurements were carried out in a purpose-built UHV
struction of the surface, to a two-dimensional layer of thegysiem, with a base pressure ok 50~ mbar, equipped
Si(11)3x \E}Ag structure, plus thicker A1) islands  ith an angle resolving 50-mm hemispherical VSW analyzer
could occur**" So it would be desirable to lower the Ag coupled on a goniometer inside the chamber. The manipula-
temperature deposition in order to avoid a significant hydroor was mounted in a two-axis goniometer that allows rota-
gen elimination at the interface, and therefore the abovergn of the sample irfi) the whole 360° azimuthal angle),
mentioned surface reconstruction. _ and (ii) in the 180° polar emission angle relative to surface
Ag deposition at RT onto hydrogen-terminated13l)  normal (¢), with an overall angular resolution of 0.5°. The
surfaces has only been studied by scanning tunneling microgyrent incident angle of the light®() was 45°.The avail-
copy (STM)*"?® and by low-energy electron diffraction gpje energy of lightliv) was between 18 and 150 eV. For a
(LEED).** LEED pattern$’ show that hydrogen termination photon energy of 32 eV, the overall energy resolution, in-
remarkably suppresses the rotational disorder oflAf cluding the analyzer, was 60 mé¥.
films which is observed for Ag deposition on(8L1)-(7X7) The substrate was andoped S(111) single crystal, with
surfaces. In addition, a decrease of the average size of the Ag yominal resistivity of 1002 cm. It was prepare@x situ
islands along with an increase of the island density, havgsing a wet chemical treatment that results in a passivated
been found by STM upon decreasing the substrate tempergysj(111)-(1x 1) surface?! After introducing the substrate in
ture from 300 °C to RT’ Therefore, RT deposition leads to the analysis chamber, the quality of the surface was checked
even more uniform and compact Ag films than those deposyyt through the sharpness of the features appearing in the
ited at higher temperatures. Unfortunately, in the “terature{/alence-band photoemission spectrum atihpoint, which

there is @ lack of information from structural t€chniques, o ayinyted to intrinsic H-Si surface statdsig was
about the single- or two-domain preferred orientation of thin

Ag films deposited on hvdrogen-terminated Si substrates vaporated onto the surface at RT. The rate of evaporation,
g poS yaroger inated i su .06+0.002 ML/min, was determined by using a quartz mi-
RT. Recently, the above-mentioned subject has been a

. . , robalance. In these conditions, Ag films of thicknesses rang-
dressed by studying the Fermi surfd€&) of 6-ML Ag films ing from 6 to 12 ML were deposited onto H(B11)-(1x 1)

deposited onto H-passivated(8il)-(1x1) surfaces at RT, o
Py surfaces at RT, and subsequently annealed at 300 °C to en-
and subsequently annealed at 30G°Chis study has shown hance the film uniformity.

that the measured FS reflects a sixfold symmetry rather than
the threefold symmetry expected for a@@dl) single crystal.
This behavior confirmed the fact that these Ag films are com- . RESULTS AND DISCUSSION
posed by two domains rotated 60°, being the first evidence of o
a two-domain preferred orientation of the 441) films de- Normal and off-normal valence-barfdB) photoemission
posited at RT onto H-terminated($11)-(1x 1) surfaces. spectra, after background subtraction, of 6—12-ML Ag films
In this work, thin Ag111) films have been deposited in deposited at RT onto H-terminated(Bi1)-(1X1) substrates
ultrahigh-vacuum(UHV) at RT onto H-passivated @i11)- and subsequently annealed at 300°C, are presented in
(1x1) substrates, and subsequently annealed at 300 °C ®@der to obtain the Agp-band dispersion along tHeL, I'K,
enhance the film uniformity. In such a way, an abrupt nonreandI"'M(M") symmetry directions. Figure 1 shows the evo-
active Ag/Si interface is formed, and very uniform non- lution of the normal-emission VB spectra measured with
strained thin Ag111) films of 6—12 ML have been obtained. h»=32 eV as a function of Ag thickness. The intense and
The high quality of the silver films has been probed bysharp peak observed at 0.1eV bel&y is the surface state
ARPES. Well-defined Agp QWS's have been observed at (SS in the band gap along the direction of the(A@l) crys-
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hv=32eV SS phase accumulation mod€¢RAM).* The quantum number
is defined ay=m-—n, wherem is the number of Ag mono-
layers, andn is the number of antinodes in the probability
density. Agsp QWS’s of similar quality have been also ob-
served by Neuhold and Hathin a 21-ML Ag film on
Si(111)-(7x7), deposited at 130 K and subsequently an-
nealed at RT, suggesting that special Ag deposition condi-
tions, or as shown in this work, @ill) substrates free of
complex surface reconstructions, are necessary in order to
observe quantum-size effects in Ag films deposited onto
Si(111) substrates. Therefore, it should be pointed out that
the weakness of the QWS peaks observed by Watla$®
in the photoemission spectra of 5-15-ML Ag films deposited
at RT onto Si(11)-(7X7) should be associated with the
formation of a nonuniform Ag island size distribution, as a
consequence of standard deposition at RT. STM studies have
shown that Ag deposition on Si(1-17X7) substrates at
RT produces three-dimensional structures that are far from
an ideal epitaxial filmt>2 In the lower part of Fig. 1, the
sp-band dispersio(k, ) of bulk Ag along thel'L direction
L 20 L5 L0 05 0.0 is shown in order to illustrate the physical origin of the QWS
. peaks observed in the spectra. The above-mentioned disper-
Binding energy (eV) sion relationE(k,) has been simulated by the two-band

; 5

FIG. 1. Normal-emission valence-band spectra measured witfnodel given by Eq(d),
hv=32 eV for different Ag film thicknesses deposited onto an 2 > > 5
H-terminated Sil11)-(1X1) substrate at RT, and subsequently an- E(k )=Eo—A(kgz—k, )*+U— \/4A B(kgz—k )+ U",

T-point

Intensity (arb. units)

nealed at 300 °C. In the bottom, tlsgp band dispersiorE(k,) of @
bulk Ag along thel'L direction is shown in order to illustrate the \whereA=#%2/2m*, B=3#%2%/a2, a=4.09 A is the silver lat-
physical origin of the QWS peaks observed in the spectra. tice constantU=4.2 eV is the width of the gap at the

symmetry point of Ag111), E,=0.31 eV is the position of
tal. The sharpness of this peak reflects the good crystallinityhe sp-band edge relative tB-, m* =0.7m, is the effective
and orientation of the Ag film. It should be pointed out thatmass of the electrons in this bandn{ being the free-
the sharpness observed for this peak is comparable to th@ectron mags andkg,=1.33 A1 is the wave vector at the
observed one for Ag films deposited onto highly orientedBz boundary(the L point in the[111] direction.
pyrolytic graphite, HOP@O00D, where a very narrow height  Angle-resolved photoemission spectra of the VB mea-
distribution of Ag islands has been observédNeuhold and  gred withhy=232 eV, along thd'K andTM(M’) symme-
Homn'" have attributed the depopulation of the Ag SS to theyy directions are presented in Figs. 2 and 3, for 6- and 7-ML
presence of tensile strain induced by film growth in a 21-MLag fiims, respectively. As a reference, a scheme of the
Ag film on Si(111)-(7<7). Comparison of our results with  ag(111) surface reciprocal-lattice unit cell is shown in the
the works of Wachst al ™ and Neuhold and Hoffisuggests figures. It should be pointed out, thdt andM ’ points of the

an improvement of the quality of the silver films, as a CON-¢ ' rface BZ overlap because Ag films are composed by two

sequence of the ideally H-terminated 8il) substrate sur- gno ated domains from each oth@¥ashed lines have

face used in this work. As a consequence, high-quality NONpeen added to show the energy dispersion of the different

strained Ag films can be successfully prepared ontg : )
H-passivated Si(133(1x 1) surfaces at RT, with a subse- peaks observed in the spectra. These peaks are the QWS’s

uent annealing. Alternative techniques for Ag deposition Ondenoted byv=1and 2 in Fig. 1, and the feature associated
9 9. 9 g dep ith the Ag(111) surface state. The insets of Figs. 2 and 3

Si(111), based on the cooling of the substrate to 130 K an how the band diagram extracted from the dispersion of

subsequent annealing at RT, also lead to the formation Yhese features. Solid lines are parabolic fits to &, that

very un_|form Ag f||r_ns_where manifestation of quantum-size , expected to be a good approximation for small parallel
effects in photoemission has been obseadowever, ef- b
wave vectork;, values:

fects associated with the strain cannot be avoided, an
shguld be taken intq ac_cou7nt to describe the electronic prop- E, (k) =E,(k=0) +ﬁ2kﬁ/2mﬁ‘ _ @)
erties of such Ag thin films’

Three series of well-resolved intense Ag QWS's, char-  In Eq. (2), E,(k;=0), and the in-plane effective mass',
acterized by the quantum number1-3, can be observed are fitting parameters.
at discrete energies between 0.5 and 2 eV below the Fermi In agreement with a previous wofkwo sp Ag-derived
level in Fig. 1. The evolution of the QWS energies as asurface states SS1 and SS2, at binding energiesOot and
function of Ag thickness for the different series observed0.32 eV, respectively, are found in the gap along IHe
(v=1, 2 and 3 will be analyzed later in the backdrop of the direction of the Ag111) films. The existence of two different
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FIG. 2. Angle-resolved photoemission spectra of the VB mea- FIG. 3. Angle-resolved photoemission spectra of the VB mea-
sured withhv=32 eV along the[' K symmetry direction for the sured withhy=32 eV along thd"M(M’) symmetry direction for
6-ML Ag film of Fig. 1. As a reference, a scheme of the Ag surfacethe 7-ML Ag film of Fig. 1. As a reference, a scheme of the Ag
reciprocal-lattice unit cell is given in the figure. The inset shows thesurface reciprocal-lattice unit cell is given in the figure. The inset

band diagram extracted from the dispersion of the features observeiows the band diagram extracted from the dispersion of the fea-
in the spectra. tures observed in the spectra.

n_QWS’S along thd'L symmetry direction, as a consequence

surface states with the same origin was attributed to the i % the quantization of the perpendicular wave-vector compo-
homogeneous presence of hydrogen at the interface, due nent,k, , due to the finite and homogeneous thickness of the

the fact that the annealing process partially removes hydro

gen; therefore, a downshift of the Ag surface state is pro]‘|Im. The nondispersive behavior along the direction, and

duced in regions where hydrogen still remains at the interih€ parabolic in-plane dispersion along fri& andI'M (M’)

face. It should be noted, that for Ag film thicknessesSymmetry directions of the QWS and surface states, indicate
=6 ML. the SS?2 feature éppears as an asymmetry of ththe two-dimensional electronic character of these states.
more intense SS1 peak in normal-emission spectra. Howevey, 11€ ~observation of ~ confinement effects in the
the SS2 peak becomes clearly resolved in the off-normat?9/H/Si(11)-(1x1) system requires either the presence of
emission spectra of Figs. 2 and 3, as a consequence of tife€lative gap in the &i11) substrate, or the presence of a
Fermi level crossing of the SS1 state. so-called symmetry or hybridization gap, in order to avoid
Surface states and QWS'’s show a parabolic in-plane dighe coupling of Agsp states with SiL1]) sp states of similar

persion, as can be observed in the insets of Figs. 2 and 3. TiRYmmetry: Well-defined QWS's have been observed in this

QWS in-plane effective mass| has been obtained from the work for energies between 0.5 and 2 eV belBw. Neuhold
fit of experimental data to EQ2), giving values between and Horrt” have also observed similar quality QWS'’s up to

0.38n, and 0.50n,. These values are in good agreementan energy of 3 eV belOVEF.' Thus, the above—mgntioned
with the reported ones in the literature for silver films on "€duirements should be fulfilled for hydrogen-passivated and
-Qonpassivated Gi11) substrates. According to the calcu-

Cu(111) substrates, and are almost the same as the eﬁeCti\fated valence-band structuthe maximum of the valence
mass for the Agsp valence band derived from a band- . N
9P ¢ v band is at~0.8 eV belowEg [for n-doped Si111) sub-

structure calculatioA® Moreover, a linear increase of the =

in-plane effective mass with the binding energy has beetrate3, and the first occupied state at tHepoint has been

observed. A similar behavior was also found by Muellerobserved at-1.2 eV belowEg for the H-Si(111)-(1x1)

et al. for the Ag/Cu111) quantum-well systerh. surface?® In addition, a Si band bending 6f-0.2 eV, cal-
The evolution of the normal emission VB spectra as gculated using a value of 0.5 eV for the Schottky barrier cor-

function of hv for a 7-ML Ag(111) film is presented in Fig. rected according to the interface-dipole rTE)deI, should also

4. As can be observed, a negligible dispersion is found fobe considered®* Therefore, the gap at thE point in the
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®  Ag/H/Si(111)-(1x1)
O Ag/Si(111)-(7x7); ret|15]

Binding energy (eV)

Intensity (arb. units)

S 6 7 8 9 10 11 12 13

Ag thickness (ML)

FIG. 5. QWS binding energies of Fig. 1 as a function of Ag film
210 115 110 015 010 thickness(solid symbol$. For comparison, data corresponding to
5-13-ML Ag films deposited onto Si(1)}4(7 X 7) at RT, extracted
from Ref. 15, have been also plottémpen symbols Dashed lines
?re the calculated thickness dependence of the QWS binding ener-

FIG. 4. Normal-emission valence-band spectra as a function o ies according to the phase accumulation model proposed in the
the energy of lighthw, for the 7-ML Ag film of Fig. 1. 9 9 P prop

text.

Binding energy (eV)

grlalt]edgigazrs] 3; ttgelAg\-/ds(Sgi\IEd l-é-os'zﬁmggblsir%/;tis;r?-of flections between the interfaces. For a given Ag film thick-
F . . . . _

QWS’s for binding energies above 1 eV, should be explaineé‘ess’ an Agsp eleri:tronhstandmg wave Is expec':]ed atha dis |

by the lack of coupling between the Agp states and the Crete energy in the photoemission spectra, when the tota

Si(112) bulk states. The role of the presence of hydrogen aghase change satisfies the condition given by(BR Figure

; . . shows a schematic diagram illustrating the analogy of the
the Ag/S(11]) mterfa_lce should also be taken mto.acpo_l,_lnt. It hase accumulation model with an electron interferometer
could act as a barrier, that would enhance the inhibition o

i . : ; _pqpfor the Ag/Si(111)-(2x1)-H system. Multiple reflection at
Z‘e ::EON\I/E Lnuenﬂoge?lfguplljlggiu?ns_vsglsesrvsetgn:n lzhinlrisn!v”’fhe interfaces of Agsp electrons are indicated by dashed
crgeasing the Au intgrlayer?hickness from%) to 3 MpL7 arrows. ldeal confinement is achieved for a 100% interface
In order to further analyze the dependence of the QW eflectivity. A reflectivity lower than 100% would imply par

energies with the Ag film thickness, the binding energies o ial transmission of the electron wave outside the Ag film as

the QWS'’s observed in Fig. 1 are plottésblid symbol$ as ev?:eégeg)Siifsdi;gde'f:;éend rléyl/azgzrt(aEr)rof\:)vrs A%:Tflj'?#re'
a function of the Ag film thickness in Fig. 5. In this figure, o L

data corresponding to 5-13-ML Ag films deposited OntOthe I'L direction can be simulated by the two-band model
Si(111)-7<7 at RT (Ref. 19 have also been plotted for previously defined by Eq1). For Ag thin films deposited on

) ; . HOPG0001) and F&100) substrated® ®(E) has been de-
comparisorfopen symbols According to the phase accumu-

lation model* the energy position of the QWS is given by

Eq. (3), Vacuum
a3 1 1 1 4 1

2k, (E)d+®c(E) + Dg(E) =20, 3) e PA TR T TA A
wherek, (E) is the electron wave-vector component normal d Agesp cloctron wave Ag(l11)
to the surfaced is the Ag film thicknessy is the quantum film
number previously defined, arl(E) and ®g(E) are the
phase shifts upon reflection of the electron wave function at é ) 44
the film/substrate and film/vacuum interfaces, respectively. -

ooy oy b Y

The above-mentioned model considers that QWS’s are elec- Si(111)(1x1)-H substrate

tron waves trapped inside the Ag film between the barriers at
the Ag/S(11]) and Ag/vacuum interfaces. Upon reflection of g, 6. schematic diagram illustrating the analogy of the
the Ag-sp electrons at the interfaces, phase chanBeéE)  multiple-reflection phase accumulation model with an electron in-
and ®g(E) are introduced, whereds, (E)d is the phase terferometer for the Ag/Si(134(1x 1)-H system. Multiple reflec-
change accumulated upon traversing the Ag film. In this waytions at the interfaces of Agp electrons are indicated by dashed
thin uniform Ag films can be considered as an electronarrows. Evanescent states outside the Ag films, due to interface
interferometef® where the electron undergoes multiple re- reflectivities lower than 100%, are indicated by short arrows.
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1 smoothly withE. Opposite to this behaviod<(E) for the
Ag/H/Si(111)-(1Xx1) is mainly negative, showing a pro-
nounced increase in the energy range from 2 to 0 eV. This
S — Sremmr T behavior resembles the negative phases obtained for the

e I Ag(100/Fe(100 interface, and other metal/metal
interfaces™'? According to Fig. 7, it seems that metal/

semiconductor interfaces are characterized by a smooth-

varying positive®-(E), whereas for metal/metal interfaces

a marked-varying negativ@(E) has been found!? There-

fore, metal/semiconductor and metal/metal interfaces have

large differences in the phase change that an electron-wave

— Ag/H/Si(111)-(1x1)
= === Ag/Si(111)-(7x7); ref[15]
""" Ag/Si(001)-(2x1); ref[18]

—=e= AI/SI(111)<(7x7); ref[36] undergoes at the interface, as pointed out by Matsids.,,
-1 T T T for the scattering of Bloch states near the Fermi I&el.
20 5> 1.0 0.5 0.0 However,® - (E) of the Ag/H/S{111)-(1X1) interface shows
Binding energy (eV) a behavior rather different that the expected for a metal/

FIG. 7. d(E)/27 as a function of the binding energy, for the semiconductor inteface, being similar to the expected one for

Ag/H/SI(11D-(1x 1) (solid line), Ag/Si(11)-(7x7) (Ref. 15, & mc—_ztal/_metal interface. This fact, suggests that hydrogen
(dashed ling Ag/Si(00D-(2x1) (Ref. 18, (dotted ling, and  Passivation of Si11) substrate not only enhances the Ag

Al/Si(111)-(7x 7) (Ref. 36 (dash-dotted linginterfaces, respec- film uniformity, but also changes the electron-wave scatter-
tively. ing mechanism at the interface. This could be a consequence

of the inhibiting electronic-coupling role of the hydrogen at
scribed by a semiempirical formula based on a step potentidhe interface. Nevertheless, additional work should be done
approximation, in such a way thdt-(E) varies from « to  to get further information o (E) changes induced by an
0 from the bottom to the top of the g4gdowever, such an atomic interlayer at metal/semiconductor interfaces.
approximation does not seem to be valid for the
Ag/H/Si(11])-(1X1) system, where a combination of rela-

tive and symmetry gaps should be considered in order to IV. SUMMARY AND CONCLUSIONS
account for the observed confinement effects. In addition, it . _ o
should be pointed out that positive values fbg(E) were Thin Ag(11]) films have been deposited in UHV at room

recently obtained for the Ag/Si(0pA2x1) and temperature onto H-passivated8il)-(1x1) substrates, and
Al/Si(1112)-(7x 7) systems®3® For this reason, we have as- subsequently annealed at 300 °C to enhance the film unifor-
sumed that the total phage(E)=dg(E)+ d(E) is a lin-  mity. Deposition onto H-terminated @11)-(1X1) unrecon-
ear function of£.318%The solid lines in Fig. 5 represent the structed surfaces suppresses strain induced by film growth.
calculated thickness dependence of the binding energy of th&S a consequence, an abrupt nonreactive Ag/Si interface is
QWS (with »=1-3) based on the fit of the experimental formed, and very uniform nonstrained Ad1) films of 6-12
data(solid symbol$ to the PAM proposed by Eq3). The ML have been obtained. The quality of the silver films has
best fit has been obtained fdr(E)=0.75-2.8&. The good been probed by ARPES. Well-defined Ag QWS's have
agreement between experimental data and calculated linésen observed at discrete energies between 0.5-2 eV below
suggests that the PAM can successfully characterize thée Fermi level, and their energy dispersion have been mea-
QWS observed in the Ag/H/Si(114(1x 1) system. The ap- sured along th&’K, I'M(M"), andI'L symmetry directions.
plication of the PAM model to the data of the QWS's show a parabolic dispersion, with in-plane effective
Ag/Si(111)-(7x 7) system® (open symbols in Fig.)5gives  mass of (0.38—0.5@),, along thel K andTM (M) direc-
®(E)=2.13-1.1%. The best fit for these data is shown astions, whereas no dispersion has been found alond the
dashed lines. direction, supporting the two-dimensional electronic charac-
As observed in Fig. 5, for a given Ag thickness, QWS’ster of these states.
with the same quantum number are observed at lower On the other hand, the binding energy dependence of the
binding energies in the Ag/H/Si(1)4(1X 1) system thanin QWS as a function of the Ag film thickness has been ana-
the Ag/Si(111)-(77) one. To gain more insight about this lyzed in the framework of the phase accumulation model. A
fact, the phase change upon reflection of thejgelectron  good agreement between experimental data and the above-
wave at the Ag/substrate interfacé(E)=®(E)-Pg(E), mentioned model is obtained for the Ag/H/BL)-(1X1)
has been calculated, using a semiempirical approximation faystem. A comparison of our results with the works existing
®g(E).*!8 Figure 7 showsb(E)/27 as a function of the in the literature on QWS'’s on Ag/Si interfaces, suggests that
binding energy, for the Ag/H/8111)-(1x1) (solid line), Ag/  hydrogen at the interface not only enhances the Ag film uni-
Si(11D)-(7X7) (Ref. 16 (dashed ling and Ag/S{001)-(2x1) formity, but also modifies the phase change of the -
(Ref. 18 (dotted ling interfaces, respectivelyp-(E) forthe  electrons at the Ag/Si interface. Hydrogen could act as a
Al/Si(111)-(1x1) is also given for comparisofdash-dotted barrier that would inhibit the electronic coupling between Ag
line).>® For Ag/Si111)-(7Xx7), Ag/Si(001)-(2x1) and Al/l and Sisp states at the interface, therefore enhancing the
Si(11D)-(7X7) interfaces, ®-(E) is positive, and varies degree of confinement of electrons in the Ag thin film.
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