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Growth and electron quantization of metastable silver films on Si„001…
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The growth morphology and the electronic structures of thin metastable Ag films grown on the Si~001!2
31 surface at low temperatures are investigated by scanning tunneling microscopy and angle-resolved pho-
toemission spectroscopy using synchrotron radiation. The morphology of Ag films exhibits a strong thickness
and temperature dependence indicating an intriguing growth mechanism. The as-deposited film at;100 K is
composed of nanoclusters with flat tops in a uniform quasi-layer-by-layer film at 2–3 ML and of homogeneous
clusters having more three-dimensional~3D! character above;5 ML. By subsequent annealing at 300–450 K,
flat epitaxial Ag~111! films are formed at a nominal coverage larger than 5 ML, while a percolating network of
2D islands is formed at a lower coverage. For the optimally annealed epitaxial films, discrete Ag 5s states are
observed at binding energies of 0.3–3 eV together with the Ag~111! surface state. The discrete electronic states
are consistently interpreted by a standard description of the quantum-well states~QWS’s! based on phase-shift
quantization. No such well-defined QWS is observed for the films with a coverage less than;5 ML. The phase
shift, the energy dispersion, and the thickness-versus-energy relation of the QWS’s of the epitaxial Ag~111!
films are consistently derived. The QWS’s in photoemission spectra show two distinctive types of the photon-
energy dependence in their binding energies; the oscillatory shifts forhn55 – 15 eV and no such shift athn
520– 25 eV. This can be explained in terms of the different final states in the photoemission process.

DOI: 10.1103/PhysRevB.63.125325 PACS number~s!: 73.90.1f, 79.60.Dp
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I. INTRODUCTION

The quantum-well states~QWS’s! associated with the
electron confinement in a nanometer scale have attra
considerable interest due to their importance in lo
dimensional physics and in the magnetic/electronic-dev
applications. A well-known example is the QWS
semiconductor/semiconductor-layered systems, which
relevant to the optoelectronic devices.1,2 Recently many in-
vestigators have focused on the QWS’s in metal/metal s
tems, which show the oscillatory magnetic coupling and
giant magnetoresistance.3–6 On the other hand, the QWS’s i
the metal/semiconductor systems have received relati
little attention due partly to the difficulty of growing epitax
ial metal films on the semiconductor substrates. Howe
recent scanning tunneling microscopy~STM! and low-
energy electron diffraction~LEED! studies have found tha
continuous and atomically flat Ag~111! films can be formed
on the semiconductor substrates such as GaAs~110!,7,8

Si~111!,9,10 and Si~001!.11,12 Such films are prepared whe
Ag is deposited at a sufficiently low temperature of,130 K
and a mild annealing up to 300–400 K follows. This uniq
growth procedure~the so-called ‘‘two-step growth’’! makes
it possible to study the QWS’s of metal/semiconductor s
tems in a well-controlled and systematic manner.

On the other hand, the growth mechanism of such a m
stable epitaxial Ag film itself has received a great deal
interest, which features an interesting critical behavior in
film thickness. The Ag films are shown to have a ma
thickness of ;6 ML where the films have the lowes
energy.7,9 While a newly developed theoretical growth mod
~the so-called ‘‘electronic growth’’ model! invoked an im-
0163-1829/2001/63~12!/125325~9!/$15.00 63 1253
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portant role of the QWS’s within the films,13 a direct experi-
mental study of the electronic structures of such films h
been lacking. Furthermore much complex growth morph
ogy has been identified for the Ag metastable films on
Si~111!737 surface below the critical thickness, which ca
not easily be explained within the simple electronic-grow
model.14 This situation obviously requests a detaile
electronic-structural study for the metastable epitaxial fil
grown on a semiconductor substrate through the two-s
growth process.

Angle-resolved photoelectron spectroscopy~ARPES! is a
unique direct probe to the electronic structures of thin film
This tool has successfully revealed the presence and
physical properties of the QWS’s on various metal th
films.3–6,15–25An early ARPES study of the Ag films grown
on Si~111! at room temperature has identified very we
QWS features19 although later STM studies showed that su
a film at room temperature is far from an ideal epitax
film.26 Later ARPES studies clearly observed QWS’s for t
Ag~111! films on GaAs~110! grown by the low-temperature
two-step process.15,16 However, without the morphologica
study of the Ag films on GaAs~110!, Neuhold and Horn
originally interpreted the QWS as due to the Ag islands a
thus no direct correlation with the film morphology could b
obtained.15,16 A very recent ARPES study also observe
well-defined QWS’s for the Ag~111! films grown on Si~111!
in a similar way but no detailed discussion of the QWS’s w
provided.10

In this paper, we report on a study of the QWS’s and
growth morphology of the metastable Ag~111! films grown
epitaxially on the Si~001!231 surface by the two-step pro
cess, that is, Ag deposition at;100 K and subsequent an
©2001 The American Physical Society25-1
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nealing at 300–500 K. For a wide temperature and thickn
range, the film-growth mode was surveyed by LEED a
reflection high-energy electron diffraction~RHEED!. Using
STM, the film morphology was investigated in detail at tw
representative Ag coverages of 2.5 and 5 ML, where sign
cantly different types of the morphology are observed. T
electronic structures of the Ag films were investigated
ARPES using synchrotron radiation for thickness up to
ML. The well-defined QWS’s were identified clearly at th
Ag film thickness of 5–30 ML. The physical properties
the QWS’s are studied in detail and are analyzed using
well-established phase-shift quantization rule.18,21–25 The
correlation between the film structure and the QWS’s
discussed.

II. EXPERIMENTS

The STM and ARPES experiments are preformed in t
different locations. For the STM measurement, we use
commercial ultrahigh vacuum low-temperature ST
~UNISOKU USM501 type! equipped with RHEED system.27

The base pressure in the chamber was 7310211Torr. All the
STM images were taken in the constant-current mode a
K. The ARPES measurements were performed using s
chrotron radiation on the vacuum ultraviolet (hn
55 – 40 eV) beam line BL-7B~Research Center for Spectro
chemistry, the University of Tokyo! at Photon Factory,
Japan.28 It is equipped with an angle-resolved photoelectr
spectrometer~ADES 400, Vacuum Generator!, a LEED op-
tics, a quartz crystal thickness monitor, and a sample
nipulator with a cryostat.29–32 The base pressure of this sy
tem was ;1310210mbar during the experiment. Th
overall angular and energy resolutions chosen were;1.5°
and ;0.1 eV, respectively. Linearly-polarized synchrotro
radiation was incident at an angle (u i) of 45° from the sur-
face normal along the@110# axis of the Si~001! crystal. All
the ARPES spectra were measured at 120 K and at a p
emission angleue of 0°. Each spectrum is taken athn
521 eV and is normalized to the intensity above the Fe
level EF , which is proportional to the incident photon flux

A Si~001! substrate was first prepared by theex situ
chemical etching and then a clean Si~001!231 surface, as
checked by RHEED and STM, was prepared by stepw
degassing and finally by flash annealing at 1500 K. Ag w
deposited onto the Si~001!231 surface held at 65 K or at 12
K using a W filament~in the STM apparatus! or a graphite-
effusion cell~in the ARPES system!. The film thickness in
the present study is given in terms of the monolayers of
Ag~111! atomic layer (1.3931015atoms/cm2), which was
determined from the evaporation rate of the source as c
brated by the well-known phase diagram of the roo
temperature Ag adsorption on Si~001!231 ~Refs. 30–33!
and by a quartz microbalance.

III. RESULTS AND DISCUSSION

A. Growth morphology at low temperature: An STM study

Figure 1~a! shows an STM image for the Si~001! surface
with 2.5 ML Ag deposited at 65 K. We can observe a gran
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lar Ag film composed of nanoclusters in quite a uniform-s
distribution of 20–30 Å, which evenly covers the whole su
face. A line profile of several such clusters@the A-B line in
Fig. 1~a!#, shown in Fig. 1~b!, exhibits that the Ag nanoclus
ters have flat tops with sharp edges indicating their 2D ch
acter. Within our experimental resolution, the nanoclust
likely have uniform height differences of;2.6 Å that may
correspond to the height of one Ag~111! layer ~2.36 Å!.
Hence, Ag grows on Si~001!231 at 65 K in a quasi-layer-
by-layer manner at this coverage range although the film
composed of nanoclusters formed by the limited diffusion
Ag adsorbates. A recent LEED study observed a clear LE
intensity oscillation during the Ag growth on Si~001!231 at
130 K,12 which is consistent with this interpretation. Ou
own RHEED measurements also showed a clear oscilla
of the ~00!-spot intensity indicating this quasi layer-by-lay
growth. Such a quasi-layer-by-layer growth is also repor
for the growth of Ag on Si~111!737 at 90–150 K by STM
~Ref. 34! and RHEED.35 Indeed, the STM image of the Ag
films of 2.5 ML grown on Si~111!737 at 90 K is almost
identical to the present result on Si~001!.34

For the Ag deposition of 5 ML at 65 K, the nanocluste
grow in their lateral size~30–40 Å! and height@Fig. 2~a!#. A
line profile @C-D line of Fig. 2~a!# shows that the nanocluste
shape is apparently different from those of 2.5 ML. Th
have sharp tops instead of flat ones and no discrete ed
This indicates that the islands start to have a 3D featu

FIG. 1. ~a! An STM image for the 2.5-ML Ag deposition on a
Si~001!231 surface at 65 K. The image was taken at a tip b
voltage of 5.0 V.~b! A line profile of theA-B line in ~a!. ~c! A
similar STM image for the same surface after annealing at 30
for 1 h.
5-2
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which can be related to the damping of the intensity osci
tions in the previous LEED study12 and in our RHEED
study, upon the coverage increase. Thus, the present S
results confirm that the low-temperature Ag growth
Si~001! occurs in a quasi layer-by-layer manner, as repor
by Horn-von Hoegenet al.12 and is also similar to the Ag
low-temperature growth on Si~111!.34 However, the kinetic
roughening of the growth front occurs to have more 3D ch
acter upon the increase of the film thickness.

As previously reported for Ag films on GaAs~110! and
Si~111!, the morphology of these low-temperature grow
films is only metastable and it changes drastically by m
annealing at 300–400 K. As shown in Fig. 1~c! for the
2.5-ML Ag film on Si~001!, after annealing at 300 K for 1 h
a more or less irregular surface feature is found. The film
a percolated network of 2D, atomically flat, islands
roughly ;100 Å in their lateral size. The height of the 2
islands is, however, not that uniform with zero, one, tw
three, or even four atomic layers: roughly 60% of the wh
islands have the height of two or three atomic layers. T
STM image is similar to those for the Ag films of the sam
coverage on Si~111!737 prepared in a similar procedure.9,14

However, it can be noted that the Ag 2D islands on Si~001!
has a much weaker tendency to prefer a single height
ML in contrast to those on Si~111!.9,14 It is not certain in this
stage as to what is the origin of this difference, with ma

FIG. 2. ~a! An STM image for the 5-ML Ag deposition on a
Si~001!231 surface at 65 K taken at a tip bias voltage of 3.0 V.~b!
A line profile of theC-D line in ~a!. ~c! A similar STM image for
the same surface after annealing at 300 K for 1 h.
12532
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possible factors such as the different substrate surface s
tures or the subtle difference in the growth conditions.

The film morphology after annealing at 300 K exhibits y
another characteristic feature as shown in Fig. 2~c!. In sharp
contrast to the annealed film of 2.5 ML@Fig. 1~c!#, an atomi-
cally flat Ag film is formed over the whole surface at th
nominal coverage of 5 ML. The film features the steps~in-
dicated by arrows in the figure! and also the ‘‘pit holes’’
~dark spots or areas in the image!. The steps are identified a
due to those of the Si~001! substrate by comparing with th
step morphology~such as the orientation and separations! of
the clean Si~001! surface before the evaporation. That is,
flat Ag film is formed on each terrace of Si~001! substrate
without altering the substrate steps significantly. This is a
confirmed in the previous STM studies.11,12 As identified by
RHEED and LEED, the Ag film is a well-ordered epitaxi
Ag~111! film. The most startling feature of the film is appa
ently the pit holes. It is likely that the pit holes reach down
the Si substrate as in the very similar cases of the Ag epi
ial films on GaAs~110! ~Refs. 7, 8! and Si~111! ~Ref. 9!
grown in identical procedures. We are then able to estim
the critical thickness of the Ag film from the surface area
the pit holes and the nominal coverage of the deposited
This estimation yields a critical thickness 6 ML, which is th
same as reported previously for Ag/GaAs~110! ~Ref. 7! and
Ag/Si~111!.9

This result generally favors the idea of electronic grow
proposed by Zhang and co-workers13 that the Ag film is most
stable at the thickness of;5 ML, being insensitive to the
strain energy imposed by the substrate due to the preva
contribution of the quantized electrons within the film. How
ever, as shown for Si~001! and also for Si~111! recently,9,14

the Ag films on Si surfaces at a lower coverage of 2–3 M
do not share the growth morphology with a critical thickne
of 6 ML, in contrast to that on GaAs~110!.7,8 On the Si~111!
surface, the Ag film exhibits another critical thickness of
ML, i.e., a strong preference of 2-ML single-height 2D i
lands at a coverage of less than 3 ML.14 Zhang and his co-
workers recently argued that this is also consistent with th
own electronic-growth model, but it was not clear at all w
there should be two different critical thicknesses of 2 M
and 6 ML for the Ag films on Si~111!.13,14 As we have
shown here, the Ag growth on Si~001! at a lower coverage
than 6 ML does not follow the expectation of the electron
growth model and does not exhibit another critical covera
of 2 ML. While further studies and discussion are grea
required to understand this intriguing growth mode and
dependence on the surface structures, it seems obvious
the electronic-growth model oversimplifies the difference
various substrate surface structures.

B. Electronic states of the Ag films: An ARPES study

An approach to understand the intriguing growth mo
phology and the role of quantized electronic states can
parently be to study the electronic states of the films direc
by ARPES. Figure 3 shows the normal-emission ARP
spectra for the Ag film with a nominal thickness of 14 M
grown on Si~001! at 120 K and similar spectra also for th
5-3
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IWAO MATSUDA et al. PHYSICAL REVIEW B 63 125325
same film but after annealing at different temperatures fo
minute. Each spectrum is taken at a photon energy (hn) of
21.0 eV. The strong emissions at a binding energyEB of 5–6
eV are the emissions from the Ag 4d states. The difference
of the ARPES spectra clearly indicate the drastic chang
the electronic structure of the Ag film by the annealin
Without the annealing, the spectral shape of Ag 4d is very
broad with many possible components and the valence b
nearEF is featureless~indicated as 120 K in Fig. 3!. This
spectral shape is similar to those of Ag deposited
Si~001!231 at room temperature with a coverage larger th
3 ML, indicating the formation of rather disordered A
clusters.32 The formation of such clusters for the low tem
perature~LT! deposition is consistent with our STM in Fig
2~c! and the previous LEED results.12 After annealing at
300–350 K, we observed clear (131) LEED and RHEED
patterns of Ag~111!, which is also consistent with the prev
ous STM and LEED studies, as discussed above.11,12 The
ARPES spectra after annealing show an intense structure
below EF ~denoted as SS! and the fine peaks at the bindin
energiesEB of 0.3–3 eV. In addition, the Ag 4d has well-
defined structures after the annealing at 350 K~Fig. 3!.
Through the comparison with the ARPES studies of a cl
Ag~111! surface36 and of the epitaxial Ag~111! films18,24,25

SS can unambiguously be assigned to the surface state o
Ag~111! surface layer. As rigorously interpreted below a
also through the comparison with previous ARPES studie

FIG. 3. A collection of normal-emission ARPES spectra for t
Si~001!231 surface with 14-ML Ag deposited at 120 K and su
sequently annealed at various temperatures indicated for 1 min.
spectra are taken at the photon energy of 21.0 eV and at the ph
incident angleu i with respect to the surface normal of 45°. See te
for the assignments of the peaks in the spectra.
12532
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the Ag~111! thin films,10,15,16,24,25the fine peaks~the filled
triangles! at EB of 0.3–3 eV are identified as the QWS’s. I
this case, the electrons are confined by the 1D potential w
along the normal to the film, which is formed by th
vacuum/Ag and the Ag/Si interfaces. This will be discuss
in detail below.

With the further annealing at 400–540 K, the Ag~111!
surface state gradually perishes while the QWS’s and
Ag 4d states remain more or less intact. At this temperat
range no significant change of LEED patterns was observ
However, above;600 K, the surface state and the QWS
all vanish and are replaced by three distinctive peaks atEB
;0.7, 1.6, and 2.5 eV. The LEED pattern, then, show
mixture of the Ag~111!131 pattern and the Si~001!231 pat-
tern. Above 800 K, the valence-band spectra is dominated
two strong peaks atEB50.5 and 1.5 eV, which are identifie
as due to the surface states of the Si~001!233-Ag surface30

in consistency with the observation of a clear 233 LEED
pattern. The surface after the annealing above 800 K is t
thought to be composed of the 233-Ag wetting layers@with
a coverage of;0.6 ML ~Ref. 30!# and the large 3D Ag
islands. The origins of the three peaks at intermediate t
perature range~tick marks in Fig. 3! are not clear at all
although the 231 LEED pattern observed at this coverage
likely due to the Si~001!231-Ag surface. The
Si~001!231-Ag surface is typically formed for the room
temperature adsorption of Ag at and above;1.0 ML and is
the wetting layer for the room-temperature Strans
Krastanov growth of Ag on Si~001!231.32 However the cor-
relation of the three peaks with the surface states o
31-Ag ~Ref. 32! is not obvious. In any case, it is clear th
the epitaxial Ag layers formed by the two-step procedure
only metastable. The annealing above;550 K converts the
Ag films gradually into the conventional Stranski-Krastan
type morphology of the 2D wetting layers~the 233-Ag
layer! with the 3D islands. It is interesting to note that th
Ag~111! surface states~SS in Fig. 3! start to be depopulated
at a lower temperature than that at which the QWS’s
affected by the annealing. We can speculate that the topm
layer of the epitaxial film is more sensitive to the anneali
than the whole film. This is natural since the mass transp
from the epitaxial layers to the Ag 3D islands is likely
occur from the topmost layers. Otherwise, this intrigui
temperature dependence of the surface state might be re
to the effect of the film strain as recently suggested for
Ag~111! films on Si~111!.10 The QWS’s and the surfac
states are then a qualitative criterion of the perfection of
film and of the order of the surface layer, respectively.
adopting this criterion and also from the LEED study, we c
conclude that the Ag film after the annealing at 300–400
has the best film and surface quality.

We then studied the QWS’s of the Ag films after anne
ing at 300–400 K for different Ag film thicknesses of up
30 ML. In Fig. 4, a series of ARPES spectra in the ener
range fromEF to the lower-binding energy tail of the Ag 4d
level is shown for the epitaxial Ag films after annealing wi
various thickness~the nominal coverages are given!. At the
coverages of 0.3 and 0.5 ML, we find three peaks,S, B1 , and
B2 , which are identified as due to the Si~001! substrate. At
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1.0 ML, the density of states atEF is observed, which is
obviously due to the Ag film. This Fermi-edge emission
very clear at 1.5 and 2.5 ML with the decreasing intensity
the substrate contribution. From the coverage of 4 ML,
ARPES spectra exhibit the Ag~111! surface state mentione
above. This means that the film starts to have large flat
face areas with the structure of the Ag~111!131 surface. At
higher coverage than 4 ML, the surface state develops fur
and the valence states, which are clearly different from th
of the Si substrate states, are observed at the binding ene
of 0.3–3.0 eV~the filled symbols in Fig. 4!. These states ar
proved to be the QWS’s of the Ag~111! films as explained
below. It is worth noting that the QWS’s and the surfa
state are not clearly identified for the films with the covera
of 2.5 ML. This might be related to the film morphology, a
observed by the present STM study. That is, the films at,3
ML exhibit only the irregular 2D islands with various thick
ness of 1–4 layers while those at>5 ML posses large atomi
cally flat terraces with a well-defined height.

It should first be noted from our STM result@Fig. 2~c!#
that the ARPES peaks at a nominal coverage of 5 ML c
respond actually to the QWS’s of a 6-ML-thick film. In Fig

FIG. 4. Normal-emission ARPES spectra for the Ag films
varying thickness on Si~001!231 formed by deposition at 120 K
and subsequently, annealing at 300–400 K. The conditions
ARPES measurement are same as in Fig. 3. The peak positio
the quantum-well states are marked with filled symbols and
traced with gray lines. See text for more explanation of the differ
electronic states assigned.
12532
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4, the systematic variation of the QWS binding energies
observed with respect to the film thickness, which is due
the change of the width of the quantum well.15–25In order to
quantify the binding energies of QWS’s, several models h
been used in the previous studies.3,5,6,15–25,37We invoke the
‘‘phase-shift quantization rule,’’ which has been successfu
applied to the interpretation of the image states and the
face states on clean metal surfaces and of the QWS in
metal thin films.5,17–25The quantization condition for the ex
istence of a QWS is

fvac~En!12k'~En!d1fsub~En!52pn, ~1!

wheren is the quantum number,k' is the wave vector of the
envelope function of a Bloch state perpendicular to the s
face, andd is the film thickness.fvac(En) andfsub(En) are
the phase shifts upon reflection at the two boundaries of
film towards the vacuum and towards the substrate, res
tively. In Eq. ~1!, k'(En) represents the band dispersio
along the normal to the Ag~111! surface~theG-L direction of
the 3D Brillouin zone!.20,21,24With a simple transformation
of Eq. ~1!, one can derive the relationship of the thickne
versus energy, the so-called ‘‘structure plot,’’ of thenth
QWS,20,21

dn~En!5@n2112pfvac~En!12pfsub~En!#/@12k'~En!#,
~2!

wheredn is given in the number of the Ag~111! atomic lay-
ers andk'(E) in the unit of the size of the zone-bounda
wave vector at theL point.

In order to solve Eq.~2!, it is required to know the dis-
persion relation of the Ag~111! sp band along the@111# di-
rection,k'(E), and the energy dependence of the total ph
shift at the two boundaries, f tot(E)52pfvac(E)
12pfsub(E). The dispersionk'(E) can be determined
experimentally.24 Briefly, if the nth quantum state for a film
thicknessd happens to have the same binding energy as
of n8 ~n85n11, for example! at a thickness ofd8, then the
simultaneous solution of Eq.~1! for these two quantum state
yields

k'5p~n82n!/~d82d!. ~3!

The E(k') data measured in this way from the prese
Ag~111! films is given in Fig. 5~a! as solid circles. The ex-
perimental dispersion is then fitted with a fitting functio
which is based on the two-band nearly free electron mod

E~k'!5E02@ak'
2 1U2~4a2bk'

2 1U2!1/2#, ~4!

with a5h2/(8p2m* ) andb53p2/a0
2, U54.2 eV the width

of the band gap at theL point, andE050.31 the position of
the sp-band edge relative toEF .18,24 The fit gives the elec-
tron effective mass of this band,m* as 0.78me . In this
method, the only source of experimental error is introduc
by a possible difference between the nominal and meas
film thickness. The uncertainty of the film-thickness me
surement is;10% in the worst case, which leads to the sa
;10% error in thek' value determined. The standard devi
tion of theE(k') fit given above is 0.08 eV but is roughl
three times larger when we consider the largest possible 1
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IWAO MATSUDA et al. PHYSICAL REVIEW B 63 125325
uncertainly ink' . Even in that worst case, however,m* can
accurately be determined within 0.005me . This value is al-
most the same as those obtained by the identical method
the QWS’s in Ag~111!/graphite~0001! ~Ref. 18! and in
Ag~111!/Cu~111! @given as solid diamonds in Fig. 5~a!#.24

The resulting dispersion curve is also in good agreem
with the previous theoretical calculation of the bulk A
metal.36 What is left to solve Eq.~2! is now the total phase
shift f tot(E). The typical way to find the total phase sh
reasonably is to assume thatf tot is a linear function ofE
~Refs. 20, 21! and to fitf tot(E) by putting thedn andEn data
measured for one of the QWS’s, into Eq.~2!.20,21 We chose
then54 QWS since this state is observed around the ce
of the observed energy range and at most of the covera
As shown in Fig. 5~b!, the phase shifts obtained forn54
QWS’s ~solid squares! are fitted to f tot(E)5(20.25p
eV21)E10.71p.

From the empirical bulk-band dispersion@Fig. 5~a!# and
the total phase shift@Fig. 5~b!#, the structure plots@Eq. ~2!#
for all the QWS’s are calculated as shown in Fig. 6 toget
with the experimental energy positions of the QWS’s o
tained from Fig. 4. To the best of our knowledge,
preivous report is available for the structure plots of t
QWS’s in a metal film on a semiconductor substrate and
the QWS’s of a Ag~111! film. The calculated energy pos
tions of the QWS fit the experimental data reasonably w
except forn51 andn52 QWS’s with binding energies les
than ;1.0 eV. This deviation may be due to the change
the Ag band structure by most likely the strain induced
the Si~001! substrate or due to the limitation of the approx
mations used in obtaining the bulk dispersion and the t
phase shift. As seen in Fig. 5, the phase shift at this ene

FIG. 5. ~a! The sp-band dispersion for Ag bulk along theG-L
Brillouin-zone line. Solid circles and diamonds are data points fr
the present experiment on Ag~111!/Si~001! and the previous report
on Ag~111!/Cu~111! ~Ref. 25!, respectively. The solid curve is
least-squares fit of the Ag/Si~001! data points based on the two
band nearly free-electron model~see text!. ~b! Change of the phase
shift of the n54 quantum-well state of Ag~111!/Si~001! with its
binding energy. Experimental data and a least-squares fit are sh
as solid squares and a solid line, respectively.
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range is chosen from the linear extrapolation of the energy
phase shift relation, which is determined experimentally o
at the energy of 1.0–2.5 eV. This indicates that there can
a possible difference in the phase shift between our esti
tion based on the simple, linear extrapolation and the rea
in the energy region of,1 eV. This possibility becomes
much more plausible when we consider the fact that the s
strate Si valence-band maximum is located atEB;0.6 eV.
That is, there might be a drastic difference in the phase s
at the Ag/Si interface between the energy regions inside
outside the substrate band gap making the QWS energy
sitions deviate from those expected from the above theo
cal model. Quantitative information on the strain of such th
Ag films and further study on the phase shifts will be cruc
to understand this issue.

Let us now turn back to the phase shifts at the two bou
aries. A phase shift at the Ag-vacuum interface can be
pressed as

fvac~E!5p@3.4/~Ev2E!#1/22p, ~5!

which represents the phase shift for an image poten
within the WKB approximation38 and whereEv is the
vacuum level.fvac(E) at EF can be evaluated by introducin
the work function of the Ag~111! surface~4.5 eV! into (Ev
2E) of Eq. ~5!, which yields fvac(EF)520.13p. Since
f int(EF) was evaluated to be;0.71p @Fig. 5~b!#, one can
estimate the value offsub(EF) to be;0.84p. SinceEF lies
within the Si band gap, the electrons atEF are Bragg-
reflected at the Ag-Si interface, that is,fsubshould ideally be
p. In spite of the crude approximations used,fsub(EF) of
Ag~111!/Si~001! obtained above is close to this expectatio
It contrast, the total phase shift of QWS’s of a Ag~100! film
on a metal substrate was reported to be20.4p at EF .21 This
clearly indicates that the metal/semiconductor and the me
metal interfaces have large differences in the scattering
Bloch-state electron near the Fermi level.39

Previously, it was reported that the QWS’s in ARPE
spectra exhibit a certain binding-energy shift with respec
the photon-energy variation.25,40 This means that the abov
structure-plot analysis could be affected by the use of a

wn

FIG. 6. Comparison between the model calculation based on
phase-quantization model~curves! and the experimental data~dots
with the error bars! for the binding energies of the quantum-we
states for the epitaxial Ag~111! films on Si~001! as a function of
thickness. See text for the explanation of the model calculation
5-6
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GROWTH AND ELECTRON QUANTIZATION OF . . . PHYSICAL REVIEW B 63 125325
ferent photon energy. We thus studied the photon-energy
pendence of the ARPES spectra in detail. The spectra o
14-ML film are shown in Figs. 7 and 8 for photon energies
5.75–14.25 eV and 20–25 eV, respectively. Each spect
is normalized by the intensity of the Ag~111! surface state.
The QWS’s in the ARPES spectra were not discernible at
photon-energy range of 15–20 eV due to interference w
the contribution from the second-order light of the beam li
In Fig. 7, the QWS peaks are clearly dispersive and sho
cyclic or ‘‘ratcheting’’ behavior in their binding energies, a
indicated by the thick lines. This phenomenon is very sim
to that reported for the Ag~111! film on Ni~111!.25 The width
of the peak shifts is roughly 0.3 eV but is slightly differe
for different QWS peaks. Each peak emerges from one
of the range of the shift, moves to the other end, pops ba
and repeats its shift. Its intensity diminishes near the t
ends of the shift, and reaches a maximum around the m
point of that energy window. These energy positions with
intensity maxima are indicated by the thin solid lines in t

FIG. 7. Normal-emission ARPES spectra for the 14-ML-thi
Ag~111! epitaxial film on Si~001! taken at photon energies~hn! of
5.75–14.25 eV. The step in photon energy is 0.25 eV. The th
lines are guides to the eye showing the peak motions of
quantum-well states. The thin lines indicate roughly the maximu
intensity position for each quantum-well states.
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figure. The intensity of the even-number QWS’s is enhan
when that of the odd-number QWS’s is reduced and v
versa. In clear contrast, the QWS peaks athn520– 25 eV in
Fig. 8 show no dispersion along the surface normal. Furth
more, there is no discernable difference in the appearanc
the odd and even QWS’s. The binding energies of the Q
peaks athn520– 25 eV in Fig. 8 coincide with the mid
points of the energy window of the ratcheting QWS peaks
hn56 – 14 eV in Fig. 7.

There have been a few ARPES studies that measured
photon-energy dependence of the QWS’s of the Ag~111!
films. Mueller, Miller, and Chiang performed a photoemi
sion study of Ag~111!/Cu~111! at hn510 and 11 eV.24 No
binding-energy shift was observed between these two pho
energies. Evans and Horn16 measured ARPES spectra o
Ag~111!/GaAs~110! at hn532– 57 eV observing no disper
sion with photon energy for the QWS peaks. They natura
attributed such little dispersion of both Ag~111!/Cu~111!
~Ref. 24! and Ag~111!/GaAs~110! to the spatial confinemen
normal to the surface.16 On the other hand, the ARPES stud
of Ag~111!/Ni~111! observed the QWS dispersion athn
55.5– 13.75 eV which is very similar to the present obs
vation athn55 – 14 eV.25 This behavior was interpreted a
due to the limited spatial confinement of the QWS’s throu
inevitable coupling to the substrate electronic states.25 Such
coupling leads to the broadening of the QWS energies
both initial and final states, causing the ratcheting peak
sitions of the corresponding ARPES peaks upon varying
photon energies.25

However at the first look, this interpretation seems to co
tradict the invariant QWS peak energies for higher pho
energies, which was observed previously16 and presently.
This difference can be understood from the difference of
photoemission final states. The final states at the low-pho
energy range are the unoccupied Agspband, which disperse
from 3 to 17 eV aboveEF along theG-L line36 and which are
also quantized into the discrete states in the films.20,21 In

k
e
-

FIG. 8. Similar to Fig. 7 except that the photon energies
from 20 to 25 eV. The thin lines indicate the peak position of ea
quantum-well state.
5-7
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IWAO MATSUDA et al. PHYSICAL REVIEW B 63 125325
contrast, atE.16 eV, aboveEF the many unoccupiedd
bands can be the corresponding final states, which are al
continuum states with numerous quantum levels already
coverage as thin as;10 ML.41 Thus, it is plausible to expec
that the photoemission spectra of QWS’s are distinguis
into two types; the excitations into the discretesp-band final
states at,16 eV and those into thed-band continuumlike
states at.16 eV. The observation of the ratcheting behav
at hn55.75– 14.25 eV is consistent with the above interp
tation given previously and the lack of such behavior
higher photon energy is then explained by the lack of
discretesp final states.

Within this interpretation a QWS is thought to have
finite energy width due to the coupling with the substra
bands. However, then51 QWS’s of Ag~111!/Si~001! was
also observed to disperse~Fig. 7!, which is located obviously
within the band gap of Si~001! and thus is expected to hav
no coupling to any substrate band.30–31,42–44This seems to
suggest another mechanism for the energy-width broade
of a QWS. Although further study is required in this aspe
the QWS binding energy can uniquely be determined in
ARPES experiment by choosing the photon energy lar
than ;16 eV avoiding the ratcheting behavior and can
compared to the theoretical calculations as in Figs. 5 an

IV. CONCLUSIONS

The low-temperature growth and the electronic structu
of the thin metastable Ag films on the Si~001!231 surface
are investigated by STM and ARPES using synchrotron
diation. The as-deposited film at;100 K is composed of 2D
nanoclusters in a uniform quasi layer-by-layer film at 2
ML, which changes into the larger clusters having more
character at;5 ML. These clusters possess a uniform s
distribution of 20–30 Å and 30–40 Å at 2.5 and 5 M
respectively. This morphology is altered drastically by a s
sequent annealing at 300–450 K into two characteristic
different structures. A percolating network of 2D islands
;100 Å size is formed at 2.5 ML with rather disordere
heights. In sharp contrast, atomically flat epitaxial Ag~111!
films are formed at a nominal coverage larger than 5 M
,
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The growth morphology seems to be consistent with the
cently introduced electronic-growth model of a magic thic
ness of 6 ML at high coverages. However, the discrepa
with this growth model is obvious at a lower coverage of 2
ML.

The ARPES spectra also exhibit a drastic change u
annealing. At the optimal annealing of 300–450 K, the e
taxial Ag~111! films of 6–30 ML are formed with the well-
defined QWS of the Ag5sband at binding energies of 0.3–
eV together with the Ag~111! surface state. The surface sta
was shown to have more sensitivity for further anneal
than the QWS. At higher annealing temperatures,
ARPES spectra gradually changes into that of
Si~001!233-Ag layer, which wets the surface after the A
films coalesce into 3D islands. No such well-defined QWS
observed for the films with a coverage less than;5 ML,
which is most likely related to the different morphology
low coverage as observed by STM. The QWS’s are con
tently analyzed with the standard phase-shift quantiza
model. The phase shift of the QWS’s atEF in the Ag/Si
interface is estimated to be close top, indicating a far more
perfect reflection of Bloch waves than an Ag/metal interfa
The phase shift, the energy dispersion, and the thickn
versus-energy relation~the structure plot! of the QWS’s of
the epitaxial Ag~111! films are consistently derived. Th
QWS’s in photoemission spectra show two distinctive typ
of the photon-energy dependence in their binding energ
the oscillatory shifts athn55 – 15 eV and no such shift a
hn520– 25 eV, respectively. This can be explained in ter
of the different final states in the photoemission process;
quantizedsp band and the continuumliked band for the
lower and the higher binding-energy regimes, respective
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