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Observation of film states and surface-state precursors for Ag films on Si(111)
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Ag films on Si(111)-(7x7) having thicknesses of 0-17 monolayers were studied with angle-resolved pho-
toemission. The spectra exhibit quasiperiodic peaks with separations between neighboring peaks approxi-
mately proportional to the inverse of the film thickness. These are film states associated with the sp band
of bulk Ag. A surface-state precursor was also observed on films as thin as two monolayers in thickness.

The restricted geometry in thin films may lead to signifi-
cant modifications in their electronic properties as compared
to those of the corresponding bulk crystal. In this paper, we
report the observation, using angle-resolved photoemission,
of film states derived from the sp band of bulk Ag for thin
Ag films prepared on Si(111)-(7x7) at room temperature.
The film states appear in the normal-emission spectra as
quasiperiodic peaks with energy separations between neigh-
boring peaks approximately proportional to the inverse of
the film thickness. We have also observed the precursor of
a surface state for Ag films as thin as two monolayers (ML)
in thickness.

‘'The quantum size effects associated with thin films have
been observed before. For example, in thin-film tunneling
experiments at low temperatures, the tunneling current can
exhibit oscillations as a function of the bias voltage.! The
oscillations are explicable in terms of ‘‘commensurate
states’’ near specific points in the Brillouin zone. The pho-
toluminescence or lasing wavelengths of certain epitaxially
grown semiconductor superlattices can show a blue shift
upon reduction of the active layer thickness.? This shift in
optical transition energy has been explained simply in terms
of the extra energy associated with a particle confined in a
small one-dimensional box.

The present experiment differs in several important as-
pects from these earlier works. The thicknesses of our sam-
ples, 0-17 ML (0-40 A) are significantly sngaller than
those used in tunneling experiments °(> 100 A) and in
photoluminescence experiments ( > 50 A). Surface and in-
terface effects are therefore much more important. In the
present experiment, the occupied states are independently
probed, as opposed to the transition energies between elec-
tron and hole states in the photoluminescence measure-
ments. The tunneling measurements had to be performed
at low temperatures to avoid thermal broadening effects.
Our experiment was performed at room temperature; the
thermal broadening effects are not as important because the
very-thin-film states have relatively large energy separations.

The fact that well-resolved peaks derived from thin-film
states were observed indicates that our Ag-film samples had
a fairly uniform thickness. This result has important impli-
cations concerning the growth mode of Ag on Si(111)—a
subject of considerable interest and controversy in recent
years.>*4

The photoemission measurements were performed at the
Synchrotron Radiation Center of the University of Wiscon-
sin at Madison. Synchrotron radiation from the 240-MeV
Tantalus storage ring was monochromatized by either the
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Mark-V monochromator or a Seya monochromator. The
photoemitted electrons in the sample-normal direction were
analyzed with a hemispherical analyzer having an acceptance
full angle of 3° and detected by pulse counting. The pro-
cedure for preparation of the Si(111)-(7x7) substrates and
the subsequent deposition of Ag overlayers at room tem-
perature have been described elsewhere.* A single-crystal
Ag(111) sample was prepared by sputtering and annealing
in the usual manner. The overlayer growth mode, morphol-
ogy, and epitaxial relationship of Ag on Si were examined
with high-energy electron diffraction (HEED), Auger spec-
troscopy, and core-level photoemission from the substrate.
We determined that the Ag films prepared at room tempera-
ture were fairly smooth and exhibited a domained structure
in a predominantly parallel epitaxy configuration (i.e., the
crystallographic axes of the overlayer are parallel to those of
the substrate) with little distortion in both the Ag and Si lat-
tice parameters.“ The Auger and core-level measurements
showed that the films were slightly leaky, implying that
there might be a small portion of the substrate surface
covered by substantially less than the average Ag thickness.

Figure 1 shows a set of normal-emission spectra taken
with a photon energy of 22 eV from clean Si(111)-(7x7),
Si(111) covered by various thicknesses of Ag, and a single-
crystal Ag(111) sample. The spectra as presented were ob-
tained from the sum of multiple scans followed by three-
point averaging. The many small noise spikes are derived
from statistical fluctuations, and can be easily distinguished
from true spectral features by the fact that they are much
narrower than the instrumental resolution of about 0.2 eV.
The bottom spectrum in Fig 1, taken from clean Si(111)-
(7x7), shows three surface-state-derived features with
binding energies (Eg) at about 0.3, 0.9, and 1.8 eV and a
smooth background due to bulk emission.’ With an Ag
coverage equivalent to an average overlayer thickness of
T=0.75 ML, the (7x7) reconstruction is suppressed, and
the two surface-state features near Er are nearly completely
quenched, as seen in Fig. 1. For T=2 ML, a new feature,
indicated by a short bar in Fig. 1, appears in the spectrum
close to Er. This feature evolves continuously, sharpening
up as T increases, and finally settles at an energy position
just below Er. This peak is also present in the spectrum for
clean Ag(111) shown in Fig. 1, and is associated with an
Ag(111) surface state (see below).’

In the spectra for 7=5-15 ML in Fig. 1, many relatively
weak features, indicated by circles and triangles, can be seen
by careful visual inspection (especially with grazing viewing
angles). These features are readily verified to be associated
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FIG. 1. Photoemission spectra taken with a normal-emission
geometry and a photon energy hv=22 eV from clean Si(111)-
(7x7) (bottom spectrum), Si(111) covered with various thicknesses
of Ag as indicated, and a single-crystal Ag(111) sample (top spec-
trum). The short bars, triangles (filled and open), and filled circles
indicate peak positions. The binding-energy scale is referred to the
Fermi level Eg.

with the film states, as they evolve continuously with chang-
ing T. For a better presentation of the results, each of these
spectra was digitally processed by low-pass filtering of the
Fourier transform of the spectrum with a Gaussian window
function centered about zero (in much the same way as is
typically done in the extended x-ray absorption fine-
structure analysis). The inverse Fourier transform of the
Gaussian window function is itself a Gaussian function of
full width at half maximum (FWHM) of 0.2-0.45 eV, the
smaller values were used for the cases with better signal-to-
noise ratios. Real spectral features in the region of interest
are expected to have a FWHM about equal to or larger than
the largest FWHM of the Gaussian filtering functions used.
The factors contributing to the spectral width include in-
strumental broadening (0.2 eV), lifetime broadening
(> 0.3 eV, depending on the initial energy),*° inhomo-
geneous broadening due to film-thickness fluctuation (~1
ML), and the incommensurate interface potential, etc.
Thus, the filtering preferentially suppresses statistical noise
features that exhibit rapid random fluctuations, while the
real spectral features are not affected much. After filtering,
a somewhat arbitrary smooth cubic polynomial background
function is subtracted from each spectrum to get rid of the
steep background for as wide an energy range as possible.
The results are shown in Fig. 2 as solid curves with a greatly
magnified vertical scale. The weak features indicated in Fig.
1 now appear as well-defined peaks in Fig. 2; in addition, a
few even weaker peaks become noticeable. The noise is not
totally eliminated by the digital processing, however; there-

Binding Energy(eV)

FIG. 2. The solid curves are portions of the spectra shown in Fig.
1 obtained after digital filtering and background subtraction. Spec-
tral peaks are indicated by triangles and circles. The crosses
represent a spectrum obtained with v =20 eV; the dotted curve
shows a spectrum obtained from a different sample. The Ag cover-
ages are as indicated.

fore, extremely weak peaks (with a small net area under the
curve) are ignored in the analysis. Note that these peaks
have heights only about -3—(13— of the Ag 4d peak heights. The
peaks are probably also present in the spectra for 7=17 ML
and T =<3 ML in Fig. 1, but are too indistinct for positive
identification. To demonstrate reproducibility, a spectrum
obtained from a different Si sample covered by 5 ML of Ag
is shown by the dotted curve in Fig. 2 for comparison. Data
taken with other photon energies, including 14, 16, 18, and
20 eV, also show these peaks at the same binding energies.
For example, the curve shown by the crosses in Fig. 2 for
9-ML Ag coverage was obtained using 20-eV photons and
exhibits peaks at the same energies.

Figure 3 shows the band structure of bulk Ag for the
wave vector k along the L-A-T' or (111) direction;”!° this
is the direction probed by the normal-emission geometry.
The abscissa is measured in units of mv/3/a, the distance
between L and I' (a is the lattice parameter). The Ag 4d
bands, shown schematically by the hatched area in Fig. 3,
extend roughly from Eg=4-7 eV, they give rise to intense
photoemission peaks (results not shown here).* Between
the top of the 4d bands and Ef, there is only one band, the
free-electron-like sp band. The upper edge of this band is at
the L point; a surface state lies just slightly above this edge
as indicated in Fig. 3. This surface state gives rise to the
sharp peak near Er in Fig. 1 for clean Ag(111) .58

The Ag(111) surface state has a probability-density decay
length equivalent to 6 ML.” Thus it is reasonable for Ag
films with T > 6 ML to support a similar state with nearly
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FIG. 3. Schematic band structure of Ag for k (wave vector)
along the (111) direction measured from the L point to the I' point
in units of w+v3/a (distance between L and I'). The energy position
of the surface state on Ag(111) is indicated by a horizontal dashed
line.

the same binding energy as that of the single-crystal
Ag(111) sample. This is indeed observed in Fig. 1. As the
Ag film gets thinner, the perturbation of the Ag-Si interface
upon the surface state becomes more important and thus
the binding-energy shift becomes larger. For small 7, the
wave function no longer has pure surface-state character;’ it
is therefore appropriate to call the small-T states surface-
state precursors.

We now consider the behavior of the sp band states as the
film thickness T becomes small. Periodic boundary condi-
tions that give a good description of the bulk properties for
large T lead to a set of Bloch states y(r;k) for k along
(111). The allowed values of k are 2nw/T, where n =0,
+1, £2, .... The two states ¢(r;k) and ¢(r;—k) are
degenerate; hence, the allowed values of k can be restricted
to non-negative values only, with the understanding that
each positive value of k corresponds to two degenerate
states. If, instead, the boundary conditions are those for a
box with infinite walls, the allowed values of k become
nw/T, where n=1, 2, 3, .. ..! For Ag films on Si, the real
boundary conditions resemble neither of the two above-
mentioned cases exactly,!! and

k=(n+8)a/T , 1

where n=0, 1, 2, . ... 8, the quantum defect, is related to
the phase shift and depends on n and T, it is real with
|8l <1 for n > 0. k can be imaginary if n =0; this corre-
sponds to the surface state for large T.'? Clearly, the al-
lowed values of k become sparse as T becomes small; the
total number of states is just the number of layers in the
film. Over the energy range where the film states are ob-
served (Eg=0.5-3 eV), the sp band shown in Fig. 3 has
roughly a constant group velocity v. Therefore, the binding
energies of the film states derived from the sp band are

Eg(nyt)=Ey— (n+8)mwhv/T , 2)

where E, is a constant. Since 8§, being a phase-shift factor,
is expected to be a smooth function of Ez and 7, the film
states for a given T should be roughly equally spaced in en-
ergy for increasing n. Also, the energy spacing between
neighboring film states differing in #» by one should be
roughly proportional to T~! according to Eq. (2). In fact,
the energy spacing should be approximately given by the
sp-band width (about 7 eV ignoring the mixing with the 44
states)'? divided by the number of layers. The readers can
easily verify these points qualitatively by visually inspecting
the spectra.

Based on the above arguments, it is evident that the
peaks indicated in Fig. 2 are indeed film states derived from
the sp band for bulk Ag. We now analyze the data in a
more quantitative manner. The values of k measured from
L to T" for all the peaks seen in Figs. 1 and 2 have been
determined by using their experimental binding energies in
conjunction with Fig. 3. The surface-state-derived peak has
a small imaginary value of k if its energy position lies above
the sp-band edge.”!*> We shall ignore this small imaginary
component in our discussion. The values of k multiplied by
T/@ are shown in Fig. 4 for the different peaks as a func-
tion of T. According to Eq. (1),

kT/m=n+5 . 3)

Clearly, the five peaks observed in Figs. 1 and 2 can be as-
sociated with n =0, 1, 2, 3, and 4, respectively, with n =0
corresponding to the surface-state precursor. The quantum
defect & for different # as a function of T can then be easily
obtained from Fig. 4. It can be used, in principle, to deduce
the surface and interface potentials. No theoretical or other
experimental values of & exist in the literature as far as we
know.

In summary, we have observed film states and the pre-
cursor of a surface state in Ag films on Si(111). The

4
(@)
3
[ J
® [
k22— — V__V__V_.___
I: v Vv
x
v v v
v V M
=== *-——————————
11
oOb————==- --F—-F—8F—-FF—-—
llIlIlJiLlllllIll
o} 5 10 15

Overlayer Thickness T (ML)

FIG. 4. Values of kT/m plotted as a function of the overlayer
thickness T for the peaks seen in Fig. 1. The symbols for the data
points correspond to those used in Figs. 1 and 2 to indicate the peak
positions.
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surface-state precursor has even been observed for films as
thin as 2 ML; in this case, its wave function must be quite
dissimilar to that of the surface state of bulk Ag(111). The
frequently raised question regarding the critical film thick-
ness for supporting a surface state'’> has no well-defined
meaning for the present system; just imagine, for example,
the limiting case that T=1 ML, for which there is only one
state associated with the sp band. The intensities of the film
states (n =1-4) are weak in our spectra. This is perhaps
not surprising, since the sp band leads to only weak emis-
sion intensities via indirect transitions for bulk Ag(111)
under our experimental conditions.®

The fact that well-resolved peaks are observed in Figs. 1
and 2 indicates that the film thickness of our samples has a
fairly sharp distribution. For example, the » =1 peak for
T =17 ML is almost at the same energy as that for the valley
between the n=1 and n=2 peaks for 7T=9 ML. If the
T =9-ML film had a thickness distribution wider than about
+2 ML, the structures in the spectra would be essentially
smeared out. The Ag films are not perfect, however, as dis-

cussed above; the presence of thin spots may be related to
imperfections in the substrate, the nonequilibrium nature of
the growth process, and/or the domained structure of the
overlayer (the domain boundaries may be leaky). The im-
perfection in the film structure probably also explains the
fact that the surface-state photoemission peak from thick Ag
films on Si(111) is never as intense as the one from our
single-crystal Ag(111) sample (see Fig. 1).*
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