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We studied the surface-state dispersion of ultrathin Ag�111� epitaxial films on Si�111� substrates by analyz-
ing the bias-voltage dependence of surface electron standing-wave patterns using a scanning tunneling micro-
scope. The 40-monolayer �ML�-thick Ag film exhibited a two-dimensional, free-electronlike surface-state
dispersion similar to that of the bulk Ag�111� surface. However, the bottom of the surface-state band �E0�
shifted from −51 to +26 meV with respect to the Fermi level as the Ag film thickness decreased from 40 to 7
ML. The effective mass of the surface electron decreased slightly as film thickness decreased. The shift in E0

is reasonably attributed to the modification of the electronic structure induced by thickness-dependent misfit-
strain relaxation. In contrast to the Ag/Ge�111� system, the surface state hybridizes with neither the substrate
bulk band nor the Ag film’s quantum-well state in the Ag/Si�111� system.
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I. INTRODUCTION

The �111� surface of Ag bulk crystal has a Shockley sur-
face state, which reveals free-electronlike parabolic
dispersion.1,2 The bottom of the surface band is located 63
meV below the Fermi level and its effective mass is 0.42m0
�m0 is the static mass of the electron�.3 In principle, �111�-
oriented Ag films are expected to have the same surface state
as bulk Ag�111� surfaces. However, surface-state dispersion
has been reported to be modified for ultrathin Ag�111� epi-
taxial films grown on metal and semiconductor
substrates.4–11

On Au�111� substrates, ultrathin Ag�111� films initially
have a surface state close to the intrinsic surface state of
Au�111� substrates �−475 meV with respect to the Fermi
level�. However, the surface state gradually shifts upward
toward the intrinsic surface state of Ag�111� as film thickness
increases.4,5 A similar thickness-dependent shift in the sur-
face state was reported in the epitaxial growth of Ag �111�
films on a single monolayer �ML� Au film deposited on
Ag�111� substrates.6 Two surface states, the Shockley intrin-
sic surface state of the substrate and the Ag-induced surface
state, were observed for ultrathin Ag�111� films grown on
Cu�111� substrates.7 In every case, the Ag�111� films re-
vealed a surface state close to the metal substrates in the
initial stage of the growth. The surface states approached to
the intrinsic state of the bulk Ag�111� surface with an in-
crease in Ag film thickness.

In contrast to Ag films on metal substrates, no Shockley
surface state exists in the initial growth of Ag films on semi-
conductor substrates. The Shockley surface state starts to
evolve only after the growth of the Ag film of a certain
thickness. For Ag�111� epitaxial films on Si�001� substrates,
the surface state appears at �4 ML.8 Furthermore, on the
semiconductor substrates, the surface dispersion of the ultra-
thin Ag�111� films is different from that of the bulk Ag�111�
surface. An unusual, nonparabolic dispersion was reported
for the surface state of ultrathin Ag�111� films grown on
Ge�111� substrates.9,10 This anomaly in the dispersion was

attributed to the hybridization of the intrinsic Ag surface
state with the substrate bulk band. For ultrathin Ag�111�
films on Si�111� substrates, the surface state disappeared in
photoelectron spectroscopy �PES�.11 In this system, ultrathin
Ag films have a huge misfit strain due to the 25% difference
in the lattice constant between Ag and Si. The disappearance
of the surface state in PES suggests that the misfit strain may
cause the upward shift of the surface-state energy beyond the
Fermi energy, where PES has no access.

In previous studies, PES was adapted to investigate the
surface state of ultrathin Ag films.5–11 However, PES ac-
cesses only the states below the Fermi level and does not
provide any information on states above the Fermi level. In
the meantime, the bottom of the intrinsic parabolic disper-
sion of the bulk Ag�111� surface states is shallow and very
close to the Fermi level. The effective energy region ac-
cessed by PES is limited to only a small part of the entire
surface band dispersion in k�. In this respect, it is highly
desirable to obtain complementary information on surface-
state dispersion above the Fermi level for ultrathin Ag�111�
films. In particular, this is the case for Ag on the Si�111�
system, in which the upward shift of the surface state has
been suggested in PES. In this paper, we report on surface
band dispersion in the empty state of ultrathin Ag�111� films
epitaxially grown on the Si�111� substrates using a scanning
tunneling microscope �STM�.

II. EXPERIMENT

This study was carried out with an ultrahigh-vacuum
�UHV� apparatus equipped with a cryogenic sample cooling
system, an Ag Knudsen cell, a reflection high-energy elec-
tron diffraction, and a low-temperature STM unit. Si�111�
substrates were cut from an n-type wafer, set on the STM
sample holder, and preheated at 900 K overnight in the UHV
apparatus. They were cleaned by flashing at 1400 K for 10 s
and subsequent slow cooling to room temperature. Cleanli-
ness of the substrates was confirmed by observing the defect-
free, 7�7 reconstruction of the Si�111� surface. On the clean
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substrate, Ag films were deposited at 100 K. The sample was
then slowly annealed to 300 K overnight. This two-step pro-
cess enabled us to obtain Ag�111� epitaxial films of flat
morphology.12 We prepared Ag films with thicknesses �Ag of
7–40 ML.

These Ag films were subjected to STM observation. STM
tips were electrochemically etched from polycrystalline
tungsten wires. In the UHV apparatus, the tips were cleaned
by electron bombardment. During the STM observation, the
sample temperature was lowered to �70 K by a supercooled
liquid N2 cryostat attached to the STM unit. We took STM
and dI /dV images simultaneously by applying a small ac
modulation voltage �Vp-p=20 mV, 1.414 kHz� to the sample
bias voltage Vs. dI /dV images were obtained using the con-
ventional lock-in technique. The bias voltage Vs was varied
from 0.1 to 0.5 V. The STM image scale at low temperature
was calibrated with respect to the 7�7 unit cell of the
Si�111� clean surfaces.

III. RESULTS

An observed STM image and the corresponding dI /dV
images of the surface on a 20-ML-thick Ag�111� film on the
Si�111� substrate are depicted in Fig. 1 ��a� STM image;
�b�–�d� dI /dV images�. The STM image indicates that most
of the Ag film surface is covered by atomically flat terraces,
though it includes monolayer steps �as indicated in Fig. 1�a��
and monolayer pits �e.g., the lower right side in the STM
image�. In addition, partial dislocations �e.g., the lower left
side in the STM image� appeared locally at the atomically
flat terraces.12 The dI /dV images represent the surface elec-
tron standing waves that originated from the step edges, the
monolayer pit, and partial dislocations.

We deduced the wavelength � of the surface-state electron
from the distance between peaks in the cross-sectional view
of the surface electron standing waves. To prevent the cross
interaction of standing waves from different origins, we
adapted the standing wave extending from the step edge to-

ward the defect-free terrace area �e.g., the central part in the
figure� for the analysis. The data in the narrow areas sur-
rounded by defects were discarded because the quantum con-
finements in the narrow regions between steps13,14 or step
dislocation could modify the dispersion relation. Figure 2
presents the cross sections of the electron standing waves of
a defect-free area in the dI /dV images �Figs. 1�b�–1�d�� for
several Vss. Standing waves oscillate periodically and decay,
as they are apart from the step edge at any bias voltage. The
distance between peaks corresponds to half of the wave-
length of the surface electron � /2.15 Using this relation, we
deduced � of the surface electron standing waves in a range
of Vs=0.1–0.5 eV for Ag films of various thicknesses.

The dispersion relation of the surface-state electron E�k�
is obtained by plotting the wave vector k� =2� /� parallel to
the surface as a function of electron energy E �= the bias
voltage Vs�. Results are presented as E vs k�

2 plots in Fig. 3
for 7-, 10-, 20-, 30-, and 40-ML-thick Ag�111� films. For
each thickness, the plot was nicely fitted by a linear line. The
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FIG. 1. �Color online� STM image �a� and dI /dV images �b�–�d�
of a 20 ML Ag�111� film surface at liquid N2 temperature with a
tunneling current of 0.55 nA. Sample bias voltage Vs: �a� 0.35, �b�
0.15, �c� 0.25, and �d� 0.35 V. Image size is 31.5 nm�31.5 nm.
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FIG. 2. �Color online� Cross sections of the surface electron
standing waves from the step edge to the defect-free area �see Fig.
1�a� and the dI /dV images of Figs. 1�b�–1�d��. The step edge �in-
dicated by the dotted line� is considered as the origin of the distance
�=0 nm�.
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FIG. 3. �Color online� Surface-state dispersion �E−k�
2 relation�

of 7 ML �filled diamonds�, 10 ML �filled downward triangles�, 20
ML �filled upward triangles�, 30 ML �filled squares�, and 40 ML
�filled circles� thick Ag�111� films on the Si�111� substrates. Solid
lines denote the parabolic fittings of the experimental data. The
surface-state dispersion of the intrinsic surface states of the bulk
Ag�111� surface �Ref. 3� is also indicated by the solid line.
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results are evidence that the surface-state preserved parabolic
dispersion even for ultrathin Ag�111� films on the Si�111�
substrates. Specifically, the 40-ML-thick Ag film exhibited
almost the same dispersion as that in the bulk Ag�111� sur-
face with E0=−63 meV and m�=0.42 m0.3 However, we
found that the energy of the intersection at k� =0 in the fitting
line tends to increase as thickness decreases from 40 to 7
ML. The gradient also becomes steeper with a decrease in
thickness. We evaluated the bottom of the surface-state band
E0 and the effective mass m� from the intersection and gra-
dient of the fitted lines. Within the errors, Fig. 3 provides
clear experimental evidence that the surface-state band pre-
serves parabolic dispersion, but E0 shifts upward over the
Fermi level with a decrease in Ag thickness, as suggested in
the PES study.11 Substantially, E0 shifted from −51 to
+26 meV as thickness decreased from 40 to 7 ML, as de-
picted in Fig. 4 and in the fourth column of Table I. The m�

changed from 0.42m0 to 0.37m0 with a decrease in Ag film
thickness, as indicated in the fifth column in Table I. �The
error bar in m� was �0.2m0.�

IV. DISCUSSION

In previous studies, hybridization of the surface state with
the substrate band and the QWSs in Ag films were consid-

ered the cause of modified surface-state band dispersion for
ultrathin Ag�111� films grown on Ge�111� substrates9,10 and
for ultrathin Ag�111� films covered with 1 ML Bi on Si�111�
substrates.17 In addition, the misfit-strain-induced change in
the electron structure of Ag films was suggested as the cause
of modification of the surface state of ultrathin Ag�111� films
grown on the Si�111� substrates.11

First, we discuss whether hybridization with the substrate
band could cause the observed thickness-dependent shift in
E0 for our Ag/Si�111� system. As for the decay length of the
surface state of Ag�111�, which was reported as 2.8 nm ��10
ML�,6 the surface state would increase the overlap with the
bulk band as the Ag film thickness decreased, especially be-
low �10 ML. However, the surface state could not hybridize
with the substrate bulk band in the Ag/Si�111� system, as in
the Ag/Ge�111�9,10 and Al/Si�111�18 systems. For Ge, the
valence-band maximum �VBM� is very close to the Fermi

level at �̄. Therefore, even the intrinsic Ag surface state with
its bottom at only 63 meV below the Fermi level can inter-
sect the Ge bulk band in the Ag/Ge�111� system. As a result,
the surface state hybridizes with the valence band of the
substrate Ge. The parabolic dispersion is modified and E0 is
lifted. However, the VBM of Si is located at −0.3 eV.19

Thus, it can intersect a surface state on the Al films that are
further below the Fermi level.18 It does not, however, inter-
sect with the Ag surface state with its bottom at −63 meV at
any k in the surface plane and cannot hybridize with this
surface state.

In contrast to the bulk band, the QWS can intersect the
surface-state dispersion in the Ag/Si�111� system. The va-
lence electrons are confined in the narrow space between the
surface and the interface to generate one-dimensional QWSs
along the surface normal �i.e., �−L � �111�� direction in ul-
trathin Ag�111� films. Because of the specific band disper-
sion of Ag in the �−L direction, QWSs appear only below
the Fermi level and shift upward toward the Fermi level as
the Ag film thickness increases in the energy region of inter-
est in this study.16,19–21 Here, the uppermost QWS �n=1
QWS �Ref. 21�� could intersect the intrinsic surface state of
the Ag�111� surface.

We calculated the hybridization of the surface state and
the n=1 QWS for 7-, 10-, 20-, 30-, and 40-ML-thick
Ag�111� films. As an example, the 20-ML-thick Ag film is
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FIG. 4. Film thickness dependence of the band bottom E0 ob-
tained by the fitting lines in Fig. 3. Experiment errors are �8 meV
for 7-, 10-, 20-, and 40-ML-thick films and �12 meV for 30-ML-
thick film.

TABLE I. Thickness dependence of E0 and m�. First column: Ag film thickness. Second column: bottom
of the n=1 QWS estimated in the two-band model calculation �Ref. 16�. Third column: crossing point �k�� of
the intrinsic Ag�111� surface state and the n=1 QWS in-plane dispersions. Fourth and fifth columns: experi-
mentally determined E0 and m�. Sixth and seventh columns: theoretically calculated E0 and m� for HSQ

=100 meV. Eighth and ninth columns: theoretically calculated E0 and m� for HSQ=200 meV.

�Ag �ML�
E0 �eV�

QWS �n=1� Crossing �nm−1�

Experiment HSQ=100 �meV� HSQ=200 �meV�

E0 �meV� m� /m0 E0 �meV� m� /m0 E0 �meV� m� /m0

7 −1.08 4.07 26 0.37 −54 0.42 −27 0.41

10 −0.83 3.54 −6 0.37 −52 0.41 −18 0.40

20 −0.45 2.51 0 0.34 −52 0.38 −19 0.36

30 −0.38 2.26 −11 0.39 −53 0.37 28 0.35

40 −0.31 2.01 −51 0.42 −49 0.34 46 0.34
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depicted in Fig. 5. In the figure, the in-plane dispersions of
the n=1 QWS is denoted by the dashed line and dotted line
and the intrinsic surface state of the bulk Ag�111� surface is
indicated by the dotted line. Here, we calculated the bottom
of the n=1 QWS subband in the two-band model16 and drew
its in-plane dispersion using its effective mass as experimen-
tally reported in the previous PES study.19 These two states
cross at k� =2.51 nm−1. However, the degeneracy at the in-
tersection is lifted off, and the two states split into upper and
lower branches by introducing the hybridization interaction
HSQ= �QWS�V�SS	 between the surface state and n=1 QWS
at their intersection,17 indicated by the solid and dashed lines
in the figure. The exact value of HSQ is unknown in the
present system. However, HSQ was reported to range from 20
to 180 meV in Bi/Ag films on the Si�111� substrate system.17

Thus, we calculated the dispersions of the split branches for
HSQ=100 and 200 meV in this study.

We fitted the in-plane dispersion of the upper branch,
which stems from the Ag surface state, by a parabolic dis-
persion curve. Doing so enabled us to extract E0 and m� of
the hybridized surface state that are comparable to the ex-
perimentally obtained ones. The calculated and experimen-
tally obtained results are listed in Table I. The intersection at
which the original dispersion has the largest modification is
in the range of k� =2–4 nm−1, as listed in the third column in
the table. This range in k� was fully covered in our standing-
wave observations �see the horizontal axis in Fig. 3�. Thus,
the modification in the surface-state dispersion is expected to
manifest itself in the E�k�� plot in Fig. 3 if the hybridization
occurs. However, the numerically calculated results suggest
thickness dependence in E0 and m�, that is, the opposite of
the experiment results. Assuming hybridization, the calcula-
tion suggests that E0 shifts downward and m� becomes
heavier as the thickness decreases. However, the opposite
thickness dependences were observed in the experiment �the
fourth and fifth column in Table I�. Therefore, we exclude
surface-state-QWS hybridization as the cause of the ob-
served shift in the surface states of the Ag�111� films. This
calculation indicates that HSQ is very small and no substan-

tial split occurs in the present Ag/Si�111� system.
Finally, we consider the misfit-strain-induced change in

the electronic structure of Ag films as the cause of the shift in
E0.11 The lattice constant of Ag is 25% smaller than that of
Si. Thus, epitaxially grown Ag films are basically under ten-
sile strain on Si�111� substrates. The strain shifts a
conduction-band minimum �CBM� at the gap of the elec-
tronic structure of Ag in the L point. The Shockley surface
state of the Ag�111� surface is based on the real line connect-
ing the CBM and VBM in the gap at the L point.22 Thus, the
strain induced change in the bulk electronic structure could
cause a shift in the surface state. Empirical pseudopotential
method �EPM� calculation demonstrated that the in-plane
tensile strain shifts E0 upward at the Ag�111� film surface.11

This misfit-strain-induced change in the electronic struc-
ture qualitatively explains our experimental results because
the misfit strain is gradually relaxed with film thickness in
the heteroepitaxial system.23 From this viewpoint, it is rea-
sonable to assume that E0 shifts upward as Ag film thickness
decreases since a decrease in thickness increases the in-plane
tensile strain. This interpretation is also consistent with the
results in a previous PES study of the temperature-dependent
shift in E0 at bulk Ag�111� surfaces.24 In the PES study, an
upward shift in E0 was observed as the temperature rose.
This result also supports the strain-induced upward shift in
E0 for thinner films since a temperature rise causes an expan-
sion of the lattice.

Quantitatively, E0 shifted upward by 77 meV with a de-
crease in thickness from 40 to 7 ML in this experiment.
Furthermore, the EPM calculation indicated that the 0.95%
in-plane tensile strain causes a 150 meV upward shift in E0.11

This result suggests that the accumulated strain in the film
was not as great as 25% even in the 7-ML-thick Ag film on
the Si�111� substrate. Our previous STM study revealed that
Ag films included many partial dislocations even in the very
initial growth stage.12 Tentatively, we attribute the small shift
in E0 to strain relaxation by partial dislocations in Ag films.

V. SUMMARY

In summary, we studied the thickness dependence of the
Shockley surface state of the Ag�111� film surface on the
Si�111� substrate. Surface dispersions in the empty state were
obtained by measuring the wavelength of the surface elec-
tron standing waves at sample bias voltages of +0.1 to 0.5 V
in STM-based dI /dV images. The surface dispersion was
parabolic in the Ag/Si�111� system. For the 40-ML-thick Ag
film, the bottom E0 and effective mass m� of the surface state
were close to those of the bulk Ag�111� surface. However, E0
shifted upward and m� became lighter as thickness de-
creased. The surface band dispersion did not exhibit the
hybridization-induced anomaly reported in the Ag/Ge�111�
system because the VBM of Si is located deeper than E0 of
the Ag�111� surface-state band. We also investigated the hy-
bridization of the surface states with the n=1 QWS in Ag
films. The numerically expected shift in E0 and the change in
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FIG. 5. �Color online� Modification of surface-state dispersion
due to hybridization with n=1 QWS. Dotted line: intrinsic Ag�111�
surface-state dispersion. Dashed and dotted line: in-plane dispersion
of n=1 QWS in the 20-ML-thick Ag film. These dispersions could
be modified by hybridization. Solid line: surface-state dispersion
modified by hybridization. Dashed line: modified in-plane disper-
sion of the QWS. In the calculation, HSQ was taken as 200 meV.
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m� were the opposite of what we observed. This result indi-
cates that hybridization with the QWS is negligible as the
cause of the observed thickness-dependent change in

surface-state dispersion for Ag films. Only a change in the
Ag electronic state induced by the misfit strain can reason-
ably explain the observed thickness dependence.
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