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Thickness dependence of surface plasmon damping and dispersion in ultrathin Ag films
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The thickness dependence of the surface plasmon damping and dispersion of atomically flat and ultrathin
silver films deposited on the Si(111)-(7 X 7) surface was investigated by a combined high-resolution electron-
energy-loss spectroscopy (HREELS) and scanning tunneling microscopy (STM) system. We found stronger
plasmon energy dispersion with the momentum parallel to the surface (g) in thicker films, and a significant
dependence of the damping edge on the film thickness. Both of them can be associated with the presence of
quantum well states (QWS) in the direction perpendicular to the film surface, which influences the interband
transitions between the lower and upper Ssp bands of silver.
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I. INTRODUCTION

Collective electron excitations at metal surfaces are cen-
tral to many surface properties, such as photoemission yield
and second harmonic generation. Moreover, surface plas-
mons can be exploited in biosensing techniques such as sur-
face plasmon resonance (SPR) and surface enhanced Raman
scattering (SERS).! In the past decade, high resolution elec-
tron energy loss spectroscopy (HREELS) has become a ma-
jor tool for studying the surface plasmons, particularly their
energy dispersion properties.> Two classes of metal surfaces
have been intensively investigated: simple metals (Al, Mg,
Na, K, Cs) and transition metals (Ag, Hg, Pd). The simple
metals are model systems to test the validity of the jellium
model, whose prediction of negative surface plasmon energy
dispersion with the wave vector g, in the long wavelength
limit (g~ 0) has been verified experimentally.? In contrast to
simple metals, silver shows positive surface plasmon disper-
sion and also a significant dependence on the surface orien-
tation, indicative of strong effects of the presence of 4d
electrons.>* The surface plasmon dispersion of Ag was also
found to be affected by surface interband transitions owing
to the existence of surface states.>S

Previous HREELS measurements of the surface plasmon
dispersion on Ag were mainly performed on single crystal
Ag surfaces, while HREELS data on low-dimensional Ag
systems, such as ultrathin films, quantum dots and quantum
wires, are still lacking. However, actual applications such as
biosensing based on the SPR or SERS effects employ Ag
thin films or nanodots instead of single crystals. Thus, more
experimental data on low-dimensional Ag systems are de-
sired. The ultrathin Ag film is an ideal system for studying
the effects of reduced dimensionality and the quantum size
effects. It has been known that atomically flat and ultrathin
Ag films can be grown on the Si(111)-(7 X7) surface em-
ploying a novel two-step growth technique involving a depo-
sition at low temperature (about 100 K) followed by anneal-
ing to room temperature (RT).””'! The growth at low
temperature results in a high nucleation density, which ki-
netically changes the growth mode from island growth to a
layer-by-layer growth above the critical thickness (around 6
ML). Moreover, it has been well-known that the confinement
of electrons in thin Ag films in the perpendicular direction
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results in the splitting of the sp band into quantum-well
states (QWS’s).!? It is expected that the presence of QWS’s
should influence the dispersion and damping of the surface
plasmons in Ag thin films. However, relevant data has not
yet been reported. Previous optical'> and HREELS (Ref. 14)
measurements both reported a redshift of the surface plas-
mon frequency of Ag films at ¢;=0 with the increase of the
film thickness. However, such dependence is not due to a
quantum size effect, but rather a geometric effect, since it
can be explained by a decrease of the surface-to-volume ratio
with the increasing film thickness on the basis of a two-
component treatment of the 5s and 4d electrons of Ag.?

In this paper, we systematically measured the thickness-
dependence of the dispersion and damping of the surface
plasmons in ultrathin silver films by HREELS and scanning
tunneling microscopy (STM). We found a dependence of the
plasmon damping channel with the film thickness, which can
be well explained by a change of the interband transition
between the QWS’s and the upper Ssp band with the film
thickness, indicative of a quantum size effect. Accordingly,
the plasmon energy dispersion also shows significant thick-
ness dependence, and possible mechanisms relative to the
formation of QWS’s are discussed.

II. EXPERIMENTS

The experiments were carried out in an OMICRON ultra-
high vacuum (UHV) system consisting of a preparation
chamber (~1X 107! mbar) and an analysis chamber
(~2% 107! mbar). The analysis chamber is equipped with
an OMICRON variable temperature STM, HREELS
(LK-5000), low energy electron diffraction (LEED) and pho-
toelectron emission spectroscopy (PES). The Si(111) sample
was cut from a phosphors-doped (n-type) Si wafer with a
resistivity of 2 () cm. The sample was flashed to about
1100 °C to obtain the Si(111)-7 X 7 surface, as examined by
the STM. A homemade crucible was used to evaporate Ag.
During the Ag film growth, the substrate temperature was
kept at about 120 K by liquid nitrogen cooling. The deposi-
tion rate was monitored by a quartz-crystal oscillator to be
0.08 ML/min [1 ML refers to the atomic density of the
Ag(111) plane, ie., 1.39X 10" cm™2]. After growth, the
sample was transferred to the analysis chamber for STM,

©2005 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.72.205405

YU et al.

(a) 2.5 ML
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FIG. 1. STM images of Ag films with different coverages de-
posited on Si(111)-(7 X 7) at 120 K followed by annealing to RT.
(a) 2.5 ML; (b) 5 ML; (c) 7.5 ML; (d) 10 ML; (e) 13 ML. The scale
is 200 nm X 200 nm for all images.

HREELS, and LEED measurements. Tungsten tips were
used for STM imaging and all STM images were obtained at
RT. The HREELS measurements were carried out at room
temperature, with incident electron energy of 20 eV and an
incident angle of 60° with respect to the direction normal to
the surface. The dispersion of surface plasmon was obtained
by rotating the analyzer around the specular direction while
keeping the sample and the monochromator in fixed posi-
tions. The momentum transfer parallel to the surface g, was
calculated from the energies and angles of the incident and
scattered electrons.?

III. RESULTS

The typical STM images of Ag films deposited on the
Si(111)-(7 X 7) surface at different coverages are shown in
Fig. 1. As about 0.5 ML Ag is consumed in forming the
wetting layer, the coverages given below are with respect to
the wetting layer. As Fig. 1 reveals, below the coverage of 5
ML [(a) and (b)], silver islands with preferred-height and flat
plateaus are formed, which percolate into continuous films
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(referred to as island growth regime). While at higher cover-
ages [(c), (d), and (e)], the growth of Ag films becomes
layer-by-layer. Our observation is in consistent with the criti-
cal thickness, 6 ML, for the change of the growth mode from
island growth to layer-by-layer growth reported previously.'>
In addition, both the average size and height of the Ag is-
lands are found to increase with the film thickness from 2.5
ML to 5 ML.

Figure 2 shows two sets of HREEL spectra obtained from
two different thicknesses, 5 ML and 7.5 ML, respectively. A
clear energy-loss peak can be observed with the loss energy
close to that of the surface plasmon of Ag, and is therefore
assigned to the plasmon excitation of the Ag film. With the
increase of the parallel momentum transfer, the peak position
shifts to higher energy, indicating a positive dispersion. The
HREEL spectra for Ag films with different thicknesses have
been obtained (not shown here), and the surface plasmon
dispersion curves are plotted in Fig. 3. The parallel momen-

tum transfer, g, is along the I-K direction of the Ag(111)
surface Brillouin zone (SBZ), as measured by LEED. As
seen in Fig. 3, for all different film thicknesses, the surface
plasmon energy increases monotonically with increasing g
from 0 A~ to 0.3 A~!, with a positive dispersion at q,~0.
The different slopes of the dispersion curves will be dis-
cussed in detail later.

The full width at half maximum (FWHM) of the surface
plasmon peaks are plotted as a function of peak energy E,
for different thicknesses in Fig. 4. As seen, the FWHM
curves initially decreases and then increase abruptly, result-
ing in a well-defined critical plasmon energy (Ef,) corre-
sponding to the minimum FWHM. More interestingly, a
clear dependence of the FWHM with the Ag film thickness is
observed: (1) Ej, decreases with the increase of the film
thickness; (2) the FWHM decrease with the increase of film
thickness in general.

The initial decrease of FWHM has been reported for Mg
(Ref. 16) and Hg (Ref. 17) films, and it is associated with
effects of the lattice potential involving the increased surface
barrier due to the ionic pseudopotential of the crystal and the
peak broadening due to bulk interband transition including
the conduction band. Similar explanation can also be applied
for Ag. On the other hand, the abrupt increase of FWHM
beyond the critical loss energy, Egp, should be ascribed to the
opening of a new damping channel,” which will be discussed
in detail in the following session.

IV. DISCUSSIONS

The FWHM of the surface plasmon peak is associated
with the surface plasmon damping, as a result of its decaying
into single particle excitations (Landau damping) through
single S5sp-5sp band or direct 4d-5sp band transitions. The
abrupt increase of the FWHM beyond Eip, shown in Fig. 4,
indicates the opening of a new efficient damping channel.”
Figure 5(a) shows the band structure of Ag along major sym-
metry directions.'® The Ag 4d bands are located at energies
4-8 eV below the Fermi level. Between the 4d bands and
the Fermi level is the free-electronlike sp band. It crosses the
Fermi level along [100] and [110], but leaves a small gap
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FIG. 2. (Color) Two sets of HREEL spectra obtained at different scattering angles 6, for Ag film thickness at 5 ML and 7.5 ML,
respectively. An electron primary energy Ey=20 eV and an incident angle 6,=60° were used. The Gaussian fitting for each curve is also

shown in the figure.

(0.3 eV) along the [111] direction, the direction perpendicu-
lar to the present Ag(111) film surface. The direct sp-sp in-
terband transition energy at the L point of the BZ is
3.86 eV,"” which well coincides with E, (3.82-4.02 eV)
observed in our experiment. Thus, the observed abrupt in-
crease of the FWHM beyond Ef, in our experiment most
likely corresponds to the opening of sp-sp interband transi-
tion channel.

To understand the thickness dependence of Eip, we refer
to the formation of QWS’s in the Ag films. As is well known
that the confinement of the sp electrons within the film thick-
ness in the perpendicular direction results in quantization of
the sp band into QWS’s,'> we propose that the sp-sp inter-
band transition can also be affected by the formation of
QWS’s. Figure 5(b) shows the QWS’s with the quantum
number n=1 in the [111] direction (the I'-L direction of the
BZ). The QWS of a thinner film lies below that of a thicker
film.2% On the other hand, because the surface plasmon has
only parallel momentum (g;) and lacks in the perpendicular
momentum (g, ), the interband transitions excited by the sur-
face plasmon can only be constant-k | transition, i.e., a ver-
tical transition in Fig. 5(b). It is clearly shown in Fig. 5(b)
that the transition energy in a thinner film is larger than that
in a thicker film, which explains the observed thickness de-
pendence of the FWHM.

To be more quantitative, the in-plane dispersion of the
QWS’s should be considered. Figures 5(c) and 5(d) show a
schematic drawing of the in-plane energy dispersion of the

QWS with the quantum number n=1 and the corresponding
final states in the upper sp band in Fig. 5(b) for two different

film thickness. The in plane direction is along the I'-K direc-
tion of the SBZ. Because the dispersion of the upper sp band

along the I'-K direction is much smoother than the lower sp
band,?' the onset of the Ssp-Ssp interband transitions (wy,
and wp,) occurs at the vicinity of the Fermi level. In the case
of g;=0, the transition is constant-k transition and thus ver-
tical in Fig. 5(c), while for a finite parallel momentum trans-
fer (g;#0), the transition is no longer vertical. In order to
simplify this condition and make it more intuitive, the QWS

band can be rigidly shifted by ¢, along the I'-K direction and
then artificially consider the transition as vertical,2? as shown
in Fig. 5(d). As seen, because of the small dispersion of the
upper sp band, critical transition energy is approximately
determined by the energy of the final states in the upper sp
band at the I" point, Ey, which in turn is determined by the
dispersion of the upper sp band in the I'-L direction.
According to the two-band model the dispersion of the

upper sp band along the I'-L direction can be given by Eq.
(1)’18

hZ

E(k,)=Ey— ——(kgz—k,)*-U
sz

ﬁ2k2 ﬁzk —k 2 172
+(4 bz 72 (ks i>+U2) o

Zmy - 2my
where U=4.2 eV is the band gap at the L point of Ag(111),
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FIG. 3. (Color) The surface plasmon dispersion versus the par-
allel momentum ¢ for different Ag coverages. The best-fitting
curves for the dispersion are also displayed. The error bars indicate
the finite angular acceptance of the HREELS analyzer, which is
typically 1° corresponding to 0.02 A~! in the momentum space. The
inset is the LEED pattern where the surface Brillouin zone of
Ag(111) is indicated.

Ey=3.86 eV is the position of the edge of the upper sp band
relative to Ep, my is the eoffective mass of electrons in the
upper sp band, kg;=1.33 A~! is the wave vector at the BZ
boundary (the L point in the I'-L direction). As shown in Fig.
5(b), the final state to which the electron is excited has the
same k, as the initial QWS. For quantum number n=1,
k| =kgy—m/d, where d is the thickness of the Ag films (the
phase shifts at the interfaces are neglected). The energies of
the final states corresponding to the initial QWS with n=1
for different film thickness are calculated, as shown in the
inset of Fig. 4. The profile of the final state energies agrees
nicely with our experiments of the critical plasmon energy,
supporting the validity of our model. The curve fitting gives
an effective mass of 1.7m,. The slight deviations at 2.5 ML
can be explained by the roughness of the film morphology. In
addition, in the case of 2.5 ML, the plasmon energy is rather
high (>3.94 eV, the onset of d-sp transition), the
d-sp transition may play a role in the surface plasmon damp-
ing, resulting in the deviation of Eﬁp from our calculation.
In what follows we consider the energy dispersion of the
surface plasmon with the parallel momentum transfer g,. The
surface plasmon dispersion curves in Fig. 3 can be fitted by a
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FIG. 4. (Color) The FWHM of the surface plasmons as a func-
tion of the plasmon energy E, for different film thickness. The
critical plasmon energy E§p corresponding to the minimal FWHW is
indicated by a black arrow. The inset in the figure shows the com-
parison between the E¢ and theoretically calculated energy of the

sp
final states (in the T'-L direction) corresponding to the quantum

number n=1. Note that because the data of dispersion in the T-K
direction is not available, only the line shapes of the two curves
should be compared. The overall profile of the curve nicely agrees
with the experiment.

linear term and a quadratic term: E,=A +BqH+Cqﬁ. The
best-fitting parameters are shown in Table I. According to the
overall profile of these curves, the parallel momentum ¢ can
be qualitatively divided into three regions: the center of the
SBZ (¢,=0), long wavelength region (small g;), and the re-
gion of large g.

At =0, there is a redshift of the surface plasmon energy
with the increase of the Ag film thickness, as shown in Fig.
3. The result is inconsistent with previously reported optical
and HREELS experiments on thin Ag films,'>!* and can be
well explained by Liebsch’s s-d mutual polarization
model.>* As the s-d electrons interaction results in the reduc-
tion of the plasmon energy from the free-electron value of
6.4 eV to the actual one of 3.7 eV, the weaker s-d electron
interaction implies the higher plasmon energy. Because the d
electrons have smaller interaction with the free electrons in
the spill out region, increasing the surface to the volume ratio
will result in a decrease of the s-d electron interaction, and
thus a blueshift of the plasmon energy. As can be seen in our
STM images in Fig. 1, the growth of Ag film can be divided
into two regimes. In the island growth regime (<6 ML), the
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surface-to-volume ratio is 1/r+1/t, where r and ¢ are the
average size and height of the islands, respectively. While in
the layer-by-layer growth regime (>6 ML), the surface-to-
volume ratio should be 1/t. As revealed in Figs. 1(a) and
1(b), both r and 7 of the Ag islands increase when the cov-
erage increases from 2.5 ML to 5 ML. Thus, the surface-to-
volume ratio decreases monotonically in the whole coverage
regime, resulting in a redshift of the plasmon with increasing
thickness.

In the long wavelength region, the linear coefficient B
dominates the initial slope of the dispersion curves. In Fig. 3
we observe that the initial slope of the plasmon energy dis-
persion curve increases with the increasing film thickness in
general, although with some fluctuation within the error of
curve fitting. According to the Liebsch’s model, the linear
term is associated with both the position of the centroid of
induced charge (d ) and the intensity of the 5s-4d mutual
screening interaction.”>?* If d, becomes more negative (the

TABLE 1. Parameters of the best-fitting function A+Bg+ Cqﬁ
for different coverages of Ag films.

t (ML) A (eV) B (eV A) C (eVA?
25 3.958 0.286 1.074
5 3.859 0.200 1.959
75 3.805 0.403 1.632
10 3.796 0.347 2.556
13 3.769 0.571 2.307

k, K

t,>t, q,70

position of the centroid moves inward) or the 5s-4d interac-
tion curve becomes steeper, the initial slope of the dispersion
curve will increase. Since d, is independent on the film
thickness, the slope is solely determined by the 5s-4d inter-
action. While the same increase in ¢, will induce stronger
reduction of the s-d interaction in the thicker film than in the
thinner one due to their different surface-to-volume ratios.
This leads to the larger initial positive slope in the plasmon
dispersion curve in thicker films.

In the region of large g, the induced field decays rather
rapidly and the 5s-4d mutual screening interaction is almost
switched off. The dispersion in this region is mainly deter-
mined by the quadratic term. As shown in Table I, the qua-
dratic coefficient C increases with the increase of the cover-
age in general, although with some fluctuation within the
error of curve fitting. Because the interband transition sup-
presses the increase of surface plasmon energy, stronger in-
terband transition indicates smaller coefficient C.° As the
plasmon energies in this region are in the range from
3.8 eV to 4.1 eV, both sp-sp and d-sp transition should af-
fect the dispersion coefficient. While the effect of d-sp tran-
sition is difficult to estimate, we suggest that the sp-sp tran-
sition is in consistent with the observed change of C. As seen
in Fig. 5(d), for a given g, the interband transition involving
the QWS band below the Fermi level can influence the sur-
face plasmon energy and give rise to a redshift of the surface
plasmon energy. Moreover, for a thinner film, extra decay
channels [see Fig. 5(d)] exist as compared with a thicker
film, as the subband of QWS (n=1) for the thinner film lies
below that of the thicker one. Thus the sp-sp interband tran-

205405-5



YU et al.

sitions should be more efficient in the thinner film than in the
thicker one. The interband transitions suppress the increase
of the surface plasmon energy, resulting in a smaller qua-
dratic coefficient C in the thinner film than the thicker one.

Our experimental dispersion curves on ultrathin Ag films
are different from the results reported by Moresco et al. in
Ref. 14 in a similar HREELS study, although the plasmon
energies at ¢;=0 are consistent. Particularly, they observed
an absence of dispersion in small g, range, while we observe
positive dispersion in all films. There may be two possibili-
ties for this discrepancy. (1) The morphology of the Ag films
are different. Moresco et al. reported LEED results showing
that the granular morphology of Ag islands persists even
after they percolate into continuous film, resulting in the con-
finement of the surface plasmon inside the islands and thus
the absence of dispersion in the lower g, range. We, however,
observed by STM that the Ag islands no longer maintain
their complete boundaries after they percolate into continu-
ous film. As can been seen in Fig. 1(e), only part of the
boundaries exist, mainly as small-angle dislocations, which
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may not be sufficient to confine the surface plasmons. (2)
Our measurement is performed at room temperature, while
their measurements were performed at liquid nitrogen tem-
perature. The temperature effect has to be considered in or-
der to make more quantitative comparisons.

V. CONCLUSION

We have systematically investigated the thickness depen-
dence of the dispersion and damping of surface plasmon in
the ultrathin Ag films. We found a dependence of the plas-
mon damping channel with the film thickness, which can be
well explained by an influence of the sp-sp interband transi-
tion upon the formation of QWS’s in the lower sp band,
which shows a thickness dependence as a result of the quan-
tum size effect. Accordingly, the plasmon energy dispersion
also shows significant thickness dependence, and possible
mechanisms relative to the formation of QWS’s are dis-
cussed.
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