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n recent years, new efforts to create ul-

trasmooth silver thin films have been

driven by the increasing demands im-
posed by the development of plasmonic
nanodevices and metamaterials.' 3 Silver
has been the most frequently employed
metal for plasmonic devices,* cavities,® and
metamaterials,®” benefiting from its com-
petitive intrinsic properties compared to all
other practical metals, such as its low con-
tact resistance and low refractive index
(~0.1),8 the low damping and hence low
loss,® and high reflectivity'® in the visible
wavelength region. Nevertheless, silver
films deposited by conventional methods
exhibit a rather rough surface resulting in a
significant surface plasmon polariton scat-
tering loss, which exposes a major impedi-
ment to achieving higher optical quality
and lower-loss plasmonic devices and
metamaterials."” The inhomogeneity of the
surface morphology sensitively influences
the surface plasmon resonance at the
metal—dielectric interface, giving rise to
performance degradation.

Ag films deposited by conventional
techniques, including electron beam evapo-
ration,’! chemical vapor deposition,'? elec-
troless plating,'® and sputtering,''* are usu-
ally polycrystalline as they tend to grow in
Volmer—Weber mode,'® which leads to a
surface roughness at 2 nm and above in
terms of root-mean-square (rms). In recent
years, several new fabrication techniques
have been exploited aiming to obtain Ag
films with subnanometer scale roughness.
A mechanical imprinting technique has
been developed by applying a pressure of
~600 MPa on a 100-nm thick Ag film depos-
ited on a silicon substrate by electron beam
evaporation. A remarkable ultrasmooth
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ABSTRACT This paper reports an effective method to enhance the surface plasmon resonance (SPR) on Ag

films by using a thin Ni seed layer assisted deposition. Ag films with a thickness of about 50 nm were deposited

by electron beam evaporation above an ultrathin Ni seed layer of ~2 nm on both silicon and quartz substrates. The

root-mean-square (rms) surface roughness and the correlation length have been reduced from >4 nm and 28

nm for a pure Ag film to ~1.3 and 19 nm for Ag/Ni films, respectively. Both experimental and simulation results

show that the Ag/Ni films exhibit an enhanced SPR over the pure Ag film with a narrower full width at half-

maximum. Ag films with a Ge seed layer have also been prepared under the same conditions. The surface

roughness can be reduced to less than 0.7 nm, but narrowing of the SPR curve is not observed due to increased

absorptive damping in the Ge seed layer. Our results show that Ni acts as a roughness-diminishing growth layer

for the Ag film while at the same time maintaining and enhancing the plasmonic properties of the combined

structures. This points toward its use for low-loss plasmonic devices and optical metamaterials applications.

KEYWORDS: surface plasmon resonance - metamaterials - silver - nickel -

germanium - surface roughness

plane of less than 0.1 nm rms roughness
has been demonstrated in a 100 um by 100
wm imprinted pattern.'”” However, both
the stability and reproducibility of this tech-
nique still need further investigation, and it
may be difficult to apply for large-area fab-
rication. Using a combination of template
stripping and patterning on silicon sub-
strates, a 0.34-nm roughness (rms) for a
30-nm thick and thermally evaporated sil-
ver film has also been reported.'® A simpler
method to make ultrasmooth Ag films has
been reported by employing a thin Ge seed
layer with a thickness of 0.5—15 nm, depos-
ited via e-beam evaporation on Si(100) sub-
strates.'® A dramatic improvement of sur-
face roughness down to about 0.6 nm (rms)
has been achieved.

Our study has been motivated to find a
seed layer material which is able to not only
create an ultrasmooth Ag film, but also to
improve its surface plasmon resonance
(SPR) for plasmonic and metamaterials
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TABLE 1. Thickness of Each Layer for All Samples
Measured by Ellipsometry

Sample 1—Ag/Ni  Sample 2—Ag/Ge  Sample 3—Ag
thickness (nm) Ag: 56.84 Ag: 52.72 Ag: 54.56

Ni: 2.7 Ge: 1.4
mean square error (MSE)  1.806 1.691 1.13

applications. At the same time, this proposed ma-
terial should be capable of promoting the adhesion
of silver to substrates for practical applications, since
it is known that silver exhibits poor adhesion to
semiconductors. Ni is one of the commonly used ad-
hesion layers and its metallic properties would be
able to enhance the SPR of Ag/Ni films. On the other
hand, Ge as a seed layer has been reported to be
able to significantly reduce the roughness of silver,
but without any report on its optical and plasmonic
properties. In this paper, both Ag/Ni and Ag/Ge films
are investigated in terms of surface plasmon reso-
nance through experimental and theoretical means,
as well as compared with a pure Ag film.

We deposited Ag films of about 50-nm thickness
over a thin 2 nm seed layer of Ni and Ge, respectively,
on both Si(100) and quartz substrates by electron beam
evaporation. The surface morphology and rms surface
roughness were characterized by atomic force micros-
copy (AFM). Variable angle spectroscopic ellipsometry
was used to characterize film thickness, in addition to
high resolution X-ray reflectometry (HR-XRR). The pur-
pose of using both ellipsometry and HR-XRR was to
cross-examine the film thickness, which is one of the
critical parameters in this study. Measurement and
modeling of surface plasmon resonance (SPR) spectros-
copy have been carried out using a prism coupling
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method. The deposited Ag films over Ni and Ge seed
layers are denoted as Sample 1 and Sample 2, respec-
tively, while the Ag film without any seed layer is de-
noted as Sample 3.

RESULTS AND DISCUSSION

Table 1 lists the thickness of each layer and its
corresponding mean square error (MSE) measured
by ellipsometry for Samples 1—3. The results of
thickness measurement for all samples character-
ized by ellipsometry and HR-XRR are identical with
negligible discrepancy. It shows that Ni, Ge, and Ag
films have been deposited with the desired thick-
nesses, which have been measured with satisfactory
MSEs of less than 2. Figure 1 shows the surface mor-
phologies of Samples 1—3 characterized by AFM on
silicon substrates a, ¢, and e, and on quartz sub-
strates b, d, and f, respectively. Table 2 lists the rms
surface roughness, grain sizes and peak-to-peak val-
ues of all samples from AFM characterization. As
shown in Figure 1 panels a and b, Sample 1 of the
Ag/Ni films presents an improved rms surface rough-
ness varying from 1.3 to 1.7 nmin a 1 wm? area on
both silicon and quartz. Figure 1 panels c and d plot
ultrasmooth surfaces of Ag/Ge films with an rms
roughness of about 0.7 nm, which are in agreement
with the results reported recently.’® Sample 3, as
shown in Figure 1 panels e and f, exhibits compara-
tively rough surfaces of rms roughness above 4 nm
as expected. Additionally, Sample 1 exhibits grain
sizes of about 15/12 nm and peak-to-peak heights
of about 0.2/0.1 nm on both substrates, which are
correspondingly about 6/4 nm and 0.04/0.03 nm for
Sample 2. In contrast to Samples 1 and 2, Sample 3
has relatively larger grain sizes of ~17/15 nm and a
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Sample 3 on quartz

Sample 1 on quartz Sample 2 on quartz

Figure 1. AFM images of Samples 1—3. The rms surface roughness measured for Sample 1 is (a) 1.752 nm on silicon and (b) 1.323
nm on quartz; for Sample 2 (c) 0.705 nm on silicon and (d) 0.694 nm on quartz; for Sample 3 (e) 8.094 nm on silicon and (f) 4.548 nm
on quartz, respectively. (Insets schematically show the layer structures of Samples 1—3.)
AMCINT AN . .
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TABLE 2. Surface Roughness (rms) of Samples 1, 2, and 3 Characterized by AFM on Silicon and Quartz Substrates

AFM measurement results calculation results
surface roughness (nm) grain size (nm) peak-to-peak height (nm) correlation length o (nm) surface roughness & (nm)
on silicon on quartz on silicon on quartz onssilicon on quartz on quartz on quartz
Sample 1, Ag/Ni 1.752 1323 15.354 11.890 0.198 0.101 19.0 13
Sample 2, Ag/Ge 0.705 0.694 5.840 4.219 0.041 0.028 1.2 0.7
Sample 3, Ag 8.094 4.548 16.564 14.548 0.678 0.460 28.2 45
peak-to-peak height of ~0.45/0.65 nm on silicon tively. Statistically assumed to follow a Gaussian distri-

and quartz substrates, respectively. The AFM results  bution, the correlation function can be written as
hence show that a thin layer of Ni on quartz has re-

markably improved the smoothness of the film by up G() = 8" exp(~r'/o”) 3)
to 3-fold, while the improvement is more than 6-fold By fitting the numerical data with the Gaussian func-
for a thin layer of Ge in comparison with the pure tion, the surface roughness § and correlation length o
Ag film. can be extracted. We note that the roughness values of
To characterize the surface roughness, the rms Samples 1—3 obtained by the analytical method are
height & and correlation length o are two important equal to the AFM measurement results.
quantities. They can be derived from the correlation Figure 2 plots the correlation functions of surface
function roughness and the corresponding Gaussian fittings to
obtain the correlation length & and surface roughness
G(n = US/;W') glr' 4+ ndr' (1) o for Samples 1—3, respectively. The sizes of bright
spots of the correlation function as shown in Figure 2
where s(r) denotes the height distribution of rough- panels a, ¢, and e are proportional to the respective
ness, r = (xy) represents the coordinate, and S is the roughness magnitudes. Sample 1 exhibits the medium

area of the surface with roughness. In a computational  correlation length, Sample 2 exhibits the smallest, while
implementation, G(r) can be numerically calculated by sample 3 exhibits the largest one, which is matching
to the order of their roughness magnitudes. As shown

G(r) = F'{F'{c(NiFg(r 2
" GRS @ in Figure 2b, d, f, the magnitude of the Gaussian fitting
where F and F~! represent the discrete Fourier trans- at the origin represents &% while the full width at half-
form and inverse discrete Fourier transform, respec- maximum (FWHM) of the fitted curve represents the
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Figure 2. The correlation functions of the surface roughness for (a) Sample 1, (c) Sample 2, and (e) Sample 3, and the correspond-
ing Gaussian function fittings to extract the correlation length & and surface roughness o for (b) Sample 1, (d) Sample 2, and (f)
Sample 3.
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correlation length o for each sample. The correlation
length o is theoretically comparable with the typical lat-
eral magnitude of roughness. Sample 2 shown in Fig-
ure 2d exhibits the smallest lateral size, while Sample 3
exhibits the largest. All these results corroborate a de-
crease in roughness going from no seed layer to Ni and
Ge, respectively.

Surface plasmon resonance (SPR) spectroscopy
measurements and theoretical calculations have
been performed to evaluate the effects of the Ni
and Ge seed layers on the SPR of the Ag films. The
data for theoretical calculations, such as thickness
and rms roughness of each sample were taken from
measurement results listed in Tables 1 and 2, while
the corresponding dielectric constants were taken
from the literature.?’ To differentiate the surface
roughness effect, ideal surfaces without taking sur-
face roughness into account have also been em-
ployed in theoretical calculations for all samples. To
analyze their effects quantitatively and compare
their overall performance qualitatively, key features
of the SPR reflectivity curves including resonance
angle, angular FWHM, and figure of merit (FOM) are
studied. For extinction-based SPR, smaller FWHM
and larger peak amplitude are desirable because a
deeper and narrower resonance spectrum offers a
higher efficiency and sensitivity. The FOM, which is
proportional to the sensitivity to SPR, is defined here
as

FOM = — (4)

where AR is the difference of reflectivity between
the critical angle and resonance angle, while R. is the
reflectivity at the critical angle.

The theoretical calculation of reflection spectrum of
SPR can be achieved from Fresnel’s equations

Z

in,1

-z
Zo, + 2,

in,1

R= g (5)

where R is the reflectivity. The input impedance at
intermediate layer n is given by Zi,, = Z,[Zinp+1 —

iZ, tan(kndo)1[Z, — iZinn+1 tan(kadn)1 ™", with Z, = ko/e,ko,
Ziom—1 = Zm—1, kn = (enko? — kA2, ke = konp sin(0), ko =
2m/\. The variable n denotes the index of the metal or
dielectric layer, n, = &' is the refractive index of the
prism, M is the total number of layers, \ is the wave-
length, d, is the thickness of the nth layer with ¢, as its
dielectric constant. The dielectric constant of the prism
is given by g, 6 is the incidence angle, and i is the imagi-
nary unit. The dielectric constants of Ag, Ge, and Ni
used in the computation are gpg = —16.0 + 0.6i, £ge =
29.89 + 8.37i,and gy, = —10.11 + 14.74i for \ = 633
nm.2 The reflectivity at the prism interfaces has been
taken into account to calculate the reflection spectrum.

IN() voL.4 = No.6 = LIUET AL

The influence of surface roughness can be taken
into account via a variation of metal permittivity.2' This
will give rise to a small deviation Aksp from the SPP
wave vector on smooth metal surfaces. The effective
permittivity of metals with surface roughness is derived
from ksp(eerr) = ksplem) + Aksp, where Aksp can be calcu-
lated using a formula derived previously.?? By substitut-
ing the permittivity e, of the metal with e into eq 5,
we can obtain the SPR spectrum by taking surface
roughness into account.

Figure 3 plots angular dependent reflectivities of
both experimental and theoretical results for all
samples. Theoretical results for Samples 1—3 taking
roughness into account are denoted as “Theory w/t
roughness” while those without roughness as “Theory
w/o roughness”. As shown in Figure 3a, the resonant
angle of the calculated curve without roughness for
Sample 1 has been shifted from ~42.0° to ~42.05° both
in calculations with roughness taken into account and
in the experimentally obtained values. The roughness
of Sample 2, as shown in Figure 3b, also caused a small
displacement of resonant angle from ~42.05° to
~42.07° in the theoretical curves, and ~42.1° in the ex-
perimental curve, respectively. Figure 3c shows that
the rougher surface of Sample 3 has obviously resulted
in a relatively larger displacement of the resonant angle
from ~42.0° to ~42.41° if roughness is included in the
calculations, with a value of ~42.15° in the experimen-
tal curve. It is interesting to note that Samples 1 and 2
exhibit almost the same angular shifts of ~0.05°, al-
though the rms roughness of Samples 1 and 2 are sig-
nificantly different. This implies that the surface rough-
ness effect is not a dominant factor in determining the
resonance angle for a small roughness value for a metal
thickness in the region of critical coupling.

The angular FWHMs of the experimental and theo-
retical curves taking into account roughness for all
samples are correspondingly larger than those of the
curves without roughness as shown in Figure 3a—c. It
indicates that surface roughness leads to an increase of
the losses of surface plasmon by broadening the SPR
curves in terms of FWHM, due to scattering at the inter-
face. Further analytical calculations showed that the
surface roughness has an about 10-fold larger effect
on the displacement of the resonant angle than the film
thickness for the cases analyzed in this study. The calcu-
lated and measured angular resonance shifts and the
broadening of SPR curves are qualitatively in agreement
with observations of the roughness effect in the litera-
ture.® The angular FWHMs of Sample 1 are smaller in all
the experimental and calculated SPR curves than those
of Sample 3. It shows that the Ni layer is effective in en-
hancing the surface plasmon resonance and thus its
sensitivity. On the other hand, Sample 2 exhibits a
larger FWHM in the measured and theoretical curve
without roughness, but a smaller value in the theoreti-
cal curve with roughness, compared to the plain Ag film

www.acsnano.org
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Figure 3. The SPR reflectivity curves of (a) Sample 1, (b) Sample 2, and (c) Sample 3. The dotted lines (®) represent the ex-
perimental curves; the solid lines represent the theoretical curves with roughness; and the dash-dotted lines represent the
theoretical curves without roughness. (d) The theoretical SPR reflectivity curves for Ag 50 nm/Ni 2 nm, Ag 50 nm/Ge 2 nm, Ag

50 nm with roughness and Ag 50 nm without roughness.

of Sample 3. On the basis of a number of different film
measurements, for practical applications we can con-
clude that a Ge seed layer degrades the SPR response.
Table 3 also compares the overall performance of
SPR in terms of FOMs for these three samples. When a
perfectly flat surface is employed, Sample 1 exhibits al-
most the same FOM (2.37) as Sample 3 (2.38), but a
higher one than Sample 2 (1.86). Since there is no
roughness taken into account, the smaller FOM in
Ag/Ge film is obviously caused by the inherent dielec-
tric properties of the Ge material, leading to increased
absorptive damping. The smaller FOM observed in the
experimental data in the Ag/Ge sample (1.35) than that
in the pure Ag film (2.24) indicates that even though a
Ge seed layer can reduce the Ag film roughness, it un-
fortunately deteriorates the overall surface plasmon re-

sponse, due to the higher loss of Ge than Ag in the fre-
quency range of interest. On the other hand, Sample 1
exhibits larger FOMs than Sample 3 in both the experi-
mental data and the calculated result with roughness
being taken into account. This clearly shows that Ni film
has led to a better SPR sensitivity than pure Ag film in
terms of FOM by reducing the surface roughness while
adding no extra damping to the Ag film, which is the
main conclusion of our work.

To exclude the effect of small layer thickness differ-
ence and further corroborate the discussions above,
four samples with identical thickness for correspond-
ing layers have been simulated. These four samples in-
clude Ag 50 nm/Ni 2 nm (w/t roughness), Ag 50 nm/Ge
2 nm (w/t roughness), Ag 50 nm (w/t roughness), and
Ag 50 nm (w/o roughness). The roughness values of Ag

TABLE 3. Key Features of SPR Experimental and Theoretical Reflectivity Curves

resonance angle (deg)

theory w/t theory w/o
sample no. expt. roughness roughness expt.
Sample 1, Ag/Ni 42.05 42.05 42.0 0.42
Sample 2, Ag/Ge 42.1 42.07 42.05 0.70
Sample 3, Ag 42.15 24 42.0 0.44

www.acsnano.org

angular FWHM (deg) figure of merit (FOM)
theory w/t theory w/o theory w/t theory w/o
roughness roughness expt. roughness roughness
0.41 0.39 234 2.30 237
0.54 0.53 135 1.82 1.86
0.56 0.42 224 1.75 238
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TABLE 4. Key Features of SPR Theoretical Curves for the
Samples with Identical Thickness

sample resonance angular figure of
no. angle (deg) FWHM (deg) merit (FOM)
Ag 50 nm/Ni 2 nm 4210 0.56 1.78
Ag 50 nm/Ge 2 nm 4210 0.67 1.43
Ag 50 nm w/t roughness 42.43 0.71 132
Ag 50 nm w/o roughness 42.05 0.52 1.88

50 nm/Ni 2 nm, Ag 50 nm/Ge 2 nm and Ag 50 nm have
been assumed to be the same as the AFM measure-
ment results of Samples 1, 2 and 3, respectively. Figure
3d plots the calculated SPR reflectivity curves for these
four samples while their key features are listed in Table
4. It shows that the presence of Ni enhances the SPR
sensitivity, which is better than Ge and pure Ag film
without any seed layer. For FOM values, the sample of
Ni seed layer exhibits ~35% improvement compared to
a Ag film with roughness being taken into account.
The results based on these four samples give the same
conclusions as those obtained based on Samples 1, 2,
and 3.

The shape of the SPR reflectivity curve can be re-
lated to the propagation length of SPPs. Using a Lorent-
zian model,?* the propagation length can be derived
as
n2— sinz(”/4 _ eres)]vz

Lyp=——————
npko €os(0') cos("/, — 6,,)AB

res:

(6)

where 6" = 7/, — sin~'(sin("/4 — Bye5)/np), AB is the
FWHM, and 8, is the resonance angle. By using the ex-
perimental data, the propagation length of SPP ap-
proaches 18.8 um for the Ag/Ni sample. From eq 6,
the propagation length of SPPs is inversely propor-
tional to the SPR peak width. However, it is important
to note that while a seed layer can reduce the rough-
ness of the metal surface, it can also lead to a decrease
in the SPR coupling efficiency. This is shown in Figure
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4a, which theoretically plots the reflectivity as a func-
tion of incidence angle at different seed layer thick-
ness for Ag/Ni structures. To explain on the influence
of the seed layer, a simple model was proposed to in-
vestigate the propagation length of SPPs on the metal
with seed layers. Considering the SPPs propagating in
the Ag/Ni and Ag/Ge structures, their magnetic field
amplitudes can be derived as Hsp = Hy exp(jksp X),
where Hy denotes the amplitude at x = 0, and ksp, rep-
resents the complex wave vector of SPPs. The propaga-
tion length of SPPs is given as Lsp= "/,lm(ksp,). Figure
4b plots the SPP propagation length as a function of the
thickness of Ni and Ge, while the thickness of Ag is
fixed as a constant of 50 nm. The surface roughness of
Ag/Ni and Ag/Ge is neglected due to their ultrasmooth
surfaces. For comparison, Ag of 50 nm thickness w/t
and w/o roughness are represented by dark solid and
dashed lines, respectively. The roughness of the Ag sur-
face in the computation is extracted from the experi-
mental data. The inset in Figure 4b represents the field
distribution of SPPs (the eigenmode of the structure) for
Ag/Ni waveguides. We note that for the particular
roughness values taken from the experimental data, al-
though the addition of Ge and Ni may bring about ab-
sorption loss, SPPs can propagate longer distances for
Ag/Ge and Ag/Ni than that for Ag with roughness. The
model predicts a SPP propagation length of 16.6 um for
Ag/Ni with a seed layer thickness of 2 nm, comparable
to the experimental value. Note the model only applies
for predicting the propagation length while the seed
layer is thin enough so that the incident light can effi-
ciently couple to SPPs.

CONCLUSIONS

We have demonstrated smooth silver film deposi-
tion using Ni and Ge as seed layers on both Si(100)
and quartz substrates. Values of ~0.7 nm and ~1.3
nm in terms of surface roughness (rms) have been
achieved for Ag films with Ge and Ni seed layers, respec-

20
18f
16}
— Ag/Ni
14 —— Ag/Ge

—— Ag w/t roughness
---- Ag w/o roughness

12

Propagation Length ISI' (pm)

101

0 2 4 6 8 10
Thinkness (nm)

(®)

Figure 4. (a) SPR reflectivity spectra of Ag/Ni varying with the thickness of Ni. (b) Propagation length as a function of the
seed layer thickness. The blue, red, and dark solid lines denote Ag/Ni, Ag/Ge, and Ag with roughness, respectively, while
the dark dashed line represents Ag without surface roughness. The inset shows the magnetic field distribution in the multi-

layer waveguide.
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tively. Both experimental and theoretical studies of key
features, such as resonance angle, FWHM, and FOM of
surface plasmon resonance have shown that Ni as a
seed layer enhances the SPR sensitivity of the Ag film.
In comparison, the experimental results show the Ge

METHODS

Both Si and quartz substrates were used in the experiment.
The Si substrates with a size of 25 mm X 25 mm were diced
from Si(100) wafers of 0.5-mm thickness with native oxide lay-
ers (~1 nm thick). The quartz substrates have a dimension of 15
mm (L) X 15 mm (W) X 0.4 mm (H) and a refractive index of
1.46. Prior to the thin film deposition, the substrates were
cleaned by a standard Piranha solution. Both Ag/Ni and Ag/Ge
films were deposited sequentially on both silicon and quartz sub-
strates without breaking vacuum in an Edwards Auto306
electron-beam evaporator at a base pressure of about 5 X 1077
mbar. The evaporation rate was controlled at 0.1 nm/s for Ni and
Ge and 0.2 nm/s for Ag. Variable angle spectroscopic ellipsome-
try (WVASE32, J. A. Woollam) was used to characterize film thick-
ness. Data were acquired by scanning over the angle range
from 65° to 75° in steps of 5° over the spectral range from 300
to 800 nm in steps of 2 nm. High-resolution X-ray specular reflec-
tivity of Ag/Ge and Ag films were measured by high resolution
X-ray reflectometry (HR-XRR) at a grazing incidence angle in the
X-ray beamline from a synchrotron light source (700 MeV, 300
mA).?® The diffractometer was a Huber 4-circle system
90000—0216/0 with a high-resolution step size of 0.0001° for w
and 26 circles. The thickness of each layer (Ag, Ni and Ge) was ob-
tained by the best-fittings of simulation and experiment data.
The surface topography of the deposited Ag/Ni, Ag/Ge, and bare
Ag films was characterized by a multimode atomic force micro-
scope (AFM) from Digital Instruments in tapping mode. The
samples were scanned over a size of 1 pm? at a tip velocity of 2
pm/s and a corresponding scan rate of 1 Hz. Surface plasmon
resonance (SPR) spectroscopy has been conducted by a custom-
ized Kretschmann SPR instrument, which has been detailed in
the literature.? Briefly, the beam of a linearly polarized He—Ne
laser light (5 mW, A = 632.8 nm) is modulated by a chopper and
passes through two polarizers to make the intensity and the
plane of polarization of the laser adjustable. The sample, BK 7
prism, and photodiode detector are mounted onto the two co-
axial arms of a goniometer for precise angle scan of incidence
and reflection beam. Surface plasmon is excited by coupling la-
ser light through the BK 7 prism. The reflected laser light is mea-
sured by the detector through a lock-in amplifier. All the deposi-
tions and characterizations were performed at room
temperature.
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