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ABSTRACT: The effect of surface morphology on the optical properties in a metal—
dielectric—metal (MDM) thin film was investigated. Ag films were thermally evaporated at
different rates to obtain different surface roughnesses and grain sizes. The reflectance spectra
of the Ag/MgF,/Ag films show a dip due to surface-roughness-induced excitation of surface
plasmon polaritons. The dip position varies from 650 to 800 nm, depending on the surface
morphology of the multilayered film. An empirical relationship was found between the
optical properties (i.e.,, the dip position and its linewidth) and the Ag film structural
properties (i.e., surface roughness, grain size, and filling factor). The causes of and
contributions to the shift of the dip position and the linewidth of the dip were discussed.

The study is important to metal—dielectric-based structures, and the unique feature of such a MDM film could be used for color

filters.
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B INTRODUCTION

Plasmonics pave the way for manipulation of optical signals
at nanoscale by coupling light to coherent electronic excitations
(known as surface plasmon resonances) at the interface be-
tween dielectric materials and metal nanostructures.' The
strong confinement of light associated with surface plasmon
resonances has led to the development of a toolbox of various
subwavelength photonic components, such as waveguides,z’3
switches,” lenses,” spacers,8711 and metamaterials.'*"3 In all
of these applications, the metal—dielectric interface plays an
extremely important role in fulfilling the desired functions. To
achieve efficient coupling between light and surface plasmons
(i.e., surface plasmon polaritons, SPPs), the noble-metal films
are usually very thin (<100 nm). Because metals have poor
affinity to substrates and grow in the Volmer—Weber mode,
only semicontinuous thin films can be formed for such a
thickness."*~'” This leads to rough films with large scattering
loss and, hence, additional damping, which is undesirable for
plasmonic and metamaterial devices. However, the presence of
surface roughness can also facilitate the excitation of SPPs."
Several studies have been carried out to investigate the influ-
ence of surface roughness for single metallic thin films."”'” >
Nevertheless, there are very few studies on this effect for
metal—dielectric—metal (MDM) films, which is more impor-
tant in many optical device applications.”* >’ In this paper, we
choose Ag and MgF, to form the plasmonic MDM thin film
system and investigate the effect of surface roughness on its
optical properties. We give an analytical relationship between
the reflectance and the Ag film structural properties based on
the combined morphological and optical study. The application
of such a MDM thin film system is also explored.
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B EXPERIMENTAL SECTION

In our experiment, a 30-nm-thick Ag film was first deposited on a large
Si substrate at a rate of ~6 nm/min. Subsequently, a 30-nm-thick MgF,
film was deposited on top of the Ag film at a rate of ~1.5 nm/min. The
deposition was done in the same chamber without breaking the vacuum
via an Auto306 (Edwards) thermal evaporator. The large substrate was
then cleaved into six smaller pieces for thermal evaporation of the top Ag
layer at different deposition rates. The thickness of the top Ag film was
fixed at ~30 nm. The deposition thickness was recorded every minute,
and the deposition rates were averaged to be ~0.55, 1.37, 2.42, 3.48,
$.76, and 6.8 nm/min, respectively, for the six samples.

B RESULTS AND DISCUSSION

Atomic force microscopy (AFM) analysis at a scale size of 1 X
1 um” was performed on multilayered films to investigate how
the deposition rate affects the surface morphology. Because the
bottom Ag and MgF, films were deposited at the same time for
all samples, we assume that their surface morphologies are the
same. Therefore, the results from the analysis for the different
samples are only caused by the different deposition rates for the
top Ag film. The histograms of the grain size and the correspond-
ing AFM images at different deposition rates are shown in
Figures la—1f. The formation of small grains (<25 nm) dom-
inates at a low deposition rate of 0.55 nm/s (see Figure la). At
faster deposition rates (1.37—3.48 nm/s), a mixture of small to
large grains (>S50 nm) is observed on the samples (see
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Figure 1. (a—f) Histograms of the grain diameter on the film at different deposition rates. Insets show AFM images at 1 X 1 um for the

corresponding rate.

Figure 1b—d). With even higher deposition rates, big grains
(35 £ 10 nm) dominate (see Figure le,f).

As a further investigation, Figure 2a shows the surface
roughness and mean diameter as a function of the deposition
rate. It is observed first that the average diameter corresponds
closely to the highest probability of the grain size formed,
especially for low deposition rates. Second, on average, the
grain size initially increases with the deposition rate and then
fluctuates around 32 nm as the deposition rate is increased
above 2.42 nm/min. This indicates that there is a limit to which
the grains can grow. In addition, the surface roughness increases
almost linearly with higher deposition rate (see the dotted
fitting line in Figure 2a). Furthermore, Figure 2b shows the
mean area (A) and count of the grains (i.e., number of particles,
N, per 1 um®) as a function of the deposition rate. On this basis,
the mean interparticle spacing = (1 um*> — AN)/N, i.e., the gap
between the particles, is plotted in the inset of Figure 2b. It is
observed from both figures that variation of the deposition rate
from 0.55 to 6.8 nm/min results in three different regions. The
first region is before the first dotted line at rate ~2.42 nm/min,
where the stacking of Ag atoms to form bigger grains dominates
during deposition. In the second region, the Ag atoms are more
mobile and the rate at which the Ag atoms hit on the substrate is
now faster. It is easier for Ag atoms to move and congregate to
each other to form a rougher film. There is also a tendency for
the Ag atoms to diffuse along the island edge to form closer and
smaller grains (see the histograms in Figure lc—e).”® In the
third region, stacking continues, and at the same time, there are
also Ag grains that are more mobile and can diffuse to coalesce
with neighboring Ag grains. Thus, the grains may increase in
size slightly. It is expected that at much higher rates (i.e., Ag
atoms gain even larger mobility) and for longer deposition
times (i.e., thicker film), semicontinuous films that consist of
long islands instead of small individual grains (i.e., as a result of
nucleation and coalescence) will be obtained as reported in
most papers where the deposition rate is often >6 nm/min and
the thickness >100 nm.>’
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Figure 2. (a) Plot of the grain diameter, d, and the surface roughness of
a multilayered film, 0, against the deposition rate (nm/min). The dash-
dotted line shows a linear relationship between O and the rate. (b) Plot of
the grain area, A, and the number of particles, N, against the deposition
rate. The inset shows the calculated interparticle spacing (gap) of the
grains at different rates.

It is well-known that nonradiative surface plasmons on a rough
metallic surface can be excited using normally incident light." In
order to investigate how the roughness affects the excitation of
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Figure 3. (a) Plot of different reflectance spectra for samples at different
deposition rates. The inset shows the reflectance spectrum for a single
Ag film and a MgF,/Ag film on a Si substrate. (b) Schematic of the
excitation of SPPs at the air/Ag interface that decays to the MgF, layer
and gets reflected by the bottom Ag layer. (c) Extraction of the dip and
peak positions and line width of the dip from part a plotted against the
deposition rate.

surface plasmons, reflectance measurement was carried out using
a UV—vis—near-IR microspectrophotometer (CRAIC QDI
2010). A 7S W Xe lamp was used as the source, and light was
focused to a spot on the sample using a 36X microscope
objective lens. The collection area was 7.1 X 7.1 um> A Si
substrate was used as the reference material for all measurements.
The inset in Figure 3a shows the reflectance spectrum for a 30-
nm-thick Ag film on Si and MgF, (30 nm)/Ag (30 nm)/Si.
Reflectance peaks at ~526 and 539 nm are observed for the Ag
and MgF,/Ag films, respectively. These peaks come from the film

discontinuity, and the scattering of light comes from the random
Ag grains.30 For a smoother and smaller grain Ag film, formed
either with a Ge seed layer or a fast deposition rate with a thicker
film,"®~"® a high reflectivity over the 400— 1200 nm range will be
observed. The presence of a reflectance dip at ~340 nm is due to
the interband transitions from the d bands to the conduction
state, which is around 3.5—3.8 eV.'*3*? Figure 3a shows the
reflectance spectra of the Ag/MgF,/Ag films at different deposi-
tion rates. An additional reflectance dip in the range of
650—800 nm, aside from the UV dip, is observed. The position
of the dip depends on the deposition rate. We believe that this is
due to the coupling of light to the SPPs at the air/Ag interface,
and the peak-to-dip intensity is an indication of the efficiency of
SPP excitation. The top rough grainy Ag surface scatters some of
the light and also alters the wave vector of the light such that light
of higher wave vector can be coupled into SPPs at the air/Ag
interface. Because the top semicontinuous Ag film is quite thin
(only ~30 nm), the SPPs can tunnel through the thin Ag film and
leak into the MgF, layer. A certain amount of light is coupled into
the waveguide mode in the MgF, layer between the two Ag films,
as shown in the schematic in Figure 3b. The arrows indicate the
possible paths that light may travel after hitting upon the top
rough Ag surface. Furthermore, because of the rough Ag/MgF,
interface, some light can still escape to the top Ag layer and
couple into the SPPs again at the air/Ag interface, thus repeating
the above-mentioned process. It is noted that, if the bottom Ag
film is absent, a dip in the visible range still exists because the
SPPs at the air/Ag interface can still be excited via the above-
proposed mechanism (i.e., Si reflects the light, in place of the
bottom Ag layer). However, in the absence of the top Ag film (ie,,
MgF,/Ag/Si), the smoother MgF, film could not change the
wave vector of light to excite the SPPs at the MgF,/Ag interface.
On the other hand, for Ag/Si, any excited SPPs just leak into the
substrate. Hence, the dip in the visible range cannot be observed.

A more detailed analysis of the reflectance spectrum is
presented in Figure 3c. In general, a dip at a shorter wavelength
has a smaller peak-to-dip intensity because of higher ohmic loss
in the metal. Both the peak and dip positions vary in a similar
fashion for different deposition rates. The change in the peak
position (~40 nm) is much smaller compared to that of the dip
position (~150 nm). This is reasonable because the peak
indicates the color of light that is reflected and should not vary
too much for the same thickness of deposited films.* Moreover,
the mean grain diameter and interparticle spacing do not vary too
much for the six samples. In addition, the line width of the dip
first increases and then saturates at around 320 nm with higher
deposition rates. The line width of the dip can be qualitatively
linked to the amount of SPPs leaked and confined in the MgF,
layer as a result of the surface roughness. This indicates the
scattering strength of light and could be attributed to losses of
SPPs caused by the surface-rou§hness-induced scattering'” and
scattering between the grains.>** Typically, a rougher surface
and/or larger particles increase the scattering strength and
broaden the line width of the dip.

The visible dip in the reflectance spectrum of the MDM
structure can be further understood through simulation of its
reflectance. We used the Drude—Lorentz function for our Ag
film and parameters similar to those shown in refs 18 and 35.
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Figure 4. Comparison of the measured and simulated reflectance curves for (a) a single Ag layer and (b) MDM layers deposited at 0.55 and 5.76 nm/
min. Comparison of the measured and simulated (c) dip position and (d) line width of the visible dip. Empirical fits between the optical spectra and AFM

data are also shown in parts ¢ and d.

In these parameters, £; describes the contribution of electrons
from the d band to the conduction band'**"** and varies in our
samples. The damping rate y,, is also affected by the scattering of
electrons due to defects and grain boundaries,'®3*¢ and it is
linearly proportional to 1/r, where r is the radius of the particle.
For a discontinuous film with a low filling ratio, f, besides the
above surface dispersion effect, the filling ratio also 3pla;red an
important role in influencing the optical properties."****” From
the Maxwell—Garnett theory, the effective permittivity, e(w), of
the Ag film is given by

3Ag(w) - gd(w)
eag(w) + 2e4(w)

e(w) — ea(®)
e(w) +2¢4(w)

=f

where £4(w) is the permittivity of the dielectric medium. From
the AFM data, we can estimate the filling ratio, f, to be the
number of particles in 1 #m” of the AFM image times the average
area of each particle, which is equivalent to NA/(1 um®). The
refractive index of MgF, follows a Lorentz—Lorentz formula, as
listed in ref 38.

In our simulation, we considered the bottom Ag film and most
of the top Ag layer to be in contact with MgF,, while a thin top Ag
layer is also in contact with air. The thickness of the Ag film in
contact with air is approximated by the surface roughness of the
film. We adopted the Fresnel matrix formalization to calculate
the reflectance of the multilayered films. At a normal incidence
angle, the characteristic matrix for each p layer is given by’

271, d i 271, d
cos (%) _tn (%)
M. — /10 gp /10

P 27n,d, 27n,d
—igpsin< ;’lj P) cos( Zj P)

where g, = (Eo/pto)l/znp for s polarization (L) and & =
(/Ao/eo)l/z(l/np) for p polarization ().

Thus, the characteristic matrix M of this thin film system is
given by

M = Meff_Ag_air 'Meff_Ag_Mng 'MMgFZ 'MAg_Mng

myp M
myy My

where Mg ag air Tepresents the top layer of Ag in contact with
air, Mg ag Mg, Tepresents the top layer of Ag in contact with
MgF,, Mygr, represents the MgF, layer, and Mag ngr, repre-
sents the bottom Ag layer that is in contact with MgF,.

The reflection coeflicient, r, ), can then be calculated by the
equation below, which takes into account the substrate and air:

, Lair (ml 1+ Zsubstrate mll) — &air (m21 + Zsubstrate mZZ)
1=
! Lair (ml 1+ substrate le) + Sair (m21 + substrate mZZ)

The reflectance is given by R ) = |r 1l |2. For unpolarized light,
the reflectance is Ry = (1/2)(R, + Ry). Taking a step further to
consider the surface roughness effect on the specular reflectance
at normal incidence, we finally get the reflectance***'

l (4n5) 2]
R=Rpexp|—|—
A

In our experiment, the bottom Ag layer is deposited at the
same time for all samples. Therefore, the effective permittivity of
the bottom Ag layer should be the same. Thus, we first try to fit
the single Ag layer reflectance curve, and the result is presented in
Figure 4a. The fitting parameters are €; pottom = 5.5, Yp,bottom =
0.55 eV, and dj, = 30 nm. A reasonable match has been obtained.
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Figure 5. Reflectance and transmittance spectra for (a) Ag/MgF,/Ag, (b) Ag/MgF,/Ag/Ge, and (c) Ag/Ge/MgF,/Ag/Ge on quartz. The

corresponding AFM images are shown in parts d—f.

Figure 4b shows the experimental and simulated reflectance
spectra for two sets of films deposited at 0.55 and 5.76 nm/min
deposition rates, respectively. In the simulation of the Ag/MgF,/
Ag film, we fixed the permittivity and thickness of the bottom Ag
layer and used the experimental data (i.e., d and f) from AFM
analysis. The fitting parameters for the top Ag layer used are as
follows: €1 4op = 1.5 £ 0.5V, ¥p cop = 1.52 £ 0.53 €V, dagop = 31
+ 2 nm, and dygep, = 31 & 2 nm. It is worth mentioning that
similar fittings are also achieved for other sets of data at different
deposition rates. We found that a higher filling factor f red-shifts
the dip position. To a smaller extent, a larger surface roughness
red-shifts the dip position, and the overall scattering and size
effects on y,, also play a role in determining the dip position (i.e.,
a smaller y,, red-shifts the visible dip position). On the contrary,
€ affects only the position of the UV dip and does not affect that
of the visible dip. For the line width of the visible dip, the size of
the particle has a big effect. In general, a smaller particle size
results in larger y,,. Thus, the amount of light scattering is less,
and the line width of the visible dip is small. On the other hand, a
larger surface roughness at a higher deposition rate exposes more
Ag particles in contact with air, and this also increases the
scattering of light and hence gives a larger line width. We also
attempted to do an empirical fit of the optical data with the
morphology information and found the relationships of A ~ fod°
and line width ~ dd°, as shown in Figure 4c,d. This agrees well
with the above discussion that both the dip position and line
width are affected by the particle size and surface roughness and
that the dip position is also affected by the filling ratio.

We also plotted the experimental and simulated dip positions
and their line widths for different deposition rates in parts cand d
of Figure 4, respectively. The simulated data fit quite well with
the experimental data for the dip position, while there is a slight
mismatch in the line width of the visible dip at higher deposition
rates. This could be because we did not take into account the
particle-induced scattering effect in the above analysis. At higher
deposition rates, the film becomes rougher and the particles

become bigger (>30 nm). As discussed by Noguez in refs 34 and
42, radiation damping effects (o<*) become important for
particles larger than 30 nm in diameter. This can result in broader
and less intense surface plasmon resonances. Furthermore, we
may need to consider the depolarization field in the permittivity
equation, as listed in refs 37 and 43, because the Ag grains are not
exactly spherical. The effect of the depolarization field would be
to red-shift the spectrum.**** A more in-depth study is required
to see how this will affect the MDM structure.

As a control experiment, we repeated deposition of the MDM
structure on a quartz substrate and measured its transmittance,
reflectance, and surface roughness. The deposition rate of the top
and bottom Ag films was 6 nm/min, while that of the MgF, film
was 1.5 nm/min. Figure Sa shows the transmittance and reflec-
tance spectra. There exists a dip at ~500 nm in the transmittance
spectrum, which corresponds to the reflectance peak (i.e., due to
scattering of light by Ag grains). However, the transmittance
peak corresponding to the reflectance dip is not observed. A
possible reason could be that the leakage light tunnels through
the rough bottom Ag layer and escapes from the quartz substrate.
The measured surface roughness O is ~4.144 nm from the AFM
image (Figure Sd). It is noted that the surface roughness of the
Ag film on quartz tends to be smaller than that on Si. To improve
the confinement, an attempt to smoothen the Ag layer was
carried out. This can be achieved by depositing a 1 nm Ge seed
layer prior to deposition of the Ag layer.'®"” Figure Sb shows the
optical spectra for the Ag/MgF,/Ag/Ge/quartz configuration.
The corresponding AFM image in Figure Se shows that the
surface morphology is similar except that the smoothness of the
film is improved (0 = 3.218 nm). The bottom Ag layer is now
more reflective. Furthermore, the smoother interface between
the bottom Ag layer and the MgF, layer will reduce the scattering
loss. Therefore, both of these effects collectively improve the
confinement of light in the MgF, layer, thus contributing to an
increase in the peak-to-dip intensity. As such, a transmittance
peak at ~800 nm was observed. Through control of the
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deposition rate of the top Ag layer, transmittance peaks at
different wavelength regions can be obtained. This could be an
effective way to design plasmonic thin film color filters.”> As
another control experiment, a Ag/Ge/MgF,/Ag/Ge/quartz
sample was also prepared and tested, as shown in Figure Sc.
The surface roughness has been greatly improved, and grains are
smaller. The interparticle spacing is also bigger, as shown in
Figure 5f. These factors may reduce the scattering efficiency of
light, and SPPs cannot be excited at the Ag/air interface. There-
fore, the reflectance and transmittance spectra resemble that of
bulk Ag on quartz.

Bl CONCLUSIONS

We have studied the surface morphology of Ag/MgF,/Ag
films and their corresponding reflectance spectra. A dip in the
visible range of the reflectance spectrum is found to shift with
different Ag surface properties. We proposed that SPP excitation
at the air/Ag interface due to the surface roughness is the main
reason for the reflectance dip. Through the theoretical fitting of
the experimental data, we found that the filling ratio of the Ag
film plays an important role in determining the dip position,
while for the line width, scattering due to the particle size and
surface roughness is the main contribution. Furthermore, the
application of this MDM structure was explored. The unique
feature made this thin film system promising for color filters.
Studies of such a MDM structure will be potentially useful in the
design of plasmonic devices and metamaterial structures.
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