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Abstract

Silver nanoparticles near other silver nanoparticles or near a substrate have modified plasmonic resonances which maybe
important in device applications. Having plasmonic solar cell applications in mind, various aspect of silver nanoparticles
on transparent conducting oxide (TCO) thin film structures are investigated. The shift in resonance has been calculated
for the different shape, size and, distance of silver particles on various refractive index of the TCO. The effect of inter
nanoparticle effects are discussed as well. The plasmonic resonance curve may change in case of inhomogeneity in silver

nanoparticles geometry as well as proximity to each other.

PACS numbers: 72.20.Dp, 72.20.Pa, 73.21.Hb, 73.23.Ad, 73.63.Nm

Introduction

in device application, such as in plasmonic solar cells, it is
common to utilize silver as an agent to interact with the long
wavelength part (near infrared) of the sun spectrum which
can be archived through plasmonic resonance [1].

There is no unique plasmonic response of nanoparticles,
on the contrary, a plethora of ways to manipulate them.
When there is no inhomogeneity in the system, the shapes
and sizes of nanoparticles as well as the homogenous medi-
um they are in seem to be the important parameters [2-5].
More interestingly when there are inhomogeneities in the
system, as in the most practical cases, interaction due to in-
terfaces become important [6,7]. The interaction of nanopar-
ticles become important in other applications like plasmonic
detectors, antennas where one can use electromagnetically
induced transparency [8].

We solve full three dimensional (3D) time dependent
electromagnetic equation using finite difference time domain
method (FDTD) [9] in order to look at various configuration of
metallic nanoparticles with respect to TCO film. FDTD is being
used recently in plasmonic calculation of complex systems
[7,10]. When silver nanoparticles approach to the TCO film
their plasmonic behavior changes as a function of their dis-
tance from the substrate as expected. When it is close enough
we observe a new dipole excitation in the system which is red
shifted than the one get in homogeneous system. We look
at the effect of film thick-ness and the relative locations of
nanoparticles with respect to TCO. We observe that we can
manipulate the coupling to the TCO by changing the shape
of nanoparticles. The film thickness seems to be a relevant
parameter in the manipulation of this new red shifted dipole
resonances [11,12].

We use boundary element method BEM solver [13] for the
effect of size and shape averaging and interaction among Ag
nanoparticles which should be taken into account in explain-
ing experimental result. We show that interaction among
nanoparticles causes red shifted dipole resonances [14]. Also
averaging should not be thought as a linear process by show-
ing size matters to define the plasmon resonance.

In following section we discuss nanoparticle-tco interface
and FDTD method we use. In section Ill We look into interac-
tion of nanoparticles by themselves where we utilized BEM in
calculations. We conclude in section IV.

Plasmon Response due to Interaction of
Nanoparticle with TCO Thin Film

Plasmon resonance of Ag nanospheres inside homoge-
neous medium can be calculated exactly using mie theory.
Extension to spheroids also possible [2]. In Figure 1 we show
plasmon behavior of Ag nanoparticles inside a homogeneous
medium as a reference for the interaction case. In Figure 1a
we show effect of shape by changing one of the principal axis
of sphere. As the shape goes from sphere to a prolate shape
plasmon resonance red shift. In Figure 1b we show size de-
pendence. Scattering cross section is only effective when pass
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Figure 1: (Color online). Plasmonics in homogenous medium. a) Spheroid with base sphere of r, = 50 nm; b) Spheres with changing
diameter; c) A reference sphere of radius r, = 50 nm in a homogeneous medium with changing refractive index.
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Figure 2: (Color online). Ag nanosphere in vacuum.

a critical radius, at around D = 70 nm scattering cross section
becomes dominant. For small radius spheres absorption in-
side sphere is prevalent and not useful in solar cell applica-
tion. In Figure 1c we show the effect of homogenous medi-
um. As the dielectric constant of medium increases plasmon
frequency red shifts and higher order modes, i.e. quadrupole,
octupole moments appears.

More interesting is the behaviour of Ag nanoparticles
in inhomogeneous medium. In almost all cases we want
nanoparticles near or inside a semiconductor interface. This is
an important design parameter for solar cell application. Due
to large surfaces involved a BEM approach is not practical here
that is why we use FDTD method to solve the electromagnetic
wave equation. We give some details about the method in
following.
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FDTD, FEM and BEM methods

We use finite discrete time domain (FDTD), finite element
method (FEM) and Boundary element method (BEM) to solve
Maxwell’s equations numerically. We give brief description in
this section for various methods we use in this work.

In it’s basic understanding FDTD is the method that Max-
well’s equations are evolved in discretized grid of space and
time.

To simulate silver nanoparticle we use an approximation
to the experimentally available dielectric constant of silver in
terms of a Drude-Lorentz series as in the litearature [15]. We
show a sample calculation in Figure 2 with the inset describing
geometric boundaries and the imaginary surfaces to calculate
the scattering cross section. A radius 45 nm sphere in air has
a scattering cross section of light as shown both with FDTD
result and mie exact result.

We have a computational region of 600 x 600 x 600 nm?
shown as the outermost region. We need to use perfect
matching layers as boundary conditions so 100 nm thick
reflectionless region is set at the outermost region. Than
we choose an imaginary surface , a cube of size 350 x 350 x
350 nm? (shown as red line), to calculate the scattering cross
section. Source is just at the edge of PLM region and sends
gaussian wave. We propagate the electromagnetic wave in
this system and in the auxiliary one where there is no sphere
so that we can look

at the change in flux. The difference of Poynting vectors,
P(a)) which is defined by |

P(w) — Ren . CJ.DEw (x)* x H,(x)da (1)

is then used to calculate the scattering cross section by,

Where 7 is the outward normal direction to the surface,
I(a)) is the intensity of light.

In following plots scattering cross section efficiency is
shown where we divide the scattering cross section to the
geometric cross section.

We use a typical computational cell size of 1.25 nm x 1.25
nm x 1.25 nm to get the accuracy shown in Figure 2. We run
parallel MEEP and a typical run for any system takes about 10
hours CPU in a 4 x 8 AMD core PC system.

Interaction with TCO

We look into the effect of nanoparticle-TCO interface on
plasmonic response. We use an FDTD method to find the
scattering cross section efficiency as described earlier. Only
addition is a semiconductor region of infinite thin film with
varying thickness in to calculation. We choose a typical TCO
thin film of indium titanium oxide (ITO) to demonstrate the
effect of silver nanoparticle interaction with substrate in Fig-
ure 3. As we lower the silver sphere of radius, R = 30 nm on
top of the ITO thin film we see a new resonance peak appears
in total scattering cross section efficiency. The amplitude of
red shifted dipole resonance increases when silver nanpar-
ticle approaches to the film. We use a film thickness of t =
200 nm used in Figure 4a. We also observe a red shif in the
position of the original dipole moment as it gets closer to the
surface. In Figure 4b we observe similar effects for a spher-
oid. But note that in this case actually the intensity of second
peak is much higher than the original dipole resonance peak,
practically making big change in response of the system. We
note that the place of red shifted dipole resonance is compa-
rable with the dipole resonance of a homogeneous system of
silver sphere inside an ITO medium. In Figure 4c and Figure 4d
we show the effect of thickness of ITO film on plasmonic re-

P(a)) sponse. In both cases silver sphere and spheroid stays on top
o, (a)) = ——= (2)  of ITO film. We see that a blue shift of new resonance dipole
I(a)) position with decreasing thickness. In Figure 4d we see this
blue shift effects the intensity of original dipole resonance
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Figure 3: (Color online). a) Silver sphere at different heights on top of ITO film of thickness t = 200 nm; b) Silver spheroid of ratio r/r, = 2/3
at different heights on top of ITO film; c) Silver sphere with various thickness of ITO film; d) Silver spheroid of ratio r/r0 =2/3 with various
thickness of ITO film. In all plots a reference sphere of radius, ;= 30 nm is used.
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Figure 4: (Color online). Spheroid on ITO thin film for a reference silver sphere of radius, r, = 30 nm.
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Figure 5: (Color online). a) Typical geometry used in FEM calculations; b) The incident plane wave of = 500 is shown on y z working plane.
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Figure 6: (Color online). Sphere 30 nm above the ITO substrate and with the radius 30 nm interacts with incoming plane wave of
wavelength a) 400 nm; b) 450 nm; c) 500 nm some for the sphere touching to the surface incident by the wavelength; d) A = 400 nm; e)

and it becomes almost similar in size. It is possible to change

the intensity of resonance peak by changing film thickness.

We find that it is possible to manipulate the intensity of
resonance peaks so making effectively coupling to substrate
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something adjustable by changing the prinsipal axis of
spheroidal silver nanoparticles. In Figure 3, we show by
making a prolate shape sphere we canincrease the intensity of
redshifted dipole resonance. In practice prolate spheroidical
shape is more common.

We have also used Finite element method to compare our
results from FDTD as well as to see specifically the excitations
for the resonance wavelengths.

In FEM, we discretize scattering region with finite polyno-
mials and solve weak form of maxwells equation with appro-
priate boundary conditions. A typical geometry is shown in
Figure 5.

In Figure 6, we show the plasmonic excitation correspond

to the resonance for spherical silver shapes as found previ-
ously in Figure 4 using FDTD. The magnitude of electric field
before, on and, after the resonance shown for silver spheres
away from the TCO and on the TCO respectively. Here we
chose to show the magnitude of y component of electric field.
The corresponding colorbar is also shown in figures. We look
at the response of the sphere to incoming light with various
wavelength chosen from the figure. general at 3 points be-
fore on and after resonance.

In Figure 7, plasmonic excitations before on and after
resonance for prolate silver nanoparticles are shown.

In Figure 8, we show at resonance and out of resonance
case of a prolate on TCO in close up.
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Figure 7: (Color online). An ellipsoid with principal semiaxis, a = 30, b = 30, ¢ = 20 is touching on ITO surface with thickness t = 150 nm
is incident upon by a plane wave with wavelengths a) A = 400 nm; b) A = 450 nm; c) A = 490 nm. The principal axis of ellipsoid is reduced
further to ¢ = 10 nm and excited by d) A = 400 nm; e) A = 450 nm; f) A = 540 nm.

Figure 8: (Color online). The y component of Electric field near the second scattering peak identified by FDTD calculations is shown for
the ellipsoid @ =30 nm; b = 30 nm; ¢ = 20 nm in a) just before resonance A = 500 nm and b) at resonance A = 540 nm.
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Figure 10: (Color online). Scattering cross section of silver nanoparticles with same size packed with varying proximity.

We also look at the sphere dipped into substrate,
half sphere on top of substrate and more to mimic the
experimental findings. In Figure 9 we show these simulations
along with the experiment as depicted in inset.

For better solar cell design the effect of substrate should
be taken into account. Another important interaction is

nanoparticles with their neighbors which we discuss next.
Plasmon Response due to Interaction of
Nanoparticle with Neighbors

In this section we discuss other important inhomogeneity,
i.e. two metallic particles come close to each other. In exper-
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iments that is always the case. Although about 10 percent
coverage of solar cell is enough to scatter all incoming light
due to the scattering efficiency of nanoparticles is about ten,
there is no homogeneity in distribution of particles in prac-
tice. There maybe few particles come to close each other and
start to interact. There is also issue of averaging cross section
when interaction is present. Linear averaging is not the right
answer most of the time.

In Figure 10, we show the effect of interaction on the
plasmon resonance for Ag nanospheres in air. To make it
polarization independent we use a unit cell of 3 equal size
spheres in calculation. The distance L between spheres in x
and y direction is changed same amount in the figure. We see
that when two spheres come close there will be a red shift of

dipole resonance while quadrupole resonance remains at its
original place. There is a also a reminiscent peak in the place
of dipole resonance of single particle. In the following figures
we show scattering efficiency as before. Note that the effec-
tive geometric cross section is projection of three spheres on
x-y plane.When there is no interaction (far apart particles) it
is possible to take linear averaging of cross sections but not
the cross section efficiency.

In Figure 11, we show the surface charge distribution at
the resonance positions for L = 2 nm case in Figure 10. In
Figure 11a we see dipole resonance at A = 664 nm is no longer
due to oscillations of electrons between to ends of a sphere
(whichisthe case for a single sphere at A =395 nm) but actually
between two neighboring spheres. Another resonance occur

Figure 11: (Color online) Plasmonic excitations of silver spheres with same size when they are closely packed.
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Figure 12: (Color online) Scattering cross sections of three individual silver sphere with various diameters and their pair proximity as
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at A = 324 nm again between two neighboring spheres in the
form of a quadrupole moment as shown in Figure 11b. In
Figure 11c at = 303 nm we show resonance is quadrupole in
nature like a single sphere. In Figure 11d octupole moment is
also prevalent as in single sphere case.

In experiments a wide variety of sizes and shapes of
nanoparticles coexists. Overall response of system is an
average of plasmonic resonances of all these particles. Since
there is interaction among them, average is not trivial. We
look at the size and shape effects on averaging and on overall
response of nanoparticles.

In Figure 12 we show 3 different sized spherical Ag
nanoparticles in air with close and far separation between
them. We start with D, = 120 nm spherical Ag nanoparticle
at the center shown with dot-dashed (black) line in Figure 12.
The case with two D, = 100 nm Ag nanospheres added in x
and y direction are shown with dashed (blue) and solid (red)
lines where former shows when particles far apart and later
shows when they are closely separated. We see similar dipole
resonance shift when the sizes close in comparison as before.
We see completely different picture when we have small
sized spheres replaces as neighboring nanoparticles shown as
dotted (blue) and thick solid (black) lines in the same figure.
The dotted (blue) curve shows single sphere cross section.
We see the effect of small sized sphere makes just resonance
of D = 120 nm sphere wider than usual but not linear effect
of adding cross section together. The overall decrease in size
of the dipole resonance is due to dividing cross section with
geometrical cross section to find the efficiency. The total cross
section of this systems is in reality very little different than
one single D = 120 nm Ag sphere. We note that the effect of
dipole shift still observable if we let spheres comes too close
here we use L = 10 nm as the separation length between D, =
120 nm sphere and D = 60 nm spheres.

In Figure 13 we show the effect of shapes on averaging of

plasmonic scattering cross section. Stand alone particles of D
= 120 nm sphere and D = 60 nm prolate shape nanoparticle
are shown with dash-dotted (blue) and dashed (blue) curves.
Two separation distances L =30 nm and L = 180 nm are shown
with solid (black) and thick solid (red) curves respectively. We
see that red shift due to shape deformation also effects the
averaging. The same characteristic dipole shift also observ-
able here as well as shift in the position of quadrupole reso-
nance due to proximity to the spherical nanoparticle at the
center.

Concluding Remarks

Ag nanoparticles in thin film solar cell design should take
in to account various geometrical and interface effects into
account. We show the effect of interface between metallic
nanoparticles and semiconductor TCO on plasmon resonance
response. Due to interface to semiconductor new plasmonic
peaks observed in simulations.

We also look at the effect of interaction between
nanoparticles. While a characteristic red shift in dipole
resonance is observed when particles close to each other
we see quadrupole resonance does not shift at all. The effect
of size on averaging should be also taken carefully since
smaller particles has little effect on position of large particles
resonance peaks just make their resonance wider.

We had to keep parameter space small to demonstrate
our conclusion. There are plenty of other effect comes to
play when interaction of nanoparticles, such as humidity
of air, medium of interaction, silver dioxide formation [16].
The main interaction effects would persist but renormalized
acordingly depending on the permitivity of the transmitting
medium between nanoparticles.
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