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Electric Field Confinement and Enhancement in a Silver Film Fabry—Pérot Interferometer®
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Using the discrete dipole approximation method and exact analytical solutions, we demonstrate that an incident
electromagnetic wave can be confined and enhanced between two silver layers due to the Fabry—Pérot effect.
The enhanced electric field between the two layers depends on the distance between the two layers and each
layer’s thickness. An enhanced electric field, |EI*, with an enhancement factor of 50 was obtained at distances
100 nm above the surface. The resonance wavelength increases linearly with the distance between the two
layers and varies with their thicknesses. Reduced scattering and enhanced absorption efficiencies of the
interferometer at resonance wavelength were observed. The effect demonstrated here could be applied for
studying both enhanced fluorescence and nanolasers.

Introduction

A standard Fabry—Pérot (FP) interferometer' is composed
of a transparent plate with two parallel, highly reflecting mirrors
on each side. High-resolution spectra can be obtained with the
FP interferometer>® due to multiple reflections of the electro-
magnetic wave between the mirrors. The FP interferometer has
been utilized in different applications, such as optical sensors,*
waveguides,””? and lasers.!3~13

Using two thin silver layers as mirrors, we demonstrate that
the electric fields between the two parallel layers can be
significantly enhanced. The magnified electric field could be
useful in enhanced fluorescence studies.'”~*" The enhanced local
electric field near metal nanoparticles?® 32 has been investigated
both theoretically and experimentally. The local enhancement
is due to the excitation of surface plasmons, which are collective
excitations of conduction electrons of the metal nanoparticles.
The enhanced local electric field has been utilized in surface
enhanced Raman scattering®>~° and fluorescence studies.'*~?’
Compared with the enhancement factor of 10'* found in surface
enhanced Raman scattering,’ the enhanced fluorescence signal
could be amplified only by a moderate factor of 10-fold.*’ The
fluorescence signal enhancement is limited by the quenching
effect of the metal surface to nearby fluorophores or quantum
dots at emission frequency.'***' 46 Therefore, enhanced electric
fields generated far away from the metal surface, where the
quenching effects can be minimized, may lead to amplified
fluorescence signals.

The effect can also be applied in nanolaser studies.
Yoshida et al.!* demonstrated a 342 nm multiple quantum well
laser using a layered structure. A surface-plasmon-assisted
semiconductor laser was reported by Yu et al.'* Manolatou et
al.!” utilized the confined surface plasmon mode to pump and
shape the output in semiconductor materials. In this manuscript,
we demonstrate that an enhanced electric field, IEP?, of 50 can
be achieved over 100 nm away from the film surface. This
enhancement is due to the Fabry—Pérot interference effect. For
quantum dots or semiconductor materials placed in the enhanced
electric field region, which is over 100 nm away from the metal
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surface, enhancements from both excitation and emission
frequencies are possible. Additionally, an improved enhance-
ment factor can be expected, since the quenching effect of the
silver metal to the quantum dot or semiconductor materials at
the emission frequency is avoided® at such a long distance.

Computational Method

The discrete dipole approximation (DDA) method* is a finite
element method for the calculation of the optical properties of
particles with arbitrary shapes. In the DDA method, the target
particle is divided into an array of N polarizable cubes. The
interactions between the excited dipoles of all the cubes and
the incident electromagnetic wave are treated with a coupled
dipole approximation. The local electric field at each cube
position can be obtained from the solution of 3N linear
equations. The optical properties of the target particle can be
calculated once the local electric field at each cube position is
obtained. The convergence of the calculations depends on the
grid length of the polarizable cube. An exact solution can be
approached as the grid size becomes smaller. The computational
time is proportional to the number of cubes included in the
simulations. The extinction and scattering cross sections of a
target with N cubes can be calculated using the following
equations

N
4k *
= )

ot = m(E;,;*P; (1
|E0|21‘=1 J
i l )
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where N is the number of cubes of the target; k represents the
wave vector at incident wavelength, 1; Ej is the amplitude of
the incident electric field; E;, is the incident electric field at
cube j’s position; P; is the induced electric dipole of cube j; 7
represents the unit vector along the scattering direction; and 7;
refers to the coordinate vector of cube j. The absorption cross
section, Cyps, 1S given by Cex, — Cyco. The extinction, scattering,

U 2009 American Chemical Society

Published on Web 03/04/2009



4218 J. Phys. Chem. A, Vol. 113, No. 16, 2009

and absorption efficiencies are given by the ratios of the
corresponding cross sections over the physical cross sections
of the film or particle. For the infinite films discussed in the
manuscript, periodic boundary conditions are applied in the
DDA program.*’8

The analytical solution of the reflectance and transmittance
of a single slab can be found in pages 36—38 of Bohren and
Huffman’s book.*’ The scattering (reflection), absorption, and
extinction spectra of the film can be obtained once its reflectance
and transmittance are obtained. For a multilayer film® with
normal incident light, the spectra of the film can also be obtained
with equations satisfying the following electric and magnetic
boundary conditions of all the layers in the film:

+ . — . _
E; exp(ikN;h)) + E; exp(—ikNh) =

Ej++1 eXp(ikNj hy) + Ejy exp(—ikNjp hypy) (3)

+ . - . -
E; exp(ikN;h)) — E; exp(—ikN;h)) =

Nisip o+ . - .
T[Efrl exXp(ikN;y i1y 1) = Ejyy exp(—ikNyy hyp)] (4)

J

where j refers to the jth boundary of the film, 4; indicates the
coordinate of the jth boundary along the wave vector direction,
Nj is the index of refraction of the jth medium, Ef and E;
represent the amplitudes of the electric fields for waves
propagating along or opposite the incident wave direction in
the jth medium, and k denotes the wave vector of the incident
wave. When the environments on both sides of the film are the
same, the reflectance and transmittance of a multilayer film with
n boundaries can be calculated as

g )

where Ef, Er, and E; are the amplitudes of the incident,
reflected, and transmitted waves, respectively, and R and T are
the reflectance and transmittance of the film, respectively. The
scattering efficiency of the system is the same as R, the
extinction efficiency is given by 1 — 7, and the absorption
efficiency equals 1 — T'— R. The absorption efficiency of each
layer and the electric fields in the film can also be calculated
once the electric field amplitudes in all the layers are obtained.

Results and Discussion

The schematic of an FP interferometer with two infinite silver
layers is shown in Figure 1. L represents the distance between
the two layers. The thickness of the two layers is represented
by d; and d,. The two layers are arranged perpendicular to the
X axis. Incident light propagates along the X axis, and the
polarization direction is along the Z axis. Both the discrete dipole
approximation method and an analytical model were used for
the calculations of the scattering, absorption, and extinction
spectra of the interferometer and the electric fields between the
two layers. The silver dielectric constants were taken from
Palik’s book.’!

The scattering and absorption spectra of an interferometer
are shown in Figure 2a. The discrete dipole approximation
method with periodic boundary condition was used in the
calculations. The grid length in the DDA method was 5 nm.
The thickness of the first layer, d;, was 40 nm, and the thickness
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Figure 1. Schematic of a Fabry—Pérot interferometer made up of two
infinite silver layers. L refers to the distance between the two layers;
d; and d, represent the thickness of the first and the second layer,
respectively.

of the second layer, d,, was 60 nm. Figure 2a shows that a dip
in the scattering spectrum is observed at 425 nm wavelength
when the distance between the two layers, L, was 150 nm.
Enhanced absorption at the same wavelength was also obtained.
Figure 2b shows the electric field, |EI%, between the two layers
at the resonance wavelength of 425 nm. The distance in Figure
2b is measured along the X axis (wave vector direction) from
the upper surface of the first layer. Figure 2b indicates that |EI?
between the two layers can be enhanced by a factor of 12 times
that of the incident intensity. The highest enhanced electric field
is located exactly in the middle of the two layers, which is 75
nm from the surface of each layer.

Before investigating the effect of layer thickness and separa-
tion on the spectra and the enhanced electric field between the
two layers, we tested the convergence of the DDA program with
a5 nm grid length by comparing the calculated scattering spectra
from the DDA program with those obtained from the analytical
model. The comparison will validate the reliability of both the
DDA program and the analytical model. The numerical DDA
method can be applied for applications to other problems that
cannot be solved analytically.

The scattering spectra of a two-layer silver film from both
the DDA method and the analytical model are shown in Figure
3. The thicknesses of the two silver layers are d; = 40 nm and
d, = 60 nm. The scattering spectra of the interferometer (L =
150 nm) from the DDA program (solid line) and the analytical
model (dotted line) are displayed in Figure 3a and demonstrate
a good agreement between the DDA program and the analytical
model. The scattering spectra for the interferometer for L =
250 nm are shown in Figure 3b. The resonance wavelength from
the analytical model was 605 nm, which is slightly different
from the resonance peak of 609 nm obtained from the DDA
program. The 4 nm wavelength difference is due to the large
grid length (5 nm) used in the DDA program. When a smaller
grid length was used, a good agreement between the two
calculations was achieved. A smaller grid length in the DDA
program results in a longer computational time. To save
computer time, we used the spectra and electric fields calculated
from the analytical model in the following discussions.

We calculated the scattering, absorption, and extinction
spectra of a two-layer film with 40 (d;) nm and 60 (d,) nm
thickness and layer separations ranging from L = 150 nm to L
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Figure 2. (a) Scattering and absorption spectra of an interferometer with two silver layers of 40 (d;) and 60 (d,) nm thickness and L = 150 nm.
(b) Enhanced electric field, IE, between the two layers at the resonance wavelength of 425 nm. The distance was measured along the X axis from

the upper surface of the first layer.
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Figure 3. Calculated scattering spectra of an interferometer with two silver layers of 40 (d;) and 60 (d,) nm thicknesses and (a) L = 150 nm and
(b) L = 250 nm obtained from both the DDA method (solid line) and the analytical model (dotted line).

[

a
5\
8 0.8
=
£0.6
o
%D
£04
=
502
@ 50 1200 250 nmny
0 A A A A
300 400 500 600 700 800
Wavelength/nm
ol
g
e
209
4
=]
£
2 0.8
&
<
53
0.7 'l i A A
300 400 500 600 700 800

Wavelength/nm

150 200 250 300 nm |

400 500 600 700 800
Wavelength/nm

0 e —
-200 0

200
Distance/nm

400

Figure 4. (a) Scattering, (b) absorption, and (c) extinction spectra of a two-layer film with 40 (d;) and 60 (d,) nm thicknesses and different
separations (L) from 150 to 300 nm. (d) |EI* along the X axis of the film for different values of L at corresponding resonance wavelengths.

= 300 nm. The scattering spectra are shown in Figure 4a and
indicate that the resonance wavelength is proportional to the
distance between the two layers. The resonance wavelength
shifted from 418 to 701 nm when the separation increased from
150 to 300 nm. The ratio of the resonance wavelength change
versus the change in layer separation, dA/dL, was 1.9 and varied
slightly when the thickness of either of the two layers was
changed. The resonance width narrowed and the scattering
efficiency at resonance wavelength increased with increasing
layer separation. This behavior is understandable since the
scattering efficiency of a single silver film becomes larger with

increasing incident wavelength. The absorption and extinction
spectra of the film are shown in Figure 4b and c. The resonance
wavelengths for both the absorption and the extinction spectra
are the same as those of the scattering spectra. With increasing
layer separation, the absorption resonance width narrowed and
the intensity of the absorption peak changed slightly. The
extinction intensity at the resonance wavelength grew with
increasing layer separation, which is consistent with the behavior
of the scattering efficiency. We also calculated the electric field,
IE, along the X axis as shown in Figure 4d. The distances in
Figure 4d and the following electric field calculations were
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Figure 5. (a) Scattering, (b) absorption, and (c) extinction spectra of a two-layer silver film with a fixed separation (L) of 200 nm and second layer
thickness (d,) of 60 nm. The thickness of the first layer (d;) was changed from 10 to 80 nm. (d) |IEI* along the X axis of the film for different values

of d; at corresponding resonance wavelengths.
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Figure 6. (a) Scattering, (b) absorption, and (c) extinction spectra of a two-layer silver film with a fixed separation (L) of 200 nm and a first-layer
thickness (d;) of 40 nm. The thickness of the second layer (d,) was varied from 10 to 80 nm. (d) IEI* along the X axis of the film for different values

of d, at corresponding resonance wavelengths.

measured along the X axis from the upper surface of the first
layer. Figure 4d shows that the electric field, IEI?, between the
two layers was enhanced with the shape of a sine function. The
electric field might increase or decrease with the distance from
the lower surface of the first layer, depending on the incident
wavelength. The electric field became a constant with the same
value of transmittance after the second layer. When the distance
between the two layers was 150 nm, the enhancement of |EI?
by a factor of 11 could be obtained at a resonance wavelength
of 418 nm. The enhancement factor grew to 48 at 701 nm
resonance wavelength for L = 300 nm. The amplification of
the enhancement factor is attributed to the increased reflectivity
of the silver layers at longer wavelength. Once incident light

penetrates through the first layer, layers with a higher reflectivity
will allow multiple reflections of the electromagnetic wave
between the two layers and will generate an enhanced electric
field between the layers. On the other hand, the increased
reflectivity of the first layer will also block the transmission of
the incident light. We will show that there is an optimized layer
thickness to achieve the highest enhanced electric field between
the two layers.

We examined the influence of the layer’s thickness (d;) on
the spectra of the interferometer and the enhancement factors
of electric fields between the two layers. The scattering,
absorption, and extinction spectra and the enhanced electric
fields of the interferometer are shown in Figure 5. In the
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calculations, the thickness of the second layer (d,) was kept at
60 nm, and the distance between the two layers (L) was set at
200 nm. d; was varied from 10 to 80 nm. Figure 5a shows that
a broad dip can be observed at the 557 nm wavelength when d,
= 10 nm. The resonance wavelength was shifted to shorter
wavelengths, and the resonance width was narrowed when d,
was increased. The resonance peak was blue-shifted to 510 nm
wavelength with a decreased scattering efficiency of 0.077 when
d; became 40 nm. Further increasing d; led to a shorter
resonance wavelength and increased scattering efficiency at
resonance wavelength. When d; was increased to 80 nm, the
resonance scattering efficiency at 506 nm wavelength grew to
0.84.

The absorption spectra in Figure 5b displayed the same blue
shift when d; was increased from 10 to 80 nm. The intensity of
the resonance absorption increased when d; was increased from
10 to 40 nm and dropped dramatically when d; was further
increased to 80 nm. The change of the absorption spectra was
consistent with that of the scattering spectra. A reduced
scattering led to enhanced absorption. The extinction spectra
of the films are shown in Figure 5c. Figure 5c indicates that
the extinction efficiencies at nonresonance wavelength increase
proportionally with the thickness of the first layer. Near
resonance wavelength, when d; was increased from 10 to 40
nm, the resonance extinction efficiency decreased from 0.96 at
524 nm wavelength to 0.89 at 508 nm wavelength. The smaller
extinction efficiency was attributed to a stronger Fabry—Pérot
effect when d; was increased from 10 to 40 nm. When d; was
further increased, the extinction efficiency increased due to a
significant increase in the reflectivity of the first layer. The
resonance width always narrowed with increasing d;, which was
consistent with Zou’s previous work about the layer thickness
dependence of the extinction spectra for a spherical silver core
shell particle.” Figure 5d displays the enhanced electric field
of the interferometer. The electric field enhancement factor is
proportional to the absorption efficiency with the strongest
absorption efficiency leading to the highest enhanced electric
field between the two layers. Figure 5d shows that IEI* was
enhanced by a factor of 11 when d; was 10 nm. The
enhancement factor grew to 25 when d; was changed to 40 nm
and dropped to 3.5 when d;, was further increased to 80 nm.
We also notice that the distance of the highest electric field
from the first layer surface increased from 86 to 100 nm (half
the separation distance between the two layers) when d; was
varied from 10 to 80 nm.

We investigated the influence of the second layer thickness
(d>) on the spectra of the film and on the enhanced electric fields
between the two layers. The scattering, absorption, and extinc-
tion spectra and the electric field distribution along the X axis
are shown in Figure 6. Figure 6a shows that the scattering
efficiency of the interferometer at nonresonance wavelength
grows with increasing d,. At resonance wavelength, the scat-
tering efficiency monotonically decreased with increasing d.
The resonance width narrowed and the resonance wavelength
blue-shifted with increasing d,, which exhibits the same trend
as d;. The absorption resonance wavelength as shown in Figure
6b also shifted to blue and resonance width narrowed with
increasing d,. The absorption intensity monotonically grew with
increase d. The influence of d, on the extinction spectra, which
is shown in Figure 6c, is similar to that of d;. The lowest
resonance extinction efficiency was observed when d, was 20
nm. The enhanced electric fields between the two layers are
shown in Figure 6d. Figure 6d indicates that the enhanced
electric field becomes stronger with increasing d,. The electric
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field between the two layers is 0.61 when d, = 10 nm. The
enhancement grew to 30 when d, was changed to 80 nm. The
distance of the highest electric field from the first layer surface
was varied from 107 to 100 nm when d, grew from 10 to 80
nm.

We also examined the optical properties of interferometer
with other configurations and found that the lowest scattering
efficiency and the highest absorption efficiency of the interfer-
ometer could be observed when the thickness of the first layer
(dy) was about 30 nm and the thickness of the second layer (d5)
was greater than 80 nm. The highest enhanced electric field
between the two layers was also obtained at the same conditions.

Conclusion

We studied the scattering, absorption, and extinction spectra
and the enhanced electric field of a two-layer silver film with
different thicknesses and separations. The resonance wavelength
shifted to red with increasing layer separations. Both the first
and the second layer thickness significantly influenced the
optical properties of the film. Reduced scattering and enhanced
absorption could be obtained when the thickness of the second
layer was larger than 80 nm and the thickness of the first layer
was about 30 nm. An enhancement of the electric field, IE, of
50 was demonstrated between the two layers at 701 nm
resonance wavelength when d; = 40 nm, d, = 60, and L =
300 nm.
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