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One-Dimensional Surface Plasmon Photonic Crystal
Slab (SPPCS) for a Nanophotodiode

Kyungjun Song and Pinaki Mazumder, Fellow, IEEE

Abstract—For miniaturization of a photodiode, we present a
new design concept to increase photogeneration rate in a small
active domain by using subwavelength structures consisting of sur-
face plasmon photonic crystal slab (SPPCS) acting like a near-field
generator and an antireflection coating. The polarizability of rect-
angular metallic cylinder predicts surface plasmon (SP) resonance
frequency in the SPPCS photodiode. Thus, the enhanced near-
field intensity arising from SP resonant oscillation has a potential
to solve the low photogeneration problem. In addition, photonic
band structure dramatically changes TM photonic maps with ex-
traordinary transmission and low reflection, thereby leading to an
efficient nanophotodiode.

Index Terms—Absorption, nanophotodiode, polarizability, re-
flection, surface plasmon photonic crystal slab (SPPCS), TM pho-
tonic maps, transmission.

I. INTRODUCTION

THE periodic surface plasmon photonic crystal slab
(SPPCS) modifies photonic properties of a metallic film

by artificially tailoring a metallic subwavelength topology, thus
leading to dramatic change of surface plasmon (SP) disper-
sion curves. Especially, the strong near-field confinement and
enhanced electromagnetic (EM) transmission of SPPCS gener-
ates considerable interest because this engineered SP dynamics
opens up new possibilities and promising optoelectronic tech-
nology [1]–[6]. For example, the ability to transmit EM field
through the SPPCS could increase the efficiency of photonic
devices, such as TM polarizer [7] and optical filter [8]. In addi-
tion, the capability to increase SP near-field intensity has large
potential in optoelectronic devices, such as photovoltaics [9]
and LED [10].

In this paper, we focus on a new way to enhance the pho-
togeneration rate for a nanophotodiode by using 1-D SPPCS.
In general, the conventional photodiode usually use an antire-
flection layer [see Fig. 1(a)] to decrease reflection loss in the
semiconductor material, thereby obtaining maximum far-field
intensity. However, this small reflection loss method has some
limitations for a miniaturization of the optical circuitry. First of
all, the size of antireflection coating is almost comparable to
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Fig. 1. (a) Conventional photodiode with an antireflection coating. (b) SPPCS
for a photodiode.

the wavelength of light. Furthermore, for the nanophotodiode,
it is necessary to have a thinner depletion layer and small ac-
tive semiconductor [11], thus resulting in the small amount of
photogeneration rate because of smaller active semiconductor
region under the far-field optical field density. To overcome di-
mension issue of antireflection coating and low photogeneration
rate in the small semiconductor layer of the nanophotodiode, the
SPPCS [see Fig. 1(b)] could be the best solution for following
three reasons: 1) the SPPCS building blocks have the nanoscale
dimensions; 2) the localized and delocalized SP modes from
SPPCS concentrates strong photons to a small semiconduc-
tor layer; 3) TM polarized wave efficiently transmits through
SPPCS, thus behaving like an antireflection coating.

II. DIMENSIONLESS REDUCED POLARIZABLITY

OF RECTANGULAR CYLINDER

Fig. 2(a) and (b) show schematics of our SPPCS photodi-
ode of consisting of Si active semiconductor and Au (gold)
photonic slab. The grating structure is composed of two differ-
ent media with Au and air (n = 1). The frequency dependent
optical properties of Au [12] and Si [13] are obtained by interpo-
lating the Johnson’s and Palik’s experimental data as displayed
in Fig. 2(c). First, we have calculated the polarizability of the
rectangular metallic cylinder [see Fig. 2(d)] to obtain SP res-
onant frequency for an efficient near-field EM confinement in
the semiconductor layer. Physically, when the wavelength of the
incident field is large compared to the geometry of the metallic
rectangular cylinder, the confined electron cloud generates the
dipole-like polarization, thus explaining the SP resonance in the
2-D rectangular geometry. This polarizability of the rectangular
metallic cylinder placed at free space (n = 1) is given by [14]

pL = −8χab(C1 − C2(a2 − b2)) (1)
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Fig. 2. (a) Schematic view of SPPCS. (b) Geometry of SPPCS. The parameters
are defined as in the figure: Λ is the periodicity, fΛ is width of Au, and h is
the thickness of the SPPCS. (c) Complex dielectric constant of Au and Si was
obtained by experimental data based on the cubic regression method. (d) Cross
section of Au rectangular cylinder.

Fig. 3. (a) Dimensionless reduced polarizability of rectangular SP cylinder as
a function of photon energy. These curves are obtained from the cubic spline
method by using the Johnson’s experimental optical data of three different
noble metals: Cu, Au, and Ag. (b) Dimensionless reduced polarizability of Au
rectangular cylinder with different geometry ratio (a/b).

where χ is the electric susceptibility given by χ = (εm − 1)/
(4π), εm (ω) = εr (ω) + jεi(ω) is the complex dielectric func-
tion of metal, C1(εm , a, b), and C2(εm , a, b) are function of εm ,
a, and b. Eyges and Gianino have derived a detailed mathemat-
ical formulation for the polarizability of rectangular dielectric
cylinders by using the Green function analysis [14]. Fig. 3(a)
shows the magnitude of dimensionless reduced polarizability
2π|pL |/b2 for rectangular SP cylinder (a = 25 nm and b =
25 nm) by using the Johnson’s experimental data of three differ-
ent noble metals: Cu (copper), Au (gold), and Ag (silver) [12].
As can be seen, compared with Cu and Au, Ag shows the max-
imum polarizability, thus generating strong EM field enhance-
ment. However, the imaginary permittivity of Si tremendously
increases from 3.0 eV as shown in Fig. 2(c), thus the resonance
frequency (3.49 eV) of Ag rectangular cylinder lies in the strong
damping region. Therefore, we choose Au to minimize far-field
damping loss in the semiconductor medium at the resonant con-
dition (2.36 eV) and obtain the efficient delocalized SP modes
at the lower frequency. In Fig. 3(b), the magnitude of polariz-

Fig. 4. TM photonic maps for a metallic slab (air/Au/Si) with thickness 50 nm.
These figures are presented for frequency from 1.5 to 4 eV and incident angles
from 0◦ to 90◦. (a) Dispersion relations ω(k) for SP on the thin films: air/Au/air
(green line) and air/Au/Si (red line). (b) Absorption map of thin film (air/Au/Si).
(c) Transmission map of thin film (air/Au/Si). (d) Reflection map of thin film
(air/Au/Si).

ability of Au cylinder can be manipulated by changing a (width)
and b (height). As the ratio (r = a/b, b is 25 nm) decreases, the
magnitude of polarizability of Au also decreases because of the
capacity of electron cloud inside the metallic cylinder.

III. PHOTONIC MAP OF SPPCS

In order to check SP resonant modes have an effect on the
efficiency of SPPCS photodiode, we have employed the rig-
orous coupled-wave analysis (RCWA) to obtain TM photonic
maps including absorption, transmission, and reflection [15].
To demonstrate the usefulness of SPPCS for the photodiode,
we first investigate the Au film (no grating structure) with thin
thickness (h = 50 nm) shown in the inset of Fig. 4(a). First,
we investigate the dispersion relations ω(k) for SP on the thin
films by considering EM boundary conditions at the two inter-
faces. The main reason is that the simplest way to understand
the photonic behavior is to examine the SP dispersion relations.
As can be seen, even (symmetric) SP modes and free space
in a symmetric environment air/Au/air intersect with the critical
point (2.48 eV). Fundamentally, SP modes in the symmetric gap
environment can be classified as even (symmetric) modes and
odd (antisymmetric) modes with respect to mirror symmetry. In
this paper, we ignore the antisymmetric SP modes because sym-
metric SP modes are fundamental modes, for which SP modes
have the smallest nodes. Similarly, the SP modes and free space
in the antisymmetric environment air/Au/Si almost intersect the
critical point. Physically, this means that when the frequency is
below the critical point, the strong momentum mismatch occurs
between incident wave and SP modes, thus producing the high
reflection spectrum. However, above the critical point, the small
momentum mismatch leads to the strong absorption inside the
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Fig. 5. TM photonic maps for a SPPCS (air/Au/Si) with periodicity (Λ =
100 nm), width (fΛ = 50 nm), and thickness (h = 50 nm). These figures are
presented for frequency from 1.5 to 4 eV and incident angles from 0◦ to 90◦.
(a) Dimensionless reduced polarizability of Au rectangular SP cylinder as a
function of photon energy. (b) Absorption map of SPPCS. (c) Transmission
map of SPPCS. (d) Reflection map of SPPCS.

metallic film. More specifically, Fig. 4(b)–(d) give us a clue
on how the critical frequency (2.48 eV) has influenced on the
optical behavior of thin film. In Fig. 4(b)–(d), the absorption,
transmission, and reflection maps of air/Au/Si ranging from 1.5
to 4 eV (photonic energies) and 0◦ to 90◦ (incident angles) are
displayed. Below the critical frequency (2.48 eV), most EM
waves reflected because of strong momentum mismatch. How-
ever, at the critical frequency, the peak of transmission occurs
as predicted by the SP dispersion analysis. As the frequency in-
crease above the critical point, most incident EM waves absorb
in the Au film.

These thin film photonic maps can be significantly modified
by creating the photonic band structure. Fig. 5 demonstrates the
photonic maps of SPPCS with periodicity (Λ = 100 nm), width
(fΛ = 50 nm), and thickness (h = 50 nm). As can be seen in
Fig. 5(a), the maximum reduced polarizability of rectangular SP
cylinder occurs at the resonant frequency (2.36 eV), thus leading
to strong SP generator, thereby increasing the EM field inten-
sity and enhancing the photogeneration rate in the Si medium.
As shown in Fig. 5(b), even though absorption map of SPPCS
does not significantly changed by creating the photonic band
structure, strong SP resonance coupling between metallic rect-
angular cylinders leads to the extraordinary transmission and
low reflection in angle-frequency domain as shown in Fig. 5(c)
and (d).

IV. FEM SIMULATION OF A NANOPHOTODIODE

It has been shown that the photonic maps of SPPCS can be
tailored, thus obtaining efficient light transmission in the active
medium, we now focus on the realistic simulation for demon-

Fig. 6. Comparison magnitude of near-field density between SPPCS photodi-
ode and uncoated SPPCS photodiode.

strating strong light confinement and enhanced transmission in
the SPPCS photodiode. In Fig. 6, we show that magnitude of
near-field density (black line) of SPPCS photodiode under the
incident TM plane wave with incident angle θ = 0 (degree)
and amplitude E = 1 V/m (field density = 0.707 V/m2) for
following SPPCS geometry: periodicity (Λ = 100 nm), width
(fΛ = 50 nm), and thickness (h = 50 nm). Furthermore, contrast
to previous RCWA structure, we make small air gap (5 nm)
between SPPCS and Si active medium to efficiently distribute
strong near-field at the surface of semiconductor layer. These
graphs have been calculated by the near-field pattern obtained
by using high frequency structure simulator (HFSS) simulation
based on the finite-element method (FEM). As predicted by po-
larizability analysis, the magnitude plot of near-field density is
similar to the magnitude graph of polarizability of rectangular
SP cylinder, thus justifying the validity of polarizability method
as shown in Fig. 5(a).

As shown in Fig. 6, the near-field pattern has strong field pro-
file at the corner of metallic rectangular cylinder. Furthermore,
strong near-field density profile between 2.16 and 2.36 eV can be
explained by the electron cloud oscillation in the confined metal-
lic cylinder. Even though the zigzag shape can be affected by
numerical noises from HFSS, the obvious magnitude difference
between SPPCS photodiode and uncoated SPPCS photodiode
verify the usefulness of SPPCS for the near-field enhancement.
More specifically, the SPPCS generates to strong near-field in-
tensity (2.8 V/m2) at the resonant frequency 2.26 eV, this value
is four orders of magnitude more compared to incident far-field
intensity (0.707 V/m2). The small difference (0.01 eV) of res-
onant frequency between polarizability calculation and FEM
simulation method may be due to the fact that SP coupling be-
tween rectangular structures changes the location of resonant
modes of SPPCS. In addition, the SPPCS photodiode gives a
high value of directivity compared to uncoated SPPCS structure,
thus focusing on strong near-field in the active semiconductor
layer. Fig. 7(a)–(c) show the snapshots of magnitude of scattered
E-field for three different frequencies. Especially, as shown in
Fig. 7(a), at the low frequency (1.66 eV), the strong E-field
greater than E = 2 V/m occupies most active layer because
the large wavelength generates delocalized SP modes and lo-
calized SP modes, and the optical properties of Si efficiently
lead to confine the strong field intensity in the active medium.
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Fig. 7. (a) Snapshot of magnitude of scattered E-field at 1.66 eV. (b) Snapshot
of magnitude of scattered E-field at 2.26 eV. (c) The snapshot of magnitude of
scattered E-field at 2.76 eV.

Fig. 7(b), at the resonant frequency (2.26 eV), shows that local-
ized SP modes from rectangular structures generate the strong
near-field intensity and extraordinary transmission compared to
uncoated SPPCS photodiode as shown in the inset of Fig. 7(b).
As the frequency increases up to 2.76 eV, the SPPCS structure
almost acts like an antireflection coating structure as given in
Fig. 7(c).

V. CONCLUSION

In summary, we have presented a new SP nanophotodiode
architecture based on 1-D SPPCS. Specifically, at the resonant
frequency (2.26 eV), the four-order increase of near-field in-
tensity (FEM calculation) and almost 70% EM transmission
(RCWA calculation) has been demonstrated. The building ge-
ometry and noble metals of SPPCS can be changed for the
purpose of optimizing EM transmission, near-field generator,
and broadband sensitivity. Undoubtedly, this concept is exten-
sible to the various promising photodetector applications, such
as solar cell technology and molecular bio sensing.
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