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Abstract We discuss the interplay between surface plas-
mon polaritons (SPPs) and localized shape resonances
(LSRs) in a plasmonic structure working as a photo-
coupler for a GaAs quantum well photodetector. For a
targeted electronic inter-subband transition inside the
quantum well, maximum photon absorption is found by
compromising two effects: the mode overlapping with
incident light and the lifetime of the resonant photons.
Under the optimal conditions, the LSR mediates the
coupling between the incident light and plasmonic structure
while the SPP provides long-lived resonance which is
limited ultimately by metal loss. The present work provides
insight to the design of plasmonic photo-couplers in
semiconductor optoelectronic applications.

Keywords Surface plasmon polariton . Localized shape
resonance . Extraordinary optical transmission . Inter-
subband transition

Introduction

Since Ebbesen et al. discovered the extraordinary optical
transmission (EOT) through an optically thick metal with
periodic nanohole arrays [1], surface plasmon polaritons
(SPPs) have attracted tremendous research interest [2].
Taking advantage of the significantly enhanced photonic
density-of-state at the metal/dielectric interface, SPPs have
many promising applications in enhancing the light–matter
interactions and boosting the performance of conventional
semiconductor-based optoelectronic devices, particularly in
systems with sizes much smaller than the associated light
wavelength [3, 4].

A metal plate with a periodic hole array is very
promising as a photo-coupler in conjunction with an active
semiconductor medium in forming an optoelectronic
device. Such a plasmonic structure not only supports near-
field plasmonic modes but also facilitates far-field light
coupling through Bragg scattering [5]. In a carefully
designed hole-array structure, standing surface waves can
be formed on the metal surface due to the cavity-like effect,
generating an enhanced transverse plasmonic mode. When
excited by external light, such a plasmonic mode may
resonate with the electron transitions in the active semi-
conductor nearby, which in turn significantly enhances the
entire device performance [2]. In addition, the hole-array
structure allows transmission geometry which facilitates
easy incorporation into present optoelectronic devices. So
far, some experiments [6–9] based on the periodic hole-
array coupler have been carried out. For example, C. C.
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Chang et al. [9] recently achieved a 130% absolute
enhancement in the infrared photoresponse from a quantum
dot infrared photodetector by using a simple circular-
shaped hole array with a hexagonal lattice symmetry.
Stimulated by Ebbesen et al.'s pioneering work, several
studies [10–12] have been devoted to the hole-shape
dependence of the EOT phenomena. The transmission
property of the period hole array depends strongly on the
hole shape due to the local shape resonance (LSR) around
individual holes. Also, several previous publications [13–
15] were devoted to how to combine LSR with SPP resonance
to improve a certain functionality, such as surface-enhanced
Raman spectroscopy and so on. Naturally, one may expect
that the photo-coupling properties can also be modulated by
the LSR modes. Therefore, it is highly desirable to understand
the independent roles played by the SPP and LSR in
modulating the photo-coupling properties in general plas-
monic structures and the knowledge will aid the design of the
optimal structure.

In this paper, among many different hole shapes, we take
the simple cross-shaped hole as an example to elucidate the
essential roles played by the propagating SPP and the LSR
on modulating the photo-coupling properties. Very inter-
esting interplay between these two effects is observed and
an optimized structure is obtained by taking into account
these two factors based on full-wave simulation. The photo-
coupling efficiency in the optimized structure is improved
by about 30 times over non-plasmonic cases. While the
quantitative results may change for a different hole shape,
we believe that the main conclusion does not depend on
any concrete hole shape. Our results are valuable to the
extension of plasmonic applications to conventional semi-
conductor optoelectronics leading to usable plasmonic
optoelectronics with high performance.

Structure and Simulation Method

We study a plasmonic cross-shaped hole array coupler for a
single GaAs quantum well photodetector. The functionality
of this single quantum well photodetector has been
demonstrated previously [16] and is very promising for
high-performance photo-detection (ultimately counting in-
dividual photons despite small photon energy in the
infrared/terahertz region) [17]. However, this device cur-
rently suffers from low photo-coupling efficiency thereby
needing optimization of the plasmonic couplers. Although
the real device structure is much more complicated, we
adopt a simplified device geometry which is sufficient for
the numerical study. The simplified device geometry
schematically depicted in Fig. 1 consists of an Au layer
perforated with a cross-hole array and GaAs substrate
embedded in a photo-active thin quantum well layer. The

quantum well is responsible for the photo absorption (and
in turn, photo-detection) through the inter-subband transi-
tions of electrons. The plasmonic coupler couples far-field
light converting it to transverse-magnetic (TM) electromag-
netic wave required by the quantum well absorption [16,
18]. In other words, the coupler maximizes the vertical
electric field amplitude (|Ez|) at the quantum well location
under far-field front illumination [18].

As shown in Fig. 1, the cross-hole array has a period of P,
length of L, and width ofW. The gold layer thickness is fixed
at t1=100 nm in this work. The dielectric constant of Au is
assumed to follow a standard Drude model with the
following parameters: ε∞=1, ωp=1.365×10

16 rad/s, and γ=
5.78×1013 Hz. The 10-nm-thick QW layer is located 100 nm
away from the Au/GaAs interface, and the associated inter-
subband transition occurs at a typical frequency fres=20 THz
(i.e., ΔE=82.8 meV). We assume that εGaAs=11.2 in the
substrate layer with a thickness of t3=5 μm. (We neglect
here the influence of the quantum well absorption on
electromagnetic field distribution. This approximation vali-
dates since the absorption is typically less than 10% [17].
Future work will consider this second-order effect and
discuss the possibility in entering strong light-matter cou-
pling region). Numerical simulation is performed by the
finite-difference time-domain method [19]. Here, a plane
wave impacts normally the structure with the E-field
polarized along the y axis, and the reflection spectra as well
as the near-field electric field enhancement at the quantum
well position (i.e., z=−100 nm) are measured. To discretize
the structure, we use a mesh size of δx=δy=100 nm in the x-
and y-directions for all the volume and, in z-direction, we use
δz=5 nm in the region of −200 nm≤z≤300 nm (i.e., from
200 nm below the metal to 200 nm above the metal layer)
and δz=50 nm in other regions. (We have confirmed that
further refining of the mesh size (δx=δy=50 nm and δz=
2.5 nm/20 nm) leads to a relative change of the field
enhancement by less than 5%).

QW

Fig. 1 Schematic demonstration of the plasmonic coupler in a single-
quantum-well device
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Results and Discussion

Figure 2 depicts the reflection spectra calculated using
various typical hole-array parameters. Each spectrum
contains a reflection dip together with an anti-resonance
reflection peak on the high frequency side. The reflection
dip arises from the plasmonic resonance at the (0, ±1) mode
at the Au/GaAs interface, whereas the anti-resonance
feature arises from Wood's anomaly [20, 21]. Figure 2a
shows the structures with different cross-hole lengths (L=
2.38, 2.6, and 3.0 μm) but the same period (P=4.37 μm)
and hole width (W=0.66 μm). The anti-resonance peaks
appear at the same frequency since the Wood's anomaly is
solely determined by the periodicity. On the other hand, the
plasmonic resonance-induced reflection-dip redshifts with
increasing cross length, since this resonance is closely
related to the hole shape and a longer L yields a longer
resonance wavelength. We next study three structures with
different periods (P=3.37, 3.87, and 4.37 μm) but the same
cross parameters (L=2.6 μm and W=0.68 μm) and the
results are displayed in Fig. 2b. Both the reflection dip and
anti-resonance peak red-shift with increasing P and L. To
simplify the description in the following, we define fres to
be the frequency at the reflection minimum and term the
resonance-induced reflection-dip as plasmonic resonance
(although not very accurately). Figure 2a, b show that fres
and the resonance bandwidth depend strongly on both the
period P and cross-hole length L. Such a complicated
dependence makes the plasmonic coupler design nontrivial
in practice.

To understand the dependence of the plasmonic reso-
nance on the cross-hole-array parameters, we vary P within
2.5–6 μm and L within 0.3P–0.9P with W/L fixed as 0.2,
and perform simulation to derive the resonance frequency

fres for different the structures. Figure 3a shows the two-
dimensional map of fres against P and L. Qualitatively, the
resonance frequency fres increases as P or L is reduced.
Therefore, to get a fixed fres, L must be increased when P
decreases and vice versa. The solid curve in Fig. 3a shows
the condition for fres=20 THz. In the limit of L→0 (i.e.,
very small hole size), the resonance frequency becomes
insensitive to the hole size and depends solely on the array
period. On the other hand, in another limit L→P (i.e., large
hole size), the resonance frequency relies mainly on the
hole size (L→P arises from the cross shape which restricts
L<P. This restriction is alleviated for a rectangular hole and
main conclusions are still valid except that the rectangular
hole array becomes sensitive to incident polarizations. See
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Fig. 2 Reflection spectrum of cross-hole arrays with different
parameters. a L=2.38, 2.6, and 3.0 μm, P=4.37 μm, and W=
0.66 μm; b P=3.37, 3.87, and 4.37 μm, L=2.6 μm, and W=0.68 μm
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Fig. 3 a Color contour plot of the resonance frequency fres against P and
L for a cross-hole array. The solid curve shows the condition with fres≈
20 THz; (b) Relationship between normalized P and L, i.e.,
Pfres(εGaAs

1/2/c) and Lfres(εGaAs
1/2/c). The results from square hole

array are shown in b as hollow triangles. The horizontal and vertical
dotted lines are the LSR and Wood's anomaly lines
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also Ref [20]). Figure 3b shows all the calculated results with
respect to normalized P and L values, i.e., Pfres(εGaAs

1/2/c)
and Lfres(εGaAs

1/2/c), where c is the speed of light in vacuum.
It is interesting to note that all the data points converge to the
same curve (see Fig. 3b), revealing the generality of the
above trend.

To clarify the mechanism, we first discuss the two
limiting cases involving small and large hole sizes. Figure 3
shows the Wood's anomaly line (vertical line denoted as
P1) satisfying

ffiffiffiffiffiffiffiffiffiffiffiffiffi

"GaAs
p

� P � fwood ¼ c ð1Þ
where fWood is the Wood's anomaly frequency at the anti–
resonance peak. Obviously, the resonance curve approaches
this Wood's anomaly line in the small hole limit, implying
that the periodicity-induced SPP mode is dominant here.
On the other hand, in the limit of large hole size, the
resonance curve is found to approach another horizontal
line denoted as L1 as shown in Fig. 3. This line only
represents the fundamental LSR resonance of the cross-
hole, which can be interpreted as the TE01 waveguide cut-
off resonance of this hole [22]. Considering the fact that the
metallic plate is sandwiched between air (εair=1) and the
GaAs dielectric layer, the LSR mode frequency fshape can be
quantitatively estimated to be:

neff � 2L � fshape ¼ c; with neff ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

"GaAsþ "air

2

r

ð2Þ

As shown in Fig. 3, the plasmonic resonance curve
approaches line L1 defined by the above equation in the
large hole size limit, indicating that the LSR mode
dominates here.

In between the two aforementioned limits, the plasmonic
resonance in the intermediate region exhibits a hybrid
nature with contributions from both the propagating SPP
and LSR modes. Therefore, for a known target working
frequency of the photoelectric device, there is freedom to
tune the plasmonic resonance continuously from SPP-like
to LSR-like when designing the cross-shaped plasmonic
photo-coupler. It is worth mentioning that an arbitrary hole
shape does not necessarily possess this useful tuning
property. As shown in Fig. 3b in which the results for a
square-shaped hole array are depicted as hollow triangles,
the resonance is almost independent of the hole size. This is
because the square hole resonator possesses a low reso-
nance Q factor, and the high order resonance modes may
have significant contributions to the fundamental LSR
mode thus strongly influencing the plasmonic resonance
behavior.

To obtain quantitative understanding on the mode
difference along the plasmonic resonance curve, we pick
eight points labeled as A, B, C, D, E, F, G, and H in Fig. 3a

(all having fres=20 THz) and study the electric field
distributions at the quantum well position (i.e., z=−0.1 μm)
for each case. Figure 4a–h depicts the computed dis-
tributions of |Ez|

2 in the xy-plane (with z=−0.1 μm), in
which the solid lines indicate the contour lines of |Ez|

2=|
E0|

2 with E0 being the incident field strength. The field
patterns reveal clearly that as we go from Fig. 4a–h, the
contribution from LSR decreases and that of SPP
increases. Specifically, the Ez fields are mainly concen-
trated in the hole center in cases Fig. 4a–c, the signature of
the LSR mode. On the other hand, in Fig. 4g and h, the Ez-
field forms a stripe-like distribution along the x-direction,
indicating the formation of a SPP mode propagating along
the y-direction. To further visualize the difference between
LSR and SPP, Fig. 4i, j shows the electric field
distribution in the yz-plane at x=0, from which we can
identify the different distributions along the z-direction
and different electric field polarization of the LSR and
SPP modes. In the intermediate region, i.e., Fig. 4d–f,
both mechanisms contribute to plasmonic resonance, as
the fingerprints of the SPP wave begin to emerge at the edges
of the holes while the electric field maximum near the cross-
hole center is still preserved. Furthermore, as shown in Fig. 4,
the field intensity maximum in Fig. 4f appears to be larger
than those in other cases (i.e., Fig. 4a–e, g, h). There may be
an optimal design in utilizing the LSR and SPP modes for
near-field electric field enhancement. With regard to device
applications such as photo-detection, it is preferred to have
the strongest average field enhancement over the whole
structure. Here, we quantitatively study the average field
enhancement in all cases in an effort to optimize the
plasmonic structure.

The enhancement factors are evaluated by the following
two equations:

E2ð Þ
E2
o

� � ¼
Z

E 2
�

� dxdy
�

�

Eoj 2j ð3Þ

and

E2
z

� �

E2
o

� � ¼
Z

Ej z
2
�

� dxdy

Eoj 2j ð4Þ

where integration is performed over one unit cell in the xy-
plane. Figure 5b, c shows the calculated field enhancement
for eight different structures as a function of the frequency.
Compared to the reflection spectra for different structures
shown in Fig. 5a, the field enhancement is maximum at the
common resonance frequency of 20 THz and it is caused by
the strong local field enhancement effects associated with
resonance. Since the quantum well is only sensitive to the
electric field in the growth direction [18], the spectra of
‹Ez

2›/‹E0
2› represent the ability of the device to absorb light

waves. As shown by the spectra of ‹Ez
2›/‹E0

2› in Fig. 5c, as
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the hole size decreases (A→H), the peak enhancement
increases initially until reaching the F structure and then
decreases sharply (note that the vertical axes in Fig. 5b, c
have the log scale). Meanwhile, as we change from A to H,
the bandwidth of enhancement spectrum shrinks continu-

ously until reaching the F structure and then becomes
almost constant. The maximum enhancement is achieved for
the F structure with ‹E2›/‹E0

2›≈7 and ‹Ez
2›/‹E0

2›≈6. As a
reference, we consider the case without any plasmonic
coupler. When light impacts the GaAs medium normally, the
electric field is reduced by a factor of ‹E2›no plasmonic/‹E0

2›≈
0.21. Therefore, the real enhancement achieved with the
plasmonic coupler compared to the case of no plasmonic
coupler is ‹E2›plasmonic/‹E

2›no plasmonic≈33.3 and ‹Ez
2›plasmonic/

‹E2›no plasmonic≈28.6. For comparison, previous work [8]
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shows that a circular hole array plasmonic coupler yields an
enhancement of only ‹Ez

2›plasmonic/‹E
2›no plasmonic≈5.

We explain why there is an optimal design (i.e., around
F) to achieve the best (average) field enhancement here. At
first glance, F is close to the condition when both
mechanisms, namely SPP (neff λSPP≈P) and LSR (neff
λLSR≈2L), coincide: λSPP≈λLSR (and therefore P≈2L) with
the same effective diffractive indexes. This appears to be
consistent with previous reports [23, 24] and experimental
data [18]. However, noting that the effective indexes for
SPP and LSR are practically different (see Eqs. 1 and 2),
the explanation is more complex. Since quantitative
description of the hybridization of the plasmonic states is
challenging [25], a simplified and qualitative model is
postulated. We consider two physical parameters in the
transmission processes, the coupling efficiency, γ, of far-
field photons to the plasmonic “cavity” photons and the
lifetime, τ, of the trapped photons. The average field
intensity should depend on the number of trapped photons,
Nphoton. After reaching the steady state, Nphoton is propor-
tional to the product of γ and τ. When the plasmonic mode
changes from LSR-like to SPP-like, the resonating electric
field gradually shrinks its component on the air side and
penetrates more into the GaAs side (see Fig. 4i, j) thereby
overlapping less with the incident wave excited on the air
side. Consequently, γ decreases continuously as we change
from A to H. (Besides the spatially overlapping, the
polarization of LSR mode (i.e., large fraction of E||

component) agrees well with normally incident light, which
also contributes to large γ in LSR state). On the other hand,
as shown in Fig. 5, the bandwidth of the resonance band
decreases from A to H implying increasing lifetime τ
According to the full width at half maximum (FWHM),τ is
evaluated to be about ~0.2 ps for A, increasing to ~10 ps
for F and remaining almost unchanged for G and H. This
tendency suggests two relaxation mechanisms for the
trapped photons. One is the mode leaking [26] into far-
field (as evidenced by large and broad transmission) which
dominates for A–F and the other is the metal loss [24]
which limits the total lifetime of F–H. Considering these
two effects (decreasing γ and increasing τ), one may expect
that the best performance may occur in the intermediate
region, i.e., around F. Under the optimal condition, the LSR
component plays the main role in mediating the coupling
between the incident light and long-lived SPP resonance,
without considerable sacrifice of the cavity photon lifetime.
According to Fig. 3, the optimal condition for the strongest
near-field enhancement is approximately P≈2L≈97.5%λres/
(εGaAs)

1/2. This rule may be common for cross-hole array
plasmonic couplers in general semiconductor optoelectronic
devices including photon detectors and emitters. For
couplers with other different hole shapes, similar analysis
can be performed.

Two more points are mentioned here. Firstly, in Fig. 5b,
c, the small deviation in the accurate peak-enhancement
frequency values from the far-field reflection valley
positions (Fig. 5a) arises from that the SPP component
contributes more efficiently to the area-averaged near-field
electric field enhancement factor than LSR, as implied by
field profiles along the z-direction (Fig. 4i, j). This
deviation becomes more discernible at the LSR end.
However, it can be neglected since in this end, the response
becomes almost flat-band. Secondly, for practical optoelec-
tronic devices with a relatively large spectral bandwidth,
the optimal condition may shift from F towards E depend-
ing on the magnitude of the bandwidth.

Summary

Au/GaAs (0, ±1) plasmonic resonance in a cross-hole array
is investigated. The optimal condition for maximum near-
field electric field enhancement is found to be P≈2L≈
97.5% λres/(εGaAs)

1/2. The LSR mode plays an important
role in mediating the coupling between the incident light
and SPP resonance whereas SPP provides long-lived
resonance. On account of the improved coupling by the
LSR mode, the cross-shaped hole array is a promising
plasmonic coupler in optoelectronic devices. Our results
provide insight to the design of more general plasmonic
photo-couplers.

Acknowledgment This work was jointly supported by the National
Basic Research Program of China Grant No.2009CB929300, the NSFC
Contracts No. 60725417/10804019/60990321, Shanghai Science and
Technology Committee Contracts No. 08dj1400302 and No.
09dj1400103, and Hong Kong Research Grants Council (RGC) General
Research Funds (GRF) No. CityU 112510. S.K and Z.A thank Japan
Science and Technology Corporation for the financial support.

References

1. Ebbesen TW, Lezec HJ, Ghaemi HF, Thio T, Wolff PA (1998)
Extraordinary optical transmission through sub-wavelength hole
arrays. Nature 391:667–669

2. Schuller JA, Barnard ES, Cai W, Jun YC, White JS, Brongersma
ML (2010) Plasmonics for extreme light concentration and
manipulation. Nat Mater 9:193–204

3. Williams BS (2007) Terahertz quantum-cascade laser. Nat
Photonics 1:517–525

4. Perchec JL, Desieres Y, De Lamaestre ER (2009) Plasmon-based
photosensors comprising a very thin semiconducting region. Appl
Phys Lett 94:181104

5. Gordon R, Brolo AG, Sinton D, Kavanagh KL (2010) Resonant
optical transmission through hole-arrays in metal films: physics
and applications. Laser Photon Rev 4(2):311–335

6. Chang CY, Chang HY, Chen CY, TsaiMW, Chang YT, Lee SC, Tang
SF (2007) Wavelength selective quantum dot infrared photodetector
with periodic metal hole arrays. Appl Phys Lett 91:63107

324 Plasmonics (2011) 6:319–325



7. Shenoi RV, Ramirez, Sharma Y, Attaluri RS, Rosenberg J, Painter O,
Krishna S, http://copilot.caltech.edu/research/SPDet/PlasmonPhC-
ver2.pdf

8. Wu W, Bonakdar A, Mohseni H (2010) Plasmonic enhanced
quantum well infrared photodetector with high detectivity. Appl
Phys Lett 96:161107

9. Chang CC, Sharma YD, Kim YS, Bur JA, Shenoi RV, Krishna S,
Huang D, Lin SY (2010) A surface plasmon enhanced infrared
photodetector based on inas quantum dots. Nano Lett 10:1704–
1709

10. Klein Koerkamp KJ, Enoch S, Segerink FB, van Hulst NF,
Kuipers L (2004) Strong influence of hole shape on extraordinary
transmission through periodic arrays of subwavelength holes.
Phys Rev Lett 92:183901

11. Gordon R, Brolo AG, McKinnon A, Rajora A, Leathem B,
Kavanagh KL (2004) Strong polarization in the optical transmis-
sion through elliptical nanohole arrays. Phys Rev Lett 92:037401

12. Chen CY, Tsai MW, Chuang TH, Chang YT, Lee SC (2007)
Extraordinary transmission through a silver film perforated with
cross shaped hole arrays in a square lattice. Appl Phys Lett
91:063108

13. Petschulat J, Cialla D, Janunts N, Rockstuhl C, Hübner U, Möller R,
Schneidewind H, Mattheis R, Popp J, Tünnermann A, Lederer F,
Pertsch T (2010) Doubly resonant optical nanoantenna arrays for
polarization resolved measurements of surface-enhanced Raman
scattering. Opt Express 18(5):4184–4197

14. Torrado JF, González-Díaz JB, González MU, García-Martín A,
Armelles G (2010) Magneto-optical effects in interacting localized
and propagating surface plasmon modes. Opt Express 18
(15):15635–15642

15. Bao YJ, Peng RW, Shu DJ, Wang M, Lu X, Shao J, Lu W,
Ming NB (2008) Role of interference between localized and
propagating surface waves on the extraordinary optical trans-
mission through a subwavelength-aperture array. Phys Rev Lett
101:087401

16. An Z, Chen JC, Ueda T, Komiyama S, Hirakawa K (2005)
Infrared phototransistor using capacitively coupled two-
dimensional electron gas. Appl Phys Lett 86:172106

17. An Z, Ueda T, Komiyama S, Hirakawa K (2007) Metastable
excited states of a closed quantum dot with high sensitivity to
infrared photons. Phys Rev B 75:085417

18. Nickels P, Matsuda S, Ueda T, An Z, Komiyama S (2010) Metal
hole arrays as resonant photo-coupler for charge sensitive infrared
phototransistors. IEEE J Quant Electron 46:384

19. CONCERTO 7.0, Vector Fields Limited, England (2008)
20. Jiang YW, Tzuang LD, Ye YH, Wu YT, Tsai MW, Chen CY, Lee

SC (2009) Effect of Wood's anomalies on the profile of
extraordinary transmission spectra through metal periodic arrays
of rectangular subwavelength holes with different aspect ratio. Opt
Express 17:2631–2637

21. Diwekar M, Matsui T, Agrawal A, Nahata A, Vardeny ZV (2007)
Midinfrared optical response and thermal emission from plas-
monic lattices on Al films. Phys Rev B 76:195402

22. Lee JW, Seo MA, Kang DH, Khim KS, Jeoung SC, Kim DS
(2007) Terahertz electromagnetic wave transmission through
random arrays of single rectangular holes and slits in thin metallic
sheets. Phys Rev Lett 99:137401

23. Ruan Z, Qiu M (2006) Enhanced transmission through periodic
arrays of subwavelength holes: the role of localized waveguide
resonances. Phys Rev Lett 96:233901

24. Mary A, Rodrigo SG, Martín-Moreno L, García-Vidal FJ (2007)
Theory of light transmission through an array of rectangular holes.
Phys Rev B 76:195414

25. Kelf TA, Sugawara Y, Cole RM, Baumberg JJ, Abdelsalam ME,
Cintra S, Mahajan S, Russell AE, Bartlett PN (2006) Localized
and delocalized plasmons in metallic nanovoids. Phys Rev B
74:245415

26. García de Abajo FJ, Gómez-Medina R, Sáenz JJ (2005) Full
transmission through perfect-conductor subwavelength hole
arrays. Phys Rev E 72:016608

Plasmonics (2011) 6:319–325 325

http://copilot.caltech.edu/research/SPDet/PlasmonPhC-ver2.pdf
http://copilot.caltech.edu/research/SPDet/PlasmonPhC-ver2.pdf

	Optimization of Optoelectronic Plasmonic Structures
	Abstract
	Introduction
	Structure and Simulation Method
	Results and Discussion
	Summary
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /Warning
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /Warning
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 1.30
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 10
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 600
  /MonoImageMinResolutionPolicy /Warning
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e5c4f5e55663e793a3001901a8fc775355b5090ae4ef653d190014ee553ca901a8fc756e072797f5153d15e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc87a25e55986f793a3001901a904e96fb5b5090f54ef650b390014ee553ca57287db2969b7db28def4e0a767c5e03300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020d654ba740020d45cc2dc002c0020c804c7900020ba54c77c002c0020c778d130b137c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor weergave op een beeldscherm, e-mail en internet. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for on-screen display, e-mail, and the Internet.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /DEU <FEFF004a006f0062006f007000740069006f006e007300200066006f00720020004100630072006f006200610074002000440069007300740069006c006c0065007200200037000d00500072006f006400750063006500730020005000440046002000660069006c0065007300200077006800690063006800200061007200650020007500730065006400200066006f00720020006f006e006c0069006e0065002e000d0028006300290020003200300031003000200053007000720069006e006700650072002d005600650072006c0061006700200047006d006200480020>
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing false
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 841.890]
>> setpagedevice


