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A transmission-type surface plasmon resonance configuration with dielectric gratings regularly pat-
terned on a silver film was investigated with the aim of enhancing the diffraction efficiency of radiative
surface plasmons. The theoretical work was conducted using rigorous coupled-wave analysis in terms of
first order diffraction efficiency and conversion efficiency (CE). The results show that pyramid gratings
can produce a higher transmittance compared with other grating profiles. Design optimization of the
pyramid grating at a wide range of grating thicknesses and periods resulted in a maximum transmit-
tance that was larger than 77% and a peak CE of about 85%. This study demonstrates the potential of
using transmitted surface plasmon waves in various optical devices, such as optical biosensors, optical
imaging systems, and polarization filters. © 2009 Optical Society of America

OCIS codes:  050.2770, 240.6680, 310.0310.

1. Introduction

Surface plasmon resonance (SPR) has drawn large
interest over the past two decades due to its potential
use in various optical devices [1-3]. When a polarized
light is incident on a dielectric-metal interface
through a glass substrate under total internal reflec-
tion, the surface electron density becomes coherent
fluctuation on the metal surface, which is accompa-
nied by surface plasmon (SP) waves decaying
exponentially into both media [4]. When the momen-
tum of incident beam matches that of the collective
charge oscillation, SPR occurs and SP waves are
highly excited. This feature of SPs enables to localize
and guide the light in subwavelength metallic struc-
tures and to construct integrated optoelectronic
circuits with subwavelength components, such as
waveguides, switches, and modulators, which can
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be employed to carry optical signals to different parts
of the circuit [5]. Moreover, since the resonance con-
dition is sensitive to the permittivity of a dielectric
medium surrounding the metal film, SPR technique
can be used for surface-limited optical detection, e.g.,
a microscopic imaging system [6] or a label-free op-
tical biosensor.

A conventional SPR structure based on the
Kretschmann configuration has a confined penetra-
tion depth, for example, of 100-200 nm for a silver/air
interface at 4 = 532 nm [7], and its detection range is
intrinsically limited to the plasmon decay length. On
the other hand, a transmission-type SPR configura-
tion enables SP waves to radiate into the air space
and can allow for the investigation of thick and bulky
targets by measuring transmission or scattering
characteristics, as well as for the development of
an optical apparatus, e.g., an optical modulator or po-
larization filter. The light emission of a propagating
SP has been extensively investigated in Ref. [4].
When the roughness of a metal surface is in the



range of less than 2nm, nonradiative plasmons be-
come radiative as a result of SP—photon coupling via
roughness. Although it has been shown that the in-
tensity and angular distributions of the emitted light
could be controlled by surface roughness, practically
it is difficult to adjust random surface parameters
and to achieve reproducible results in experiments.
Furthermore, for surface roughness higher than
2nm, it is not possible to outcouple excited plasmons
efficiently as the transmitted light is strongly scat-
tered and moves with increased disorder. As a result,
most of the earlier studies based on corrugated metal
surfaces used the converted radiation modes, which
may not have enough intensity to be associated with
other external optical systems [8,9].

To overcome this restriction, Park et al. proposed
using dielectric diffraction gratings for the efficient
transformation of SP waves into transmission modes
[10]. From this study, a combination of the conven-
tional Kretschmann configuration with rectangular
gratings on a silver film yielded a peak outcoupling
efficiency of 50%. Figure 1 presents the calculated
diffraction efficiency of SP waves at a grating
thickness = 50nm, a period = 600nm, and a fill
factor = 50%. When TM-polarized light at 1=
633 nm was incident on a BK7 prism substrate with
an incidence angle of 46.55° resonantly excited SP
waves propagated along the metal surface and dif-
fracted light with a transmittance of 17.5% was gen-
erated by surface-relief dielectric gratings. However,
when the 40 nm thick silver film was eliminated, no
plasmon wave was formed, and the evanescent field
induced by total internal reflection was diffracted at
the prism—grating boundary. It was confirmed from
Fig. 1 that the outcoupling associated with SP waves
was significantly larger (by more than 40 times) than
that of evanescent fields on account of the strong ex-
citations of plasmon fields. Lenaerts et al. achieved a
diffraction efficiency of 68% using a modified SPR
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Fig. 1. Transmittance curves of the first-order beams diffracted

by dielectric gratings deposited on an attenuated total reflection
configuration with and without a metal film. A 40 nm thick silver
film with a dielectric function of —-18 + 0.5 at 4 = 633 nm was used
as the metal layer [10].

structure in which a waveguide grating was em-
ployed on a metal surface [11]. We have also recently
investigated rectangular gratings for an effective
outcoupling of SPs, in addition to examining their
practical application as an optical biosensor [12]. En-
hanced transmittance of up to 65% and 53% was pre-
dicted numerically for a dielectric and metallic
grating, respectively.

However, since the diffraction efficiency can be sig-
nificantly influenced by the grating profile as well
[13], in this study, design optimization for an en-
hanced diffraction efficiency was explored for various
grating profiles. To assess the effects of the grating
profile on the transmission efficiency and to deter-
mine the optimal grating structure for maximum
transmittance of SP waves, the transmission effi-
ciency was investigated for a wide range of grating
periods and thicknesses. The results of this study
hold potential for advancing the use of radiative
SP fields in biomolecular sensing, imaging, and other
optical devices.

This paper is organized as follows. In Section 2, a
numerical model based on the rigorous coupled-wave
analysis (RCWA) [14,15] is described. Results of the
transmission characteristics for the various design
parameters of the dielectric grating are presented
in Section 3 with the aim to maximize the diffraction
efficiency of propagating SP waves. Concluding re-
marks are discussed in Section 4.

2. Numerical Model

A schematic diagram of the transmission-type SPR
configuration with dielectric gratings is shown in
Fig. 2(a). One-dimensional diffraction gratings with
a period A are regularly patterned on a metal film
supporting the SP waves. A 40 nm thick silver layer
is deposited on a prism substrate through which a
polarized light is incident with a wavelength 1 =
633 nm. A fill factor (f), which is the ratio of the vo-
lume occupied by the gratings, is fixed at f = 50% to
exclude the influence of grating volume on the dif-
fraction efficiency. The optical constants (n, k) of BK7
glass substrate, silver film, and dielectric gratings
were determined as (1.515, 0), (0.059, 4.243), and
(1.5, 0) [e.g., polymethyl methacrylate (PMMA)],
respectively, at A = 633 nm [10,16]. Figure 2(b) shows
a cross-sectional view of four different grating
profiles, which are modeled as a rectangle, pyramid,
left-biased sawtooth, and right-biased sawtooth,
respectively.

The dispersion relation associated with the reso-
nance conditions of SP waves is given by

kspr = ko./€, sin Ogpg, (1)

where kgpgr and k& (= w/c) are the wave vectors of the
SP and the incident light. Also, w is the angular fre-
quency of the incident light, ¢ is the speed of light,
and ¢, and Ogpg are the dielectric function of a prism
substrate and the incidence angle at resonance. A
propagating SP is converted into a radiation mode
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Fig. 2. (a) Schematic diagram of a transmission-type SPR config-
uration with dielectric gratings. A thin silver film with a thickness
of 40 nm is deposited on a prism substrate. PMMA dielectric grat-
ings with a period A and a thickness d, are regularly patterned on
the metal layer. TM-polarized light is incident through the prism
substrate at a fixed wavelength of 4 = 633nm. The transmitted
light radiates into the air environment. (b) Rectangle, pyramid,
left-biased sawtooth, and right-biased sawtooth dielectric grating
profiles. The fill factor is fixed at f = 0.5.

by a diffraction grating when momentum matching
between SPs and photons is satisfied. This condition
is expressed as

. . 2z
ki = kSPR —iK = koﬁSlngspR - LK,

i=0, +1, £2, ..., (2)
where k; is the wave vector of the transmitted light
with ith diffraction order, K is the grating vector, and

A is the grating period. The angles of the ith forward
and backward diffracted light are given by
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(4)

The number of transmitted beams is determined
by the diffraction angle that satisfies the above rela-
tions. In this study, a limited range of grating periods
(300 nm to 600 nm) is considered, so that only the low
diffraction orders can radiate into the air.

For numerical analyses, we employed the RCWA
method, which has been successfully used to explain
the experimental results of grating structures. Our
RCWA routine was found to corroborate the experi-
ments of earlier SPR studies using periodic nano-
wires [17,18]. Convergence in RCWA calculation was
achieved by including 30 space harmonic orders and
by discretizing a continuous grating profile into 16
slice layers with an equal thickness.

3. Results and Discussion

For efficient detection of transmitted light and its
application to various optical devices, higher trans-
mittance is required. Figure 3 presents the calcu-
lated zeroth-order reflection (OR) and the first-
order transmission (1T) curves for a SPR structure
with rectangular dielectric gratings when the grating
thicknesses are d, = 30nm, 60 nm, 90nm, 120 nm,
180nm, 240nm, and 300nm. The PMMA grating
has a period of A = 600nm and a width of 300nm
(i.e., f = 50%). Resonance angle obviously increases
with the grating thickness, and significant outcou-
pling of the propagating SPs of more than 30% occurs
at d, > 60 nm.

Figure 4 shows that the resonance and transmit-
tance characteristics are strongly dependent on the
grating thickness. As shown in Fig. 4(a), the
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Fig. 3. Calculated reflectance (OR, the solid line) and transmit-
tance curves (1T, the dotted line) for a rectangular grating as a
function of incidence angle when d, varies from 30 nm to 300 nm.



resonance angle displays a gentle increment because
the change in d, causes the local refractive index sur-
rounding the metal film to effectively increase. How-
ever, the slope is not constant due to the intrinsic
nonlinearity of the dispersion relation of the excited
SPs at resonance. The transmittance rapidly in-
creases to 60% until d, reaches 100nm, and a high
transmittance over 60% is maintained when the
thickness is 100-250nm [see Fig. 4(b)]. No further
increase of transmittance at d, > 100 nm can be ex-
plained by a limited penetration depth of SP waves
with rapidly decaying intensity when one moves
further away from the metal surface. For d, >
250 nm, a reduction in transmittance appears since
other diffraction orders become more pronounced.
Therefore, for a rectangular grating, the optimal
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Fig. 4. (a) Resonance and (b) transmittance characteristics of a
SPR structure with the rectangular grating. The effects of grating
thickness on the resonance angles and transmittance (1T) are
shown when grating thickness is increased from 30 to 300 nm
in steps of 10nm. The dielectric grating has a period of
A =600nm.

thickness with maximum efficiency was determined
to be d, = 180 nm with 1Tyax = 65.3%.

In Fig. 3, it is also noteworthy that the minimum
reflectance at resonance (MRR) is influenced by the
grating thickness. Here, the MRR indicates an
intensity of incident beam converted into SPs, and
thus a deeper MRR would be desired for a larger ex-
citation of SP waves and a stronger diffracted light.
Figure 5(a) presents the reflectance characteristics of
a rectangular grating on a 40 nm silver film. In the
range of d, < 50 nm, a shallow MRR may disturb an
effective outcoupling of SP waves. On the other hand,
when the grating thickness exceeds 50nm, more
than 90% of incident beam is absorbed, and its en-
ergy is mostly used to generate SP waves. As a result,
plasmon waves can be highly excited and strongly
coupled with dielectric gratings.

In addition to the transmittance, conversion
efficiency (CE) is introduced to compare the overall
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Fig. 5. (a) Minimum reflectance at resonance and (b) conversion
efficiency of a SPR structure with rectangular gratings when the
grating thickness varies from 30 to 300 nm. The dielectric grating
has a period of A = 600nm.
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performance of the SPR structure with dielectric
gratings as CE = transmittance/(1 - reflectance)
[19]. As the transmitted light is generated by a dif-
fraction of propagating SP waves, the CE is defined
as the ratio of the beam energy of the first-order dif-
fraction to the absorbed incidence beam energy into
SP waves.

Although a grating-mediated transmission-type
SPR structure is required to have a larger CE value
approximately equal to 1, we may have difficulties in
obtaining such a high CE due to several plasmon
damping effects [4]. In Fig. 5(b), the peak CE value
for a rectangular grating was determined to be 69.3%
at d, = 150 nm.

To find the optimal grating structure with the
highest diffraction efficiency, we considered various
grating profiles, as shown in Fig. 2(b). First, the
transmittance characteristics are explored as a func-
tion of the grating thickness. Numerical results of
four different grating profiles are presented in Fig. 6.
After a procedure identical to the one used for the
rectangular gratings presented above, the optimal
grating thickness was determined to be d, = 170 nm
with 1Tyax = 68.9% for the pyramid, d, = 180nm
with 1Tyax = 62.1% for the left-biased sawtooth,
and d, = 160nm with 1Tyax = 58.0% for the right-
biased sawtooth. Note that rectangular and pyramid
grating profiles have more improved diffraction effi-
ciency than sawtooth profiles. Especially, the pyra-
mid grating presents the highest transmittance
among them.

Interestingly, qualitative trends inferred from
Fig. 6 agree consistently with the previous works by
Moharam and Gaylord [14]. They demonstrated that,
when an incident light is diffracted by a dielectric
surface relief grating, dielectric gratings with pro-
files expressed as even functions can provide a larger
first-order diffraction efficiency. Thus, if the grating
has even symmetry (e.g., pyramid and rectangle pro-
files in this study), high diffraction efficiencies are
possible. However, for grating profiles that lack even
symmetry, such as sawtooth profiles, the maximum
efficiencies are correspondingly less. This is because
the lack of even symmetry produces dephasing of the
fundamental first-order diffracted beam and pre-
vents the diffraction efficiency from reaching a large
value. In addition, it was demonstrated that higher
maximum diffraction efficiencies can be obtained
with more pointed grating profiles. This also corre-
sponds well with our results since the pyramid grat-
ing, which has a sharper profile than the rectangle
grating, shows the highest transmittance. However,
it should be emphasized that more dominant factor
affecting the maximum diffraction efficiency is the
degree of even symmetry in the grating profile.

Second, the CE can be used to estimate the perfor-
mance of a transmission-type SPR configuration. Si-
milar to the case of the transmittance, pyramid and
rectangular gratings showed a greater CE. The peak
CE was found at a pyramid profile as presented in
Fig. 7. Maximum CE value of each grating profile
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was obtained to be 70.0% at d, = 160 nm for the pyr-
amid, 62.9% at d, = 180 nm for the left-biased saw-
tooth, and 58.9% at d, = 150 nm for the right-biased
sawtooth profile. In most cases, higher transmittance
at the grating profile with even symmetry appears to
be attributed to better CE of SP waves. Moreover,
while the effect of a sharper grating on the CE is
not as high as that on the transmission characteris-
tics, the overall trends are consistent with the results
shown in Fig. 6. When taking both the transmittance
and CE into consideration, the optimized grating is
determined as a pyramid profile. At A =600nm,
these gratings achieve 1Tyax and CEyax values of
about 70%.

For further optimization, the first-order diffraction
efficiency of a pyramid profile as a function of
grating thickness (150nm <d, <400nm) and
period (200nm < A < 600nm) was determined [see
Fig. 8(a)l. The peak efficiency is 77.1% at d, =
310nm and A = 330 nm. A high transmittance more
than 70% is observed over a wide band Ad, of the
grating thickness when the period is 300-400 nm.
This Ad, can measure performance reliability and
robustness to fabrication errors in implementing a
grating structure and thus, a wide range is desired.

Note, especially, that a significant reduction of dif-
fraction efficiency is found at the period of A =
450-500nm and A smaller than 300 nm. A possible
explanation for this is the effect of radiation damp-
ing, which indicates that the incident light is inter-
fered by the diffracted beams [4]. When the
grating vector K (= 2z/A) is equal to the wave vector
kspr of the SP, backward diffractions of 1R and 2R
are generated as shown in Fig. 9(a). This condition
can be expressed as

. 2r
K = kSPR = ko, /€p SIHQSPR = X (5)
1.0
0.8 -
0000004
8 0s I ey,
c Yor n A vy A e M.y
© 5 P v N
= C S Vv ta %o
= S K MAAAL S QA
2 04 ", fa,
S A / ./ /x/ A
= /. ./ /x”/ —=— Rectangle
/o —e— Pyramid
B "y / —A— Left-biased sawtooth
_/,}, —v— Right-biased sawtooth
,,l/‘)
00 I 1 L 1 1 1 L 1 L 1 n
0 50 100 150 200 250 300

Grating thickness [nm]

Fig. 6. Transmittance characteristics of four different grating
profiles as a function of the grating thickness.
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Fig. 8. (a)Transmittance and (b) conversion efficiency of the first-
order diffraction beam for the pyramid grating when the grating
thickness varies from 150nm to 400nm and the period from
200nm to 600nm. The black and white lines indicate the reso-
nance conditions of K = kgpr and K = 2kgpg, respectively.
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At this resonance, since the diffracted light of 2R
has a reflection angle of Ogpg, its trace overlaps the
incidence and a destructive interference may occur.
As a result, the excitation of SP waves is fairly dis-
turbed and weak transmittance appears. This is con-
firmed in Fig. 8, since the line K = kgpr obtained
from Eq. 5 matches well with the dark region, which
has a low transmittance.

Additionally, at the resonance condition that satis-
fies K = 2kgpg, only one backward diffraction order
(1R) is generated, and it propagates with an angle
of Ogpr, which can be described by

. 2
K= 2kSPR = 2k0\/€—p sin QSPR = X (6)

Figure 9(b) shows that the incident beam can be
highly degenerated through a severe destructive cou-
pling between the incidence and the diffracted light.
The reduction of transmitted intensity might be
more considerable because the backward diffraction
of 1R is strong enough to be comparable to the inci-
dence. Thus, transmittance around the line K =
2kgpr is found to be negligible as shown in Fig. 8(a).
In the case of the CE, the distributions are similar to
those of the transmittance as shown in Fig. 8(b).
CEpax = 84.7% was obtained at d, = 200nm and
A =430nm.

As an application example of the SPR configura-
tion discussed in this study, an optimal dielectric
grating with pyramid profile at d, = 310nm and A =
330 nm on a silver film is now applied as an optical
biosensor. To quantify the sensitivity with respect to
changes in refractive index of the dielectric media
surrounding sensor surfaces, target binding between
biomolecules is modeled as 3nm thick dielectric
monolayer. Figure 10 shows that, for a conventional
reflection-type, incidence angle with minimum re-
flectance (OR) shifts from 43.13° to 43.26° as the re-
fractive index of binding layer varies from 1.40 to
1.80 in steps of 0.05. On the other hand, the incidence
angle with maximum transmittance (1T) of a trans-
mission-type SPR biosensor with a pyramid grating
is increased from 71.04° to 71.69°, indicating 5 times
better sensitivity. A plasmonic interpretation based
on a surface-limited increase of sensing area and an
enhanced excitation of local field amplitude at the
sharp corners of a pyramid grating can be adopted
to explain the sensitivity improvement [20] Linear
regression analyses indicate that the shift is highly
linear over the whole range of refractive indices. R is
the correlation coefficient that denotes the linearity
obtainable in the sensor performance, and R values
for reflection- and transmission-type SPR configura-
tions are 0.99625 and 0.99745, respectively.

Finally, as silver is known to be highly susceptible
to oxidation, an interesting possibility is to employ
an oxide layer between diffraction gratings and a
silver film in order to estimate its effect on trans-
mission characteristics. Although details will be ad-
dressed in a subsequent study involving a bimetallic
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Fig. 9. Phase diagrams of momentum matching between the SP
and photon when (a) K = kgpg and (b) K = 2kgpg.

Au/Ag surface where a thin gold film is added to pro-
tect a silver layer from oxidation, the presence of an
oxide layer may affect the resonance condition and
interaction between dielectric gratings and resonant
SP waves.

In view of the large-area and high-throughput pro-
duction of an SPR structure with dielectric gratings
on a metal film, one may take advantage of molding
based on nanoimprint lithography. The processes
used to fabricate nanograting molds have been devel-
oped rapidly [21]. For example, a rectangle grating
mold can be fabricated by plasma etching following
electron-beam lithography or interference lithogra-
phy. A pyramid profile can be obtained from a process
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Fig. 10. Linear regression analyses between incidence angle and
refractive index of a dielectric binding layer for an SPR biosensor
with and without a dielectric pyramid grating of d, = 310 nm and
A =330nm in an air environment. 6, (ORyy) and 6;, (1Tyax) de-
note the incidence angle at minimum reflectance and maximum
transmittance, respectively.

combining interference lithography and anisotropic
wet chemical etching [22]. For sawtooth profiles, a
process of directional interference lithography
followed by ion etching or of patterning on off-
cut wafers with interference lithography followed by
anisotropic etching can be utilized [23]. Although
controlling geometric parameters of pyramid and
sawtooth nanograting molds with precision to
achieve uniform patterns in a reproducible manner
remains a challenge compared to working with a rec-
tangle profile, the relevant fabrication work is cur-
rently under way.

This study suggests the need for considering the
grating parameters and their effects on the transmit-
tance, since the transmittance achieved in a grating-
based SPR structure can be compromised depending
on the grating design. The diffracted light from the
SP waves can be applied to active or passive optical
devices, such as optical imaging systems, polariza-
tion filters, and optical modulators.

4. Concluding Remarks

In this study, we examined the impact of grating
parameters on the transmittance of a grating-
mediated SPR structure using RCWA. Dielectric
gratings built on a silver film led to a significant
diffraction efficiency of propagating SP waves and
gratings with a pyramid profile had a higher trans-
mittance than the other profiles. The effect of grating
profile on the transmission efficiency was discussed
using the degree of symmetry and sharpness.

In addition, optimal parameters of the dielectric
gratings were determined based on quantitative
measure of the first-order diffraction efficiency and
the CE. Optimal gratings were found to be the pyr-
amid profiles with maximum transmittance of 77.1%
at d, =310nm and A =330nm and maximal CE
value of 84.7% at d, =200nm and A =430nm.
Moreover, there was a relatively large width of grat-
ing thickness Ad, (more than 100 nm), in which the



transmittance exceeds 70% when the period ranges
300-400 nm, indicating that this design would be ro-
bust against fabrication errors. An abrupt decrease
in transmittance was also clarified based on the ef-
fects of radiative damping. Our study on a grating-
mediated transmission-type SPR configuration de-
monstrates the possibility of transmission improve-
ment and the potential of using transmitted SP
waves in various optical devices.

This research was supported by the Kyung Hee
University Research Fund in 2008 (KHU-20080693).
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