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We investigated the characteristics of transmitted light from propagating surface plasmons based on
rectangular silver gratings. The results calculated by rigorous coupled-wave analysis presented that silver
diffraction gratings can produce significant transmittance and conversion efficiency, comparable to the case
of dielectric gratings. Especially, silver gratings optimized at a wide range of grating thickness and period
may lead to an improved diffraction efficiency larger than 64%. Moreover, the effect of silver oxide layer on
the transmittance was examined and a bimetallic structure with a thin gold coating was introduced to
prevent an oxidation of silver substrates. As a practical sensor application, silver grating-based surface
plasmon resonance (SPR) configuration showed an enhanced sensitivity associated with an increase of
surface reaction area and strong excitations of local plasmon fields, outperforming a conventional thin-film-
based SPR structure.
l rights reserved.
© 2010 Elsevier B.V. All rights reserved.
1. Introduction

The phenomenon of surface plasmon resonance (SPR) has been
used in a variety of applications such as biosensing, microscopy,
optical waveguiding, lithography, and light sources [1]. Surface
plasmons (SPs) are collective oscillations of free electron gas density.
Especially, if the momentum of incident light matches that of the SPs,
the light energy is absorbed and SP waves are resonantly excited [2].

Recently, conversion of SPs into a radiation mode has been
investigated to overcome the limitations of a conventional SPR
structure based on the Kretschmann configuration [3,4]. For example,
as detection range of SPR biosensor is intrinsically confined to the
penetration depthwith a dimension of several hundred nanometers, a
thin-film-based SPR system has difficulties in sensing massive and
bulky target analytes. On the other hand, radiative emission of a
propagating SP by a diffraction grating can allow one to measure
transmission characteristics of thick target samples such as in cell
analysis. In other words, diffraction gratings enable the transmitted
light to sense the target's status variation by means of transmittance
or scattering, e.g., due to morphological changes of thick samples,
while the surface-limited depth of SPR detection does not change
significantly. Moreover, it enables integration of optical devices, e.g., a
light modulator and polarization filter, into miniaturized photonic
circuits.
Since the first introduction of dielectric diffraction gratings for an
efficient transformation of SP waves into transmission modes, we
have studied the profile effect of a dielectric grating on the
transmittance [5]. From our previous results, we showed that
dielectric gratings on a silver film led to a significant diffraction
efficiency and dielectric gratings with a pyramid profile had a higher
transmittance than the other profiles, resulting in a peak value of 77%
at the optimum grating structure. Although the use of dielectric
gratings might be suitable for an excitation of radiation modes,
metallic gratings are also plausible to outcouple surface plasmons [6].

Thus, in this study, a transmission-type SPR configuration with
silver gratings built on a silver film is investigated for effective
conversion of SP waves into a radiative light. The effect of silver
gratings on the transmission characteristics has been analyzed
theoretically using rigorous coupled-wave analysis (RCWA) [7].
First, transmission characteristics for silver gratings are presented
with the aim to maximize the transmittance of propagating SP waves.
An interesting possibility of a formation of silver oxide layer (Ag2O) on
a silver substrate is then described because silver coatings are known
to be highly susceptible to oxidation. Since an oxide layer may
significantly affect the resonance condition of SP waves and
diffraction efficiency, the influence of Ag2O layer on the transmittance
should be estimated. Also, an alternative structure of bimetallic Au/Ag
surface, where a thin gold film is added to protect a silver layer from
oxidation is explored.

Subsequently, after further design optimization for a rectangular
silver grating, its actual application as an optical biosensor is
examined in comparison with a conventional SPR biosensor. Contrary
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Fig. 1. Transmission characteristics of the first-order beams diffracted by PMMA
gratings built on gold and silver films. Rectangular PMMA gratings have a period of
Λ=650 nm and a fill factor of f=0.5 and a thickness of thin metal film on a BK7 prism
substrate is fixed at 40 nm. TM-polarized monochromatic plane wave with λ=633 nm
is incident on a prism and the diffracted light transmits into an air environment. The
optical constants (n, k) of a BK7 glass, silver and gold films, and PMMA gratings were
determined as (1.515, 0), (0.059, 4.243), (0.18, 3.0), and (1.50, 0) at λ=633 nm.

Fig. 2. Schematic diagramof a transmission-type SPR configurationwith rectangular silver
gratings. A 40 nm thick silver film is deposited on a BK7 prism substrate. Silver gratings
with a periodΛ and a thickness dg have a constantfill factor of f=0.5. TM-polarized light is
incident through the prism substrate at a wavelength of λ=633 nm and the first-order
diffraction beam radiates into the air environment.
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to our previous application of a silver grating for detection of
refractive index change occurring at overall ambience [6], practically
important sensor scheme that measures biomolecular interactions
adsorbed on a sensor substrate is displayed in this study. Note that the
presence of silver grating may improve the sensor performance
because sensitivity can be enhanced by an increase of surface reaction
area which mediates additional interactions between excited plas-
mons and local binding events and by localized surface plasmon (LSP)
excitations with strongly enhanced field intensity [8]. From the results
of this study, we intend to show a potential for diversifying the use of
radiative SP fields in a sensitive detection of biomolecular interactions
and various optical devices.

2. Numerical model

Silver grating-mediated transmission-type SPR configuration was
numerically calculated using RCWA which has been successful in
describing experiments with dielectric or metallic nanostructures
[9,10]. When a light source is assumed to be a unit-amplitude and
monochromatic plane wave with a wavelength λ and an incidence
angle θ with the z-axis, a magnetic field inside a metallic grating
region is determined by solving the wave equation [11],

∇2H +
∇ε
ε

× ∇ × H + k2ε x; zð ÞH = 0 ð1Þ

where H is the magnetic field and k (=2π/λ) is the wave number in
the free space.

For TM-polarized light, Eq. (1) can be converted into,

∇2H− ∇ε
ε

⋅∇
� �

H + k2ε x; zð ÞH = 0: ð2Þ

ε(x,z) is the complex dielectric function of a metallic grating and is
written as a Fourier series expansion of

ε x; zð Þ = ε x + Λ; zð Þ = ∑
a
εm zð Þ exp jaKGxð Þ; ð3Þ

where Λ is the grating period, εm is the Fourier component of the
grating's dielectric function, and KG (=2π/Λ) is the grating vector,
respectively. In the computation, RCWA is expressed as an infinite set
of coupled-wave equations where the magnetic field is expanded in
terms of spatial harmonic components with variable amplitudes in
the z-direction. The spatial harmonic amplitudes are then solved for
the coefficient matrix based on eigenvalues and eigenvectors of the
differential equation. Although the whole coefficient matrix is an
infinite one, calculation results can be obtained to an arbitrary level of
accuracy of a truncated matrix [12]. The continuity of the tangential
components of electromagnetic fields at the boundaries between
media can be employed to determine the unknown coefficients as
well. Finally, each space-harmonic component inside a metallic
grating is phase-matched to individual diffraction order. Details of
RCWA can be found elsewhere [13]. Note that since the field varies
more rapidly in short distances of a grating with a size smaller than a
wavelength λ, more space-harmonic orders are required to achieve
the convergence and to improve the accuracy in calculations. For the
simulation presented in this study, 30 spatial harmonics have been
considered, unless otherwise noted.

Prior to an in-depth analysis on the proposed SPR structure, it might
be necessary to describe the effect of substratematerial on an excitation
of SP waves. Among various noble metals, gold and silver have been
generally utilized to excite surface plasmons due to their low damping
properties. However, most of the earlier studies on grating-coupled
transmission-type SPR configurations have employed a silver layer
because a transmitted light by a silver substrate shows better diffraction
characteristics. Fig. 1 presents the calculated transmittance of SP waves
by polymethyl methacrylate (PMMA) gratings with a period
Λ=650 nm and a fill factor f=0.5. When a TM-polarized light at
λ=633 nm is incident through a BK7 prism substrate, resonantly
excited SP waves propagate along the metal surface and a diffracted
light by PMMA gratings on a silver film achieves a maximum
transmittance of 48%. On the other hand, when a gold film is applied,
the peak efficiency obtained is 30% at a grating thickness of 130 nm and
a low transmittance b20% appears at a thick grating with a thickness
larger than 300 nm. This contrast in diffraction efficiency is attributed to
the fact that SP waves along the silver film are less attenuated and thus,
silver shows a longer propagation length and a deeper penetration
depth into dielectric medium than SP waves supported by a gold film
[14]. Consequently, we considered silver as a substrate material
throughout this work.

A schematic diagram of a silver grating-mediated SPR configura-
tion is drawn in Fig. 2. One-dimensional arrays of infinitely long silver
gratings with a period Λ are regularly distributed on a metal film that
supports SP waves. A 40-nm thick silver film is deposited on a BK7
prism substrate, on which polarized light at λ=633 nm is incident. A
fill factor f, a volume concentration of a grating per period is fixed at



Fig. 3. (a) Transmittance, resonance angle, and (b) CE characteristics of rectangular
silver gratings as a function of the grating thickness.
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f=0.5 to exclude the effect of grating volume on the diffraction
efficiency. The optical constants (n, k) of BK7 glass prism, silver film,
and silver oxide were determined as (1.515, 0), (0.059, 4.243), and
(2.50, 0.11), respectively, at λ=633 nm [3,15]. Reflectance (0R) and
transmittance (1 T) curves were obtained from RCWA calculations as
the angle of light incidence is scanned with an angular resolution of
0.01°. Under the condition of 30 diffraction orders, it was found that
maximum error deviations of both resonance angle and diffraction
efficiency were as low as 1%.

By solving Maxwell equations, the dispersion relation of the
resonant SP waves can be obtained and is given by

kSPR = k0
ffiffiffiffiffi
εp

p
sin θSPR; ð4Þ

where kSPR and k0 are thewave vectors of the SP and the incident light.
εp is the dielectric function of a prism substrate and θSPR is the
incidence angle at resonance [2]. Propagating surface plasmons are
transformed into a radiation mode when the following condition is
satisfied;

kq = kSPR−qK; q = 0;F1;F2;… ð5Þ

where kq is the wave vector of the q-th diffracted light and K (=2π/Λ)
is the grating vector. Especially, a limited range of grating periods
almost equal to or less than the wavelength of an incidence is chosen
in RCWA calculation, so that only the low diffraction orders can be
emitted into the air.

3. Results and discussion

Fig. 3 shows the characteristics of transmittance, resonance angle,
and conversion efficiency (CE) of a rectangular silver grating as a
function of the grating thickness. Silver gratings have a period of
Λ=600 nm and a fill factor of f=0.5. The grating thickness with
maximum transmittance was determined to be dg=23 nm with
1TMAX=53.3%, which is comparable to the results for dielectric
diffraction gratings in Fig. 1. At the range of dgN50 nm, however,
significant attenuation of radiation modes was observed due to the
high absorption coefficient of silver, so that the transmittance was
decreased to less than 20%. Also, when the grating thickness varies,
the resonance angle increases slightly. The peak transmittance was
obtained at an incidence angle of 43.32°. Especially, an abrupt
reduction of the first-order transmittance was found at dg=20 nm,
which is associated with geometry-dependent excitation of localized
plasmon. The details will be described in subsequent discussions.

What is as important as transmittance is CE, which is introduced to
estimate the diffraction performance of rectangular silver gratings. In
principle, incident beam is highly absorbed and converted into SP
waves at the resonance condition. The plasmons propagating along
the metal surface are partially absorbed into the metal film and
partially diffracted into airspace by silver gratings. In order to quantify
this, the CE is defined as the ratio of the radiation intensity of the first-
order diffraction to the adsorbed incidence beam intensity into SP
waves, i.e., CE=first-order transmittance/(1−zeroth-order reflec-
tance). As a result, a larger CE approximately equal to 1 is required to
achieve a higher transmittance, though it is evidently difficult to
obtain such a high CE due to various plasmonic damping effects of
silver substrates. The peak CE was obtained to be 70.6% at dg=32 nm
and an incidence angle of 43.63°. However, it is important to notice
that an increase of metallic grating thickness induces a resonance dip
to become broad and shallow substantially, often for thick gratings of
dg≥30 nm in an air medium [16]. In other words, regardless of the
transmittance performance, CE value can be improved even for thick
silver gratings due to a shallow reflectance curve. Since high CE values
obtained from a shallow reflectance would not be useful practically,
silver gratings with an increasing CE at dgN45 nm should be left out of
consideration.

Also, of interest is the influence of silver oxide layer, which can be
formed by reactive sputtering of pure silver in an oxygen-containing
argon atmosphere or by thermal or e-beam evaporation of pure silver
followed by oxidation in an oxygen plasma [17]. When uniform Ag2O
layers are applied to the surface boundaries of silver substrates, an
oxidation of a pure silver film into Ag2O is accompanied by an
increment in thickness. It has been found that the growth of the Ag2O
layer occurs at the expense of the underlying Ag film and its thickness
is close to 1.5 times that of the converted Ag layer [15]. Fig. 4 shows
the calculated change in diffraction efficiency when Ag2O is formed on
silver substrates with the rectangle grating of dg=23 nm and
Λ=600 nm. As the thickness of silver oxide increases, the diffracted
light may experience a destructive interaction with Ag2O layers due to
the dephasing of the fundamental first-order diffraction mode. This in
turn can induce a considerable degradation of diffraction efficiency.

In order to overcome the drawbacks of Ag2O formation, a
bimetallic surface where a thin gold layer is coated over the silver
substrate to protect it from oxidation is proposed as an alternative
transmission-type SPR structure. In Fig. 5, the first-order diffraction
efficiency calculated for rectangular silver gratings with dg=23 nm
and Λ=600 nm is shown. When a thickness of a gold film with a
uniform coverage is increased, the transmittance decreases mono-
tonically. This is because an attachment of gold layer with a larger
attenuation than silvermay cause the radiativemodes to be generated
ineffectively. Therefore, it is important to realize an extremely thin
gold layer, so that a high transmittance obtained from silver gratings
would not be decayed by an additional thin gold layer. In terms of



Fig. 6. (a) Transmittance and (b) CE of the first-order diffraction beam for the silver
grating when the grating period varies from 300 to 650 nm and the thickness from 7 to
30 nm. The solid and dotted lines indicate the effects of geometry-dependent LSP
resonance and plasmon radiation damping, respectively.

Fig. 4. Calculated transmittance for silver gratings at dg=23 nm and Λ=600 nmwhen
the thickness of Ag2O layer increases.
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practical implementation of a bimetallic substrate, though difficulties
in fabrication may increase, ultrathin gold films can be obtained by
sputtering a gold target by means of argon ion and oxygen ion beams
[18].

So far, the influences of silver gratings on the transmission
characteristics have been explored when the grating period is fixed at
Λ=600 nm. As a next step, the first-order diffraction efficiency of a
rectangular silver grating was additionally calculated as a function of
grating period and thickness tomaximize the transmittance. In Fig. 6(a),
it was found that a large transmittance over 50%was achieved at a wide
range of Λ and dg, which represents the reliability in both performance
and fabrication. The peak efficiency was obtained to be as high as 64.1%
at dg=12 nm and Λ=330 nm and this transmittance is comparable or
even larger in comparisonwith the case of dielectric diffraction gratings.
However, it should be mentioned that a significant reduction of
transmittance was found as denoted by solid and dotted lines.

A reduction of the first-order transmittance along the solid line is
associated with an excitation of LSP resonance. Especially, since this
absorption occurs only for the grating period (Λ)/thickness (dg) ratio
of 30, it suggests geometry-dependent excitations of LSP modes. An
extra absorption of metallic structures at particular wavelength and
geometry is a well known phenomenon combined with localized
plasmons [19,20]. While the results are not shown, it was confirmed
that the vertical absorption band in Fig. 6(a) changes with the fill
factor of rectangular silver gratings. More in-depth analyses on the
geometry-dependent LSP resonance for various grating profiles and
its influence on the transmission characteristics will be demonstrated
Fig. 5. Calculated transmittance for silver gratings at dg=23 nm and Λ=600 nmwhen
the thickness of a thin gold film coated on a silver substrate increases.
in our subsequent studies. Another interesting topic connected with
LSP excitations is the effect of a direct contact of silver gratings to a
thin silver film, because most of earlier studies on LSP resonance are
based on the metallic subwavelength structure supported by a
dielectric substrate. To reveal a possible assertion that a direct
attachment of silver gratings to a metallic substrate may dampen
localized plasmons, we calculated near-field characteristics in the
vicinity of silver substrates using finite-difference time-domain
(FDTD) methods. One of the rectangular silver gratings on the vertical
solid line in Fig. 6(a) was chosen as Λ=540 nm and dg=18 nm. The
minimum grid size for the FDTD calculation was 1.0 nm and the field
distribution EZ was obtained at an incidence of 43.16°, which can
provide the peak transmittance of 38%.

FDTD results in Fig. 7 exhibit typical features of LSPs excited by
metallic subwavelength structures. Locally enhanced fields are
distributed at very short distance from the surface in the vicinity of
grating vertices. Four different peaks associated with each corner of
the silver gratings are formed by an interaction between propagating
surface plasmons and silver gratings. Since the decay length of an LSP
mode is shorter than the interpeak distance, the multiple peaks of
each corner should be regarded as an individual LSP resonance. On the
assumption that the incident beam is of unit amplitude, maximum
field was obtained as EZ=40.0 at the upper two vertices of the silver
gratings. At the lower two vertices, however, amplitude of enhanced
fields is much smaller than that of the upper ones and has a peak value
of EZ=15.7. FDTD results display that the direct contact may induce a



Fig. 7. (a) Vertical and (b) horizontal field amplitude distributions of EZ around the
silver substrate for rectangular silver gratings of f=0.5, dg=18 nm, and Λ=540 nm.

Fig. 8. Linear regression analyses between resonance angle and refractive index of a
dielectric binding layer for an SPR biosensor with and without a silver grating at
dg=12 nm and Λ=330 nm in a water medium.
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damping of localized plasmons and therefore, significant degenera-
tion of localized plasmons is obtained.

Another low transmittance region indicated by the dotted line can
be explained analytically using the effect of radiation damping [5].
When a diffracted light of 2R propagates along the trace that exactly
overlaps the incidence, the incident beam can be highly degenerated
through a destructive coupling between the incidence and the
diffracted light. This phenomenon may occur when the grating vector
K equals the wave vector kSPR of the SP waves and can be expressed as

K = kSPR = k0
ffiffiffiffiffi
εp

p
sin θSPR: ð6Þ

Fig. 6 clearly show that the line K=kSPR obtained from Eq. (6)
matches well with the regionwith low transmittance near Λ=610 nm.

Further, note that zero transmittance observed at Λb320 nm arises
from the grating equation. For thin diffraction gratings, the incident
beam with an angle of θi is converted into several waves at angles θl
satisfying

sin θl = sin θi + l
λ
Λ
; ð7Þ

where an integer l denotes the diffraction order. When a silver grating
has a period Λbλ/2, it is unachievable to obtain the first diffraction
order out of propagating surface plasmons and thus, transmittance by
the first-order diffraction is determined to be zero at Λb320 nm. From
the above interpretations, it should be emphasized that a careful
design study is demanded to avoid the geometry-dependent
absorption band, plasmon radiation damping, and zero transmittance.
In the case of the CE, Fig. 6(b) demonstrates the distributions of CE
values and CEMAX of 85.7% was obtained at dg=24 nm and
Λ=320 nm. The trends of reduced CE caused by various plasmonic
effects resemble the results of the transmittance.

As an example of the actual application of the proposed
transmission-type SPR configuration designed to provide a high
diffraction efficiency, silver substrates based on a rectangular silver
grating with dg=12 nm and Λ=330 nm are now applied as a
biosensor to detect biomolecular interactions occurring at a sensor
surface. Compared with our earlier application of silver gratings to
detect a change of gaseous and aqueous ambience [6], it is more
appropriate to consider binding events in an aqueous solution
because it is of practical importance in biochemical experiments.
Target binding between biomolecules is modeled as 3-nm-thick
dielectricmonolayer whose refractive index changes from 1.33, i.e., no
target analytes in water solutions, to 1.70 in accordance with the
concentration of adsorbed analytes. Fig. 8 shows that, since the
resonance angle is sensitive to the local change in the environment
surrounding a metal film, the presence of silver gratings led to a larger
resonance angle compared with a conventional SPR structure.
Moreover, using the linear regression analyses with a function of
y=Ax+B, the linear coefficient (A) and the correlation coefficient
(R), where R denotes the degree of the linearity, are equal to 2.29 and
0.9976 for a conventional SPR scheme and 3.32 and 0.9993 for a
transmission-type one. In other words, a silver grating can provide an
enhanced sensitivity by more than 45%. This sensitivity improvement
by RCWA calculations corresponds well with measured data obtained
from biomolecular interactions [21]. While gold substituted for silver,
sensitivity enhancement ranging from 24% to 57% was measured for
layered biointeractions when rectangular gold gratings on a thin gold
film have Λ=300 nm and dg=10 nm. The plasmonic description
based on a surface-limited increase of reaction area and strong
excitation of LSP modes can be adopted to explain the enhanced
sensitivity. Especially, localized and highly enhanced plasmons
interact with biomolecular binding events close to metallic gratings
and subsequently cause a larger shift of resonant LSP modes. The field
enhancement has been investigated as an efficient way to enhance the
sensitivity limit that has long plagued a conventional SPR biosensor
[22,23].

In addition to sensitivity enhancement, afigure ofmerit (FOM) [24]
is employed to effectively compare the overall sensor performance as

FOM =
m deg=RIU½ �
CAW deg½ � 1−MRRð Þ: ð8Þ
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Here,m is the sensitivity, i.e., the slope of the resonance angle over
the refractive index range, which corresponds to the linear coefficient
A in linear regression analyses. RIU stands for refractive index unit.
The curve angular width (CAW) and minimum reflectance at
resonance (MRR) denote the full angular width at the center of
reflectance minimum and maximum and the reflectance value at the
point of SPR angle, respectively. Thus, a smaller CAW and a lowerMRR
are required because a narrower and deeper SPR curve allows an
efficient detection of the resonance and precise examination of
sensing events. From our numerical results, FOM values were
determined to be 0.676 for a conventional SPR structure and 1.184
for a transmission-type one. As a result, a transmission-type SPR
biosensor with rectangular silver gratings exhibits better sensing
performance by more than 1.7 times in comparison with a SPR
biosensor without silver gratings.

Fabrication work is also currently under way for demonstration.
Rectangular silver gratings can be achieved by plasma etching that
follows sputtering of silver layer and e-beam or interference
lithography processes.

4. Conclusion

In this study, transmission-type SPR configuration with a silver
grating has been investigated as a structure that can emit propagating
surface plasmons efficiently.When λ=633 nm and a fill factor is fixed
at 0.5, rectangular silver gratings presented a notable performance in
terms of transmittance and CE. From an in-depth study for a wide
range of grating periods and thicknesses, silver gratings were found to
provide a peak transmittance of 64.1% at dg=12 nm and Λ=330 nm
and a maximal CE value of 85.7% at dg=24 nm and Λ=320 nm. In
addition, an abrupt reduction in transmittance and CE was discussed
based on various plasmon damping effects.

It was also found that the diffracted beam intensity can be decreased
significantly with an increasing Ag2O thickness. To overcome this
limitation accompanied by silver substrates susceptible to oxidation, a
silver grating combinedwith a thin gold layerwas explored. Finally, as a
practical sensing application, silver grating-mediated SPR structure in a
water ambience showed a notable SPR signal amplification, which is
associatedwith strong excitation of LSPmodes and an increased surface
reaction area. This study shows the potential of using transmitted SP
waves in a variety of optical applications, such as optical imaging
system, optical biosensor, and light sources.
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