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We investigated grating-coupled transmission-type surface plasmon resonance (SPR) for sensing appli-
cations. In the transmission-type SPR structure, propagating surface plasmons are outcoupled to radi-
ation modes by dielectric and metallic gratings on a metal film. The results calculated in air and water
suggest that the proposed structures present extremely linear sensing characteristics. In terms of a figure
of merit, a metallic grating-based structure performs 5.4 and 3.7 times better than that of a dielectric
grating in air and water, respectively. © 2007 Optical Society of America

OCIS codes: 050.2770, 230.1950, 240.6680.

1. Introduction

A surface plasmon is a quantum of an electron con-
centration wave that can exist at a dielectric–metal
interface [1]. The surface plasmon propagates along
the metal surface and decays exponentially into both
media. When the momentum of an incident beam
matches that of a surface plasmon, the beam energy
is absorbed to excite surface plasmons. Since this
resonance condition is sensitive to variations of the
medium surrounding a metal surface, a small change
in refractive index on a metal surface can be quanti-
tatively analyzed by measuring the resonance shift in
incidence angles or wavelengths. Surface plasmon
resonance (SPR) is one of the well-known optical phe-
nomena that have found useful applications in bio-
chemical sensing [2]. Beginning with the pioneering
work of Otto [3] and Kretschmann [4], SPR-based
biosensors have been widely used as a sensitive probe
to detect and analyze various biomolecular interac-
tions on a metal surface.

Most plasmon-based biosensors work as reflec-
tion types in the sense that a photodetector mea-

sures reflected light at a metal by use of a standard
Kretschmann configuration. Such a setup uses a
photodetector on the same side of a light source
with respect to the metal film, which allows an
extremely compact biosensing scheme. On the other
hand, an extinction-based transmission-type SPR
biosensor is also plausible and has been extensively
investigated to study spectral outcoupling of sur-
face plasmons excited in nanostructures often using
a wavelength-scanning setup [5,6]. Moreover, a
transmission-type SPR structure might be useful to
investigate thick targets such as in cell analysis, in
contrast with a traditional reflection-type struc-
ture. Note that the detectable range of a reflection-
type configuration is limited to the penetration
depth in the 100–200 nm range, although this may
be increased as a result of thin-film engineering
[7]. The potential advantage of a transmission-type
structure for investigation of a thick target is based
on the excitation of radiation modes. Radiation modes
can sense cell status variation by means of transmis-
sion or scattering, e.g., due to morphological changes
of a cell. In the case of conventional reflection-type
SPR sensors that do not outcouple a radiation mode,
the detection range is intrinsically limited to the plas-
mon decay length into the surrounding liquid or gas.
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In other words, in a transmission-type SPR, excita-
tion in radiation modes in addition to evanescent
waves associated with plasmonic dipoles probes a tar-
get environment that consequently changes the radi-
ation characteristics of transmitted light.

We theoretically investigate a grating-coupled
transmission-type SPR sensor based on angle scan-
ning, in which plasmon outcoupling into radiation
modes is achieved by dielectric and metallic gratings
on a metal film. Intriguing studies on outcoupling of
excited surface plasmons with diffraction gratings
have been carried out by many groups. Most of the
early studies considered corrugated metallic gratings
to excite surface plasmons and to outcouple them into
radiation modes [8,9]. In actual applications that use
outcoupled radiation, the converted propagating ra-
diation has only reflection modes [10,11] that might
not have enough power to associate them with other
external optical devices. To overcome this limitation,
Park et al. [12] utilized dielectric diffraction gratings
for efficient outcoupling of surface plasmons to trans-
mission modes. Use of a conventional Kretschmann
configuration and dielectric gratings on a silver film,
an outcoupling efficiency of 50% was presented and
proved experimentally. From the report of Lenaerts
et al. [13], transmittance of 68% was obtained for a
modified structure in which a waveguide grating is
added between a metal surface and air. Moreover,
enhanced transmittance of up to 72% was predicted
numerically by Shen et al. [14] with a brief report of
its potential application as a biochemical sensor.

Our configuration employs a metallic grating that
is introduced to convert surface plasmons into radi-
ation modes. Compared with a dielectric grating, a
metallic grating on a metal film could induce an in-
crease of interaction area, which supports excitation
of surface plasmons and mediates interaction be-
tween excited plasmons and local sensing events on a
perturbed metal surface. A sharp transmission curve
can also be produced from absorptive metallic grat-
ings. The effect of a metallic grating will be discussed
in detail later. We used rigorous coupled-wave anal-
ysis (RCWA) [15–17] to determine optimum dielectric
and metallic grating structures and to compare
transmission efficiency. This is then applied to bio-
chemical sensing characteristics in air and water.

2. Numerical Model

Figure 1 shows a transmission-type SPR configura-
tion with dielectric or metallic gratings. A 40 nm
thick silver layer is deposited on a prism substrate
and supports excitation of surface plasmons. One-
dimensional diffraction gratings with a period � are
regularly patterned on a metal film. The 300 nm wide
grating structure has a period of � � 600 nm (i.e.,
f � 50%). This is almost equal to the wavelength of
an incidence beam �� � 633 nm�, so that only the low
diffraction orders can transmit into air. The dielectric
functions of a BK7 glass prism and gratings were
determined, respectively, as �p � 2.2958 and �g �
2.25 [e.g., polymethyl methacrylate (PMMA)] [18] for
a dielectric grating, and �g � �m � �18 � 0.5i for

silver at � � 633 nm [11]. Here �m indicates metal
permittivity.

When TM-polarized light is incident on a prism,
the dispersion relation of the excited surface plas-
mons at resonance conditions is given by [1]

kSPR � k0� �d�m

�d � �m
�1�2

�
w
c

��p sin �SPR, (1)

where kSPR and k0 �� w�c� denote the wave vectors
of the surface plasmon and the incident light. Also, w
is the angular frequency of the incident light, c is
the speed of light in free space, �SPR is the incidence
angle at resonance, and �d is the dielectric constant of
the medium on top of a metal film. This relation
indicates that a propagating surface plasmon along
the metal surface is converted to a radiation mode by
a diffraction grating when the diffracted angles sat-
isfy momentum matching between surface plasmons
and photons given by

k sin �d � kSPR � qK, q � 0, �1, �2, . . . , (2)

where k is the magnitude of the wave vector of the
diffracted light, �d is the diffraction angle, q is the
diffraction order, and K �� 2	��� is the grating vec-
tor. The first diffraction order (1T) has been selected
as the target under interrogation instead of 0T, since
1T is the indicator of a radiation mode. The trans-
mittance of the first-order diffraction mode is shown
schematically in Fig. 1. An incident beam is TM po-
larized with a fixed wavelength of � � 633 nm. The
RCWA has been employed to analyze diffraction ef-
ficiencies of transmission modes. This algorithm has
been successfully applied to explain the experimental
results for periodic or aperiodic structures with a

Fig. 1. Schematic diagram of a transmission-type SPR configura-
tion with dielectric or metallic gratings. A thin metal film with a
thickness of dm is deposited on a prism substrate. Dielectric or
metallic gratings with a period � and a fill factor f are regularly
patterned on the metal layer. TM-polarized light is incident
through the prism substrate at a fixed wavelength of � �

633 nm. The diffracted light transmits into a superstrate environ-
ment (air or water).
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dimension less than the wavelength of the incident
light [19–21].

3. Results and Discussion

Figure 2 presents the transmittance and resonance
angles of the first diffraction order (1T) for a dielectric
grating-coupled SPR structure, as the grating thick-
ness dg varies from 0 to 300 nm. The transmittance
and resonance characteristics exhibit strong depen-
dence on the grating thickness. The transmittance
rapidly increases first to 60% until dg reaches
100 nm, and then it becomes nearly constant. As the
thickness exceeds 250 nm, a slight decrease in trans-
mittance appears since other diffraction orders be-
come significant. High transmittance that exceeds
60% was obtained at a grating thickness in the
100–250 nm range with a maximum at Tmax �
65.28% at dg � 180 nm. Also, the resonance angle
increases monotonically with grating thickness as
the change in dg causes the local refractive index to
increase effectively. The calculated reflection and
transmission curves for the case of an optimal dielec-
tric grating with peak transmittance are shown in
Fig. 3. For sensitive detection of the transmitted light
and its application as various optical devices, higher
transmittance is desired. Maximum outcoupling of

the propagating surface plasmons occurs at an inci-
dence angle of �in � 55.92° with the full width at
half-maximum (FWHM) of the transmission curve

�FWHM � 
�SPR � 3.12°.

Figure 4 shows the transmittance and resonance
characteristics of a metallic grating on a 40 nm silver
surface. The peak efficiency obtained was Tmax �
52.97% at a thickness of dg � 24 nm. In the range of
dg � 50 nm, the radiation modes are extinction dom-
inated and largely attenuated because of the high
absorption coefficient of silver, so that the transmit-
tance is reduced to less than 20%. Also, when the
grating thickness varies, the resonance angles in-
crease slightly. The SPR curves at the peak trans-
mittance found at an incidence of �in � 43.34° are
shown in Fig. 5. Although a silver grating with high
absorption can decrease the peak transmittance by
more than 10% and induce a degradation of the whole
radiation amplitude in comparison with a dielectric
PMMA grating, the extremely narrow transmission
peak calculated to be as small as 0.55° as shown in
Fig. 5 can be an advantage of a metallic grating over
a dielectric grating.

The proposed transmission-type SPR structure
based on optimal dielectric and metallic gratings de-
signed to provide maximum transmittance is now ap-

Fig. 2. Transmission characteristics of a transmission-type SPR
structure with a dielectric grating. The effects of the grating thick-
ness on the transmittance efficiency (1T) and the resonance angles
are shown. The silver metal film thickness is dm � 40 nm. The
dielectric grating has a period of � � 600 nm and f � 0.5.

Fig. 3. Calculated reflectance and transmittance curves (1T) for a
dielectric grating as a function of incidence angle. The grating
thickness is dg � 180 nm. At �in � 55.92°, Tmax � 65.28%.

Fig. 4. Transmission characteristics of a transmission-type SPR
structure with a metallic grating. The effects of the grating thick-
ness on the transmittance efficiency (1T) and the resonance angles
are shown. The silver metal film thickness is dm � 40 nm. The
silver metal grating has a period of � � 600 nm and f � 0.5.

Fig. 5. Calculated reflectance and transmittance curves (1T) for a
dielectric grating as a function of incidence angle. The grating
thickness is dg � 24 nm. At �in � 43.34°, Tmax � 52.97%.
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plied as a biochemical sensor to detect gaseous and
aqueous interactions. Considering that the resonance
angle is sensitive to the local change in the environ-
mental superstrate on the grating-metal film, the res-
onance angle shift and the diffraction efficiency are
evaluated together as a function of the superstrate
refractive index. Figure 6 shows that, for a dielectric
grating, the resonance angle shifts from 55.92° to
58.51° as the refractive index of the superstrate varies
from 1.00 to 1.05 in steps of 0.01. From linear regres-
sion analyses, the shift is completely linear over the
whole range of refractive indices with R � 0.99999 (R
is the correlation coefficient that denotes the linearity
obtainable in the sensor performance) while the sen-
sitivity, which indicates the slope of resonance angle
over the refractive index, is 51.857 deg�refractive-
index unit (RIU).

The influence of metallic gratings on the refractive-
index sensitivity is shown in Fig. 7. Although the
peak transmittance fluctuates because of the second-
ary sidelobes, silver gratings still support a high dif-
fraction efficiency of greater than 40%. The resonance
shift in response to an increase in the refractive index
is extremely linear �R � 0.99972� with a sensitivity
equal to 61.343 deg�RIU. In other words, a metallic

grating shows an almost 20% greater sensitivity than
a dielectric grating for the optimal configuration.

The plasmonic interpretation based on a surface-
limited increase of interaction area and excitation of
localized surface plasmons (LSPs) can be adopted to
explain the enhanced sensitivity for a metallic grat-
ing. An increment of interaction area, induced by a
metallic grating on a metal film, results in an addi-
tional resonance shift in response to the changes in
local environments that surround the metallic sur-
face. Moreover, enhanced fields from excited LSP
modes can be attributed to the sensitivity enhance-
ment. An incident beam and the propagating surface
plasmons can directly interact through a metallic
grating, which produces LSPs. The existence of a
metallic grating near the metal film leads to a per-
turbation of the dispersion relation dictated by a
conventional SPR structure and contributes to the
sensitivity improvement by means of LSPs, although
the LSP modes are not more dominantly excited than
the propagating surface plasmons [22–24]. Further-
more, a sharp transmission peak is induced by the
absorption property of silver metal gratings. The
propagating surface plasmons are diffracted and
pass through the absorptive metallic gratings, which
prompts rapid attenuation of transmitted light. This
effect is attributed to the narrow FWHM as well as

Fig. 6. (a) Transmittance and (b) linear regression analysis be-
tween resonance angle and superstrate refractive index of a
transmission-type SPR sensor with a dielectric grating at dg �

180 nm in air. As the refractive index of the superstrate increases
from 1.00 to 1.05 in steps of 0.01, the transmittance peak shifts
from 55.92° to 58.51° in the direction of the arrow. �in�Tmax� denotes
the incidence angle at maximum transmittance.

Fig. 7. (a) Transmittance and (b) linear regression analysis be-
tween resonance angle and superstrate refractive index of a
transmission-type SPR sensor with a metallic grating at dg �

24 nm in air. As the refractive index of the superstrate increases,
the transmittance peak shifts from 43.34° to 46.38°.
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the relative decrease in peak transmittance com-
pared with that of dielectric diffraction gratings.

In addition to sensitivity, a figure of merit (FOM)
[25] is introduced to effectively compare the overall
performance of optical sensors as

FOM �
m�eV�RIU�
FWHM�eV�

Tmax, (3)

where m is the slope of the resonance angle or reso-
nance wavelength over the refractive-index range,
which corresponds to the sensitivity of a SPR sensor.
The FOM is equal to the quality factor that takes into
account the transmittance for a transmission-type
SPR structure. A smaller FWHM and a larger Tmax
are desired because a deeper and narrower resonance
peak allows efficient detection of the resonance shift
and precise analysis of sensing events. From our nu-
merical results, FOM values were determined to be
10.85 for a dielectric grating and 59.08 for a metallic
grating, respectively. Thus, a transmission-type SPR
sensor with a metallic grating exhibits far better
sensing performance by more than 5.4 times in com-
parison with a dielectric grating.

The proposed SPR structure can be applicable to
detection in water. Efficient excitation of surface plas-

mons in water needs a high refractive-index prism
substrate. The dielectric constants of a glass prism
substrate and dielectric gratings were chosen to be
�p � 3.6639 (e.g., SF66) and �g � 3.88 (e.g., ZrO2) at
� � 633 nm. After a procedure identical to the case of
a plasmon in air presented above, an optimal grat-
ing thickness was determined as dg � 80 nm for a
dielectric grating with Tmax � 66% at an incidence
angle of �in � 61.74°. For a silver grating, the grating
thickness was dg � 22 nm with Tmax � 40% at �in
� 48.63°.

If the dielectric grating is employed in biosensing
applications, as the superstrate refractive index var-
ies from 1.33 to 1.38 in steps of 0.01, the resonance
angle shows a fairly linear shift (R � 0.99993) from
61.74° to 64.38° as shown in Fig. 8. The sensitivity
was obtained as 52.686 deg�RIU with the FWHM of
the transmittance curve at 6.24°. For a metallic grat-
ing, the sensitivity was 69.571 deg�RIU with R �
0.99911 and a FWHM of 1.35° as presented in Fig. 9.
From these results, the FOM values were determined
to be 5.57 for a dielectric grating and 20.61 for a
metallic grating. A transmission-type SPR structure
with a metallic grating also shows better perfor-
mance by more than 3.7 times in comparison with a
dielectric grating in water. Performance evaluation of
a transmission-type SPR sensor for both air and wa-

Fig. 8. (a) Transmittance and (b) linear regression analysis be-
tween resonance angle and superstrate refractive index of a
transmission-type SPR sensor with a dielectric grating at dg �

80 nm in water. As the refractive index of the superstrate in-
creases from 1.33 to 1.38 in steps of 0.01, the transmittance peak
shifts from 61.74° to 64.38° in the direction of the arrow.

Fig. 9. (a) Transmittance and (b) linear regression analysis be-
tween resonance angle and superstrate refractive index of a
transmission-type SPR sensor with a metallic grating at dg �

22 nm in water. As the refractive index of the superstrate in-
creases, the transmittance peak shifts from 48.63° to 52.12°.
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ter suggests that a metallic grating-based structure
outperforms that of a dielectric grating.

In terms of actual implementation, dielectric and
metallic gratings on a silver film can be fabricated
using electron-beam or interference lithography with
a laser in the visible wavelength. A periodic grating
structure with � � 600 nm can be achieved by
plasma etching that follows deposition of a grating
layer and lithography processes.

4. Conclusion

We have numerically investigated transmission-type
SPR sensors with dielectric and metallic gratings.
The transmission characteristics strongly depend on
the grating material and thickness. Optimal grat-
ing thickness was determined in consideration of
transmittance efficiency. In both air and water, a
metallic grating-based structure presented higher
sensitivity and a narrower FWHM despite lower
maximum transmittance compared with a dielectric
grating. For practical sensing applications, real-time
detection of gaseous or aqueous changes can be ac-
complished by measuring the diffraction characteris-
tics in an enhanced transmission mode. We have
provided a feasible structure that can be used as a
sensor and as other optical devices, for example, po-
larizer, filters, and modulators.
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