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Under the condition of illumination at a large incidence angle, surface plasmon (SP) resonances in the conven-
tional Kretschmann configuration occur in the visible wavelength region. In this paper, we show that a sub-
wavelength metallic binary grating that was specifically designed can induce IR SP resonance (SPR) effectively
under the same illumination condition. We analyze the structural controllability of IR SPR by subwavelength
metallic binary gratings and propose an optimal design of subwavelength grating structures for IR SPR under il-
lumination at a large incidence angle. A numerical design method combining the rigorous coupled-wave analysis
and the genetic algorithm is devised. © 2011 Optical Society of America

OCIS codes: 240.6680, 280.4788, 060.2370.

1. INTRODUCTION
Surface plasmons (SPs) are electromagnetic surface modes
resonantly induced on metal–dielectric interfaces strongly
coupled to surface charge oscillations. As SP resonance (SPR)
is highly sensitive to environmental refractive index varia-
tions, it is used for various sensing applications [1–3]. Typi-
cally, SPR on a flat metal–dielectric interface occurs in
visible or near-IR wavelength bands. Therefore, numerous
SPR sensors have been developed for sensing with visible
light [1,4]. However, using IR SPR for sensing applications
could provide advantageous features in sensitivity enhance-
ment and integration with well-established IR fiber optics
technology. Longer-wavelength SPR is more sensitive to envir-
onmental refractive index variations than short-wavelength
SPR because the SP waves penetrate more deeply into the
sensing medium. For fiber optic SPR sensors [4,5], various ap-
proaches using diffraction gratings [5,6] or high-refractive-
index substrates [7] have been developed to obtain IR SPR.
Although we can obtain IR SPR using diffraction gratings,
its sensitivity to environmental refractive index variations
tends to degrade [6,8]. For example, the Bragg grating em-
bedded in the core of fiber optic SPR sensors can be designed
to couple the guided optical modes to the hybrid SP mode at
IR wavelengths. However, the sensitivity of the hybrid SP
mode is inferior to that of pure SP modes [9]. By using a high-
refractive-index dielectric substrate in an SPR sensor, we can
induce SPR in near-IR wavelengths, but the measurable range
of the environmental refractive index would shift to values
higher than those of general aqueous sensing mediums [7].

Fundamental structures sustaining IR SPR for high-
performance sensing applications are rarely reported, and
there is a strong need for the topic to be investigated. In this

paper, we propose an IR SPR structure with high sensitivity
for aqueous sensing medium and analyze the structural con-
trollability of IR SPR obtained by the proposed structure un-
der large angle illumination. The condition of large angle
illumination is important from a practical point of view be-
cause most fiber optic or waveguide-based SPR sensors are
designed for the condition of illumination with large oblique
incidence.

The organization of this paper is as follows. In Section 2, the
dynamic range of SPR wavelengths for normal mediums that
can be obtained by the conventional Kretschmann configura-
tion with a thin metal film is analyzed and the limitation of the
conventional Kretschmann SPR configuration in generating IR
SPR is described. In Section 3, a specific subwavelength me-
tallic grating structure with high-quality IR SPR is proposed.
The IR SPR characteristics and structural parameters for con-
trolling IR SPR are analyzed numerically. In Section 4, the is-
sue of structural optimization is addressed by using a genetic
algorithm (GA) to investigate a wide range of structural
variations and corresponding SPR behaviors. In Section 5,
concluding remarks are given.

2. SPR CHARACTERISTICS OF FLAT METAL
FILMS
The most widely used and simplest approach for SPR sensing
is the Kretschmann configuration, which employs a prism
with a thin metal film, as illustrated in Fig. 1. TM-polarized
(p-polarized) light illuminated on the thin metal film through
the prism effectively excites SP polariton (SPP) at the metal–
analyte interface under the SPR condition [1]:
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where nsub is the refractive index of a dielectric substrate (a
prism), λ is the wavelength in free space, and θinc is the inci-
dence angle of the light. The effective SPP propagation con-
stant βspp is determined by factors such as the permittivity of
the metal layer εm and the refractive index of the sensing
medium nf . The term Δβ accounts for the finite thickness
of the metal film and the asymmetric configuration due to
the prism. At the SPR condition, the incident light is highly
absorbed by the metal film and so the SPR wavelength man-
ifests itself at the minimum point in the measured reflection
spectrum curve. From Eq. (1), we can see that the SPR wave-

length is determined by the structural parameters, nsub, θinc,
and the thickness of the metal layer [1,10].

It was of interest to investigate the possible values of SPR
wavelengths and find fundamental limitation in the dynamic
range of SPR wavelengths of the Kretschmann configuration.
The SPR wavelengths (defined as the wavelengths producing
the maximum loss in the reflection spectrum curve) were ana-
lyzed with wide variations in the substrate refractive index
nsub and the light incidence angle θinc in aqueous solution
(nf ¼ 1:33). The results of the analysis of the SPR wavelength
range for thin metal films with a thickness of 40, 50, and 60nm
are presented in Figs. 2(a)–2(c). From these results, we can
see, first, that with small values of nsub and θinc, SPR can
be induced with wavelengths very far in the IR region. The
regions colored with oxblood red (upper left corner in Fig. 2)
indicate the configurations of nsub and θinc, where the SPR wa-
velengths were evaluated to be more than 2400 nm. Second,
for large incidence angles, it was more difficult to realize
IR SPR with normal dielectric materials because the refractive
index of the dielectric substrate for IR SPR tends to move to-
ward a lower value. This is an interesting point because, in
typical cases of fiber optic SPR sensors, the light rays of
the guided optical mode are incident on the thin metal coating
layer, which is deposited around the bare fiber core with its
cladding removed, with a large incidence angle. For example,
with a fixed incidence angle of 85° and the normal material
configurations of Au film and SiO2 substrate, the calculated
SPR wavelengths for continuously varying thicknesses of
Au film were located in the visible wavelength region below
the 700nm wavelength, as plotted in Fig. 2(d). This lack of a
fundamental mechanism for inducing IR SPR hinders the for-
mation of a high-quality fiber optic IR SPR sensor using the
normal Kretschmann SPR configuration.

Fig. 1. (Color online) Kretschmann SPR sensor configuration.

Fig. 2. (Color online) SPR wavelengths in the Kretschmann configuration calculated with variations in the substrate refractive index and
incidence angle of illumination for Au films with thicknesses of (a) 40, (b) 50, and (c) 60nm The outer medium is water (nf ¼ 1:33). (d) Calculated
SPR wavelengths for SiO2 substrate and Au films with continuously varying thicknesses and an incidence angle of 85°.
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3. IR SPR CHARACTERISTICS OF THE
SUBWAVELENGTH METALLIC GRATING
In this section, a subwavelength metallic grating that can in-
duce IR SPR with a narrow and deep resonance spectrum ap-
propriate for high-performance IR SPR sensing applications is
proposed. We consider that the surface corrugation of a metal
film taking the form of a subwavelength metallic grating can
modify the SPR characteristics even under illumination with a
large incidence angle of about 85°. A method of structuring
metallic surfaces in the subwavelength scale in order to
change the SP dispersion has been devised for the terahertz
region [11,12]. The effective bound surface mode on the sub-
wavelength-scale structured interface is referred to as “spoof
SP.” We extend the concept of spoof SP to the near-IR wave-
length region. Based on the observation that there is a region
in which IR SPR does not exist, we designed a kind of spoof IR
SP structure to modify the SP dispersion relation and induce
spoof IR SPR in the region where IR SPR is nonexistent. More
specifically, this paper shows that the subwavelength metallic
grating structure could shift the SPR wavelength toward the
IR band through the spoof SP effect. In the near-IR wavelength
region, a metallic layer cannot be treated as a perfect conduc-
tor, therefore, the effective refractive index of the spoof SP
mode depends heavily on the permittivity value of the metal
as well as its geometric structures [13–15]. In this paper, the
SP modes and the IR SPR characteristics are analyzed with
rigorous coupled-wave analysis (RCWA) [16].

The proposed IR SPR subwavelength grating structure is
illustrated in Fig. 3(a). The proposed structure consists of

three layers: a subwavelength metallic (Au) binary grating,
a thin bottom metal (Au) layer, and a fused silica substrate
with a permittivity value of εSiO2

in an aqueous environment
similar to the conventional Kretschmann SPR configuration.
The combination of Au and fused silica is appropriate for
SPR sensing of low-refractive-index materials in an aqueous
environment. The grating depth of the subwavelength grating,
the permittivity value of Au, the period, the fill factor, and the
thickness of the thin bottom metal layer are denoted by h1,
εAu, w1, f ¼ ðw1 −w2Þ=w1, and h2, respectively [Fig. 3(a)].

TM-polarized plane waves with a fixed incidence angle of
θinc but different wavelengths were incident and reflected on
the thin bottom metal layer of the grating through the trans-
parent fused silica layer. The spectral interrogation was nu-
merically analyzed with varying of the environmental
refractive index [Fig. 3(b)]. When the environmental refrac-
tive index was varied in the range 1.30–1.37, the SPR wave-
length moved continuously in the range 900–1200 nm. An
example grating structure tuned to a resonance wavelength
of 1000nm with its structural parameters set to w1 ¼ 170nm,
w2 ¼ 55nm, h1 ¼ 40nm, and h2 ¼ 28nm was analyzed. In
RCWA, the permittivity values of the dielectric substrate
εSiO2

and the Au layer εAu are modeled by the frequency-
dependent material data on the SOPRA database [17]. The in-
cidence angle θinc of the excitation plane waves was set to 85°.
Such a large incidence angle was used with the expectation of
application to fiber optic IR SPR sensors.

The sensitivity is defined and used as the evaluation factor
for the quality of SPR. When, at the SPR condition, the refrac-
tive index of the sensing medium is altered by δnf , the SPR
wavelength shifts by δλres. Then, the sensitivity is defined
as [1]

S ¼ δλres
δneff

δneff

δnf
; ð3Þ

where neff and δneff=δnf are given by neff ¼ ReðβSP=k0Þ and
δneff
δnf

≈ Reð εAu
εAuþn2

f
Þ3=2. Here, k0 is the free space wavenumber.

The unit for S is nanometer per refractive index unit (RIU).
In the analysis shown in Fig. 3(b), the average sensitivity of
3900 nm=RIU was obtained in the interval of the refractive in-
dex change Δnf from 1.33 to 1.34. This is similar to the usual
sensitivity of conventional SPR on a flat metal layer in the visi-
ble band [5,18]; this example thus confirms that the IR SPR
has a level of sensitivity similar to that of the visible SPR.

For this example grating structure, the effects of structural
parameters w1, w2, h1, and h2 on the SPR structure were ana-
lyzed. From the simulation analysis of several grating struc-
tures with different specifications, we observed that the
binary grating layer parameterized by w1, w2, and h1 specifies
the position of the SPR wavelength and that the bottom metal
layer with finite thickness h2 has a critical role in refining the
SPR profile at the SPR wavelength determined by the binary
grating layer.

The effective permittivity [11–15] and effective SP modes
of the binary grating layer can be understood through a
dispersion-relation analysis of the effective SP modes (see
Appendix A) [19,20]. As the thickness of the subwavelength
grating increases, the relative portion of the electromagnetic
field confined within the subwavelength grating also increases
because of the deep penetration of the electromagnetic field

Fig. 3. (Color online) (a) SPR sensor structure with the proposed
grating structure with permittivity of εSiO2

for the substrate and εAu
for the deposited Au metal layer The surface metallic grating has a
period of w1, width of engraved part w2, grating depth h1, and thick-
ness of bottom metal layer h2. (b) Reflection spectra of the grating
structure with changes in the environment refractive index from
1.30 to 1.37 (left to right) with w1 ¼ 170nm, w2 ¼ 55 nm, h1 ¼ 40nm,
and h2 ¼ 28nm (analyzed by RCWA).
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into the grating region through the dielectric part of the
grating. The effective index of the SP mode is heavily depen-
dent on the relative portion of the electromagnetic fields be-
tween the metallic and dielectric mediums. Thus, it is intuitive
that the propagation constant (effective refractive index) of
the SP modes increases with the grating thickness because
of the increase in the relative ratio of the electromagnetic field
confined in the metallic layer.

To clarify the role of h1 among the three parameters of w1,
w2, and h1, the reflection spectra were analyzed with varying
h1 for the example grating structure tuned to 1000 nm SPR.
The reflection spectra analyzed with h1 varying from 20 to
80 nm and fixed values of w1 ¼ 170nm and w2 ¼ 55nm are
plotted in Fig. 4(a); the position of SPR was controllable in
the range from 750 to 1700nm for this h1 range. The obtained
spectra show that the depth and narrowness of the SPR are
degraded as the SPR moved to the longer wavelength region.
Although the parameters w1, w2, and h1 contribute mainly to
determining the position of the SPR wavelength, they have to
be optimized simultaneously to obtain the optimal SPR sensi-
tivity and spectrum narrowness. The topic of optimization is
addressed in Section 4.

Figure 4(b) presents the critical role of the bottom layer
thickness, h2. As shown in the spectrum for h2 ¼ 0nm, the
subwavelength grating structure could not sustain the well-
defined single resonance feature without the aid of the bottom
metal layer. Several randomized dips appear in the spectrum
in this case. However, with increasing thickness, the bottom
metallic layer started to refine the SPR feature progressively

without the SPR wavelength position being changed (in this
case, at 1000nm). A comparison of the results for h2 ¼
30nm and h2 ¼ 50nm confirms that there is an optimal value
of h2 for specifying the best quality of SPR for the fixed para-
meters w1, w2, and h1. The bottom flat metal layer is expected
to prevent unwanted resonance modes (see the inset in
Fig. 4(b)] at the interface between the substrate and the binary
metallic grating layer, and then enhances the coupling effi-
ciency of incident light with a single SP mode [21–23].

As seen, the grating structure parameters w1, w2, and h1
and the bottom metal layer thickness h2 had different roles
in shaping the SPR behavior. However, to achieve optimal
IR SPR, all four parameters need to be considered.

4. OPTIMIZATION OF IR SPR
SUBWAVELENGTH METALLIC GRATINGS
To optimize the proposed IR SPR structure, a four-
dimensional search that considers all four parameters simul-
taneously is required. In this paper, the GA combined with
RCWAwas employed as an optimization tool. The GA is a non-
linear evolutionary search technique used in a wide range of
nonlinear optimization problems [24]. The GA tries to change
the structural parameters, but RCWA gives the reflection
spectra of the structure specified by the GA. RCWA was used
to obtain the value of the objective function (merit function)
within the GA framework.

The objective function of the GA is designed as [25,26]

FðPkÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiX4
j¼1

�
aj

�
yj − yj;ref
yj;ref

��
2

vuut ; ð4Þ

where k is the iteration number, Pk is the population with po-
pulation size m, and y1, y2, y3, and y4 are the measures of the
bandwidth of the SPR resonance curve, the SPR wavelength,
the SPR dip depth, and the sensitivity, respectively. yj;ref is the
target value of the respective parameter (yj) and aj is the
weighting ratio of each evaluation factor, which is normalized
as

P
4
j¼1 a

2
j ¼ 1. The unknown variables to be optimized were

the period w1, the engraved portion w2, the grating depth h1,
and the thickness of the bottom metal layer h2. The incidence
angle of the external plane wave was set to 85°. The GA opti-
mization was performed for the three wavelengths of 1100,
1300, and 1500 nm. For the optimization, the weight of the SPR
wavelength a2 was set to

ffiffiffiffiffiffiffi
0:5

p
, and the other weight numbers

Fig. 4. (Color online) Reflection spectra of the sampled metallic grat-
ing with variation of the (a) grating depth h1 and the (b) thickness of
the bottom thin metal layer h2 Inset: Hy field distribution obtained for
h2 ¼ 0 nm at λ ¼ 700nm.

Fig. 5. (Color online) Convergence of the objective function with
iteration for three target wavelengths.
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a1, a3, and a4 were all set to
ffiffiffiffiffiffiffiffiffiffiffi
0:5=3

p
. The sensitivity was eval-

uated within the variation of the refractive index from 1.33 to
1.34. Figure 5 shows the convergence of the objective function
of the GA for the three target wavelengths.

The corresponding plots for the evolution of the reflection
spectra for the three target SPR wavelengths are presented in
Figs. 6(b)–6(d). The best spectra obtained at each of the in-
itial, tenth, and 100th iteration stages in the GA are presented
together in each figure. In addition, for comparison, the spec-
tra measured for the environmental refractive indices of 1.33
and 1.34 are plotted, denoted by colored solid and dashed
curves, respectively. For the target SPR wavelength of
1100 nm, a reflection spectrum with 76nm bandwidth and
4300 nm=RIU sensitivity was obtained. For 1300 nm, a spec-
trum with 207nm bandwidth and 11800nm=RIU sensitivity
was obtained, and, for 1500nm, a spectrum with 150nm band-
width and 6800 nm=RIU sensitivity was obtained. It has been

shown that the proposed subwavelength metallic grating
structure appropriately managed high-quality IR SPR for IR
sensing applications. For comparison, presented in Fig. 6(a)
is the reflection SPR spectrum of the optimized Kretschmann
flat metal structure tuned to the wavelength of 602nm, with a
sensitivity of 4400nm=RIU in aqueous medium and a band-
width of 110 nm. The results of the GA optimization are sum-
marized in Table 1. As discussed previously, the bottom metal
layer with finite thickness was critical for achieving a high-
quality SPR spectrum. The optimization results reflect this
property of the bottom metal layer. In Table 1, the figure of
merit (FOM) [27] defined by

FOM ¼ S
BW

ð5Þ

is shown as an additional evaluation factor, where BW and
S denote the FWHM (bandwidth) of an SPR dip and the

Fig. 6. (Color online) Numerically optimized results of the (a) flat Au layer and Au grating layer for the target wavelength set to (b) 1100, (c) 1300,
and (d) 1500nm. The reflection spectra of the metallic grating on the surface of the Au layer as the GA progresses are presented. The refractive
indices of the outer material are 1.33 and 1.34.

Table 1. Comparison of Flat Au and Optimization Results of Subwavelength

Metallic Grating for IR Sensing at Different Wavelengths

Structural Parameters
w1=w2=h1=h2 (nm)

Resonance
Wavelength (nm)

Sensitivity
(nm=RIU)

Bandwidth
(nm)

FOM
(RIU−1)

Sensing
Range
(RIU)

Flat Au (39) 602 4400 110 40.0 1.33–1.34
176=70=47=30 1105 4300 76 56.6 1.33–1.34
203=67=61=29 1272 11800 207 57.0 1.33–1.34
239=80=75=28 1505 6800 157 43.3 1.33–1.34
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sensitivity, respectively. The unit of FOM is RIU−1. SPR that
exhibits a higher FOM has higher resolution in most SPR sen-
sing applications. A comparison of the FOM value of the op-
timized IR SPR with that of the visible SPR shows an
improvement in the FOM of three IR SPRs over the conven-
tional SPR (Table 1). We have thus numerically demonstrated
the generation of IR SPR using the proposed subwavelength
metallic grating structure and have provided an effective op-
timal method of the subwavelength metallic grating for speci-
fic IR SPRs.

5. CONCLUSION
In conclusion, it was shown that the proposed subwavelength
metallic grating structure provided high-quality IR SPR under
the condition of large incidence angle illumination. The nu-
merical study using the optimal design method with a combi-
nation of GA and RCWA shows that a wide range of SPR
wavelengths was possible and that functional factors such
as sensitivity, resonance curve bandwidth, and FOM, as well

as SPR wavelength, could be enhanced compared with those
obtained using the conventional Kretschmann configuration
in the visible range. One of the main findings is that the bottom
metal layer with finite thickness is a key structural factor of
the proposed subwavelength grating structure for enhancing
the functional features of IR SPR. The IR SPR excitation and
its generation method demonstrated in this paper can be used
as fundamental elements for IR SP nanophotonics as well as
IR SPR sensing applications.

APPENDIX: SPR DISPERSION RELATION ON
METALLIC GRATINGS
Dispersion relations of the SP modes on the proposed grating
structure are numerically derived using the local Fourier mod-
al method [28]. The effects of grating depths h1 of 30, 40, and
50nm on the dispersion relation are plotted in Fig. 7. As ob-
served, there are two SP modes at each grating depth—phase-
symmetric (solid curves) and phase-asymmetric modes
(dashed curves)—but only the symmetric modes meet the
light line of the incident light in the SiO2 substrate layer (in-
dicated by the black dashed curve). The crossing points are
marked by black dots (Fig. 7). The insets show the field dis-
tributions of SP modes at a wavelength of 1000 nm (indicated
by arrows). By slightly varying the grating depth (�20nm), we
can observe the change in dispersion characteristics that the
matched (excitation) wavelength between the incident light
and the symmetric SP modes moves in the range of about
860–1130 nm. To confirm the surface grating effect, a disper-
sion line of the SP modes on a flat metal with h1 ¼ 0nm and
h2 ¼ 68nm is inserted for comparison with corrugated metal
with h1 ¼ 40nm and h2 ¼ 28nm for 1000 nm resonance. The
SPR wavelengths of the proposed grating structure (w1 ¼
170nm, w2 ¼ 55nm, h1 ¼ 40nm, h2 ¼ 28nm) in aqueous
solution (nf ¼ 1:33) are analyzed with wide variations in
the substrate refractive index nsub and light incidence angle
θinc (Fig. 8).

Fig. 7. (Color online) Dispersion characteristics of the surface grat-
ing layer for different grating depths (30, 40, and 50nm). In all cases,
the grating period and engraved portion were fixed at 170 and 55nm,
respectively. Each grating depth has two SP modes: symmetric (left
insets) and asymmetric (right insets) modes. The dispersion charac-
teristics for the incident light from the substrate are represented as
black dashed curves: intersections of the latter with other dispersion
lines indicate where SPR can occur. The inserted field distributions
are for surface modes with 40nm depth at a 1000nm wavelength,
marked by red arrows.

Fig. 8. (Color online) SPRwavelengths in the proposed grating struc-
ture (w1 ¼ 170nm, w2 ¼ 55nm, h1 ¼ 40nm, h2 ¼ 28nm) calculated
with variations in the substrate refractive index and incidence angle
of illumination.

Fig. 9. (Color online) Field distributions of (a) Ex, (b) normalized
field distribution of Ex, (c) Ez, and (d) Hy in the grating structure
at SPR at the 1000nm free space wavelength.
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The detailed field distributions of the SP mode excited at a
wavelength of 1000nm under the SPR condition are presented
in Fig. 9. The electric field (Ex) in the x direction is greatly
enhanced inside the grating groove and the z-directional elec-
tric field (Ez) is dominantly excited at the flat metal portions.
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