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An interesting reflection phenomenon in a dual metal grating (DMG) structure is studied, which is related
to the competition between Fabry-Pérot (F-P) resonance effect and evanescent-field coupling effect inside
the gap between the two composing single metal gratings. This competition leads to high angular sensitivity
in response to the refractive index variation of the sample solution in the gap. A reflex optical sensor with
high sensitivity based on DMG for detecting the change in refractive index is proposed and its performance

theoretically is discussed.
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Surface plasmon polariton (SPP) resonance is very sensi-
tive to the change in refractive index near the interface.
SPP resonance (SPPR) has been widely used in optical
sensing technology and in many other applications such
as in the pharmaceutical industry, water safety testing,
and medical diagnostics! 3!, For the sensing technology,
sensitivity is quite an important parameter for evalu-
ating its performancel'), which is the magnitude of the
change in signal in response to the refractive index vari-
ation. Prism-coupling!¥ and grating-coupling techniques
are mainly used to realize the excitation of SPP. Despite
the high sensitivity of SPPR-based sensor with prism-
coupling Kretschmann configuration, it is difficult to in-
tegrate the structure into an optical circuit because of its
relatively big size. Grating-coupling SPPR-based sensor
is relatively convenient for the excitation of SPP and for
integration, but its sensitivity is slightly low[>%%. Over
the last decade, novel microstructures such as dielectric-
metal multilayers!”8! with prism-coupling configuration
utilizing long-range SPP!), gratings!'®~'? and nano-
particle arrays!'3=19] supporting localized SPP, which
can be easily integrated into optical circuits!*®, and some
other configurations!'”*8 have been proposed to achieve
higher sensitivity. Most of these schemes depend on the
excitation of SPP at metal-dielectric (either smooth or
structured) interfaces for sensing purpose.

In this letter, we propose a new kind of reflex optical
sensor with high sensitivity based on the dual-metal
grating (DMG) structure composed of two identical
single metal gratings (SMGs) with subwavelength slit
arrays('9=21, This DMG structure has many attrac-
tive properties. The Fabry-Pérot(F-P)-like resonance of
coupled-SPP model?? inside the slits can be considered
as an intrinsic electromagnetic (EM) feature of the SMG
structures, which is associated with enhanced local EM
field and results in extraordinary EM transmission!22:23],
In the DMG structures, two kinds of interactions be-
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tween the two SMGs affect the EM transmission and
reflection properties. We reveal the underlying physics of
the displayed anti-crossing phenomenon in the reflection
spectrum due to the competition between the two kinds
of effects. A simple structure of optical sensor based
on DMG is proposed, and its sensing performances are
simulated and discussed. The simulation algorithm used
here is the transfer matrix method proposed in Ref. [24].

When the wavelength is larger than the period of SMG,
the non-zeroth-order diffracted waves are all evanescent,
whereas the zeroth order is always propagating. Thus,
in the DMG structure, when the gap G between the
two SMGs is small enough, the evanescent-field cou-
pling effect may dominate the interaction between the
two SMGs and split peaks appear in the transmission
spectrum!®=21, When the gap is big enough, the F-P
resonance effect dominates the interaction. We focus
on the situation when the two SMGs are neither too
close nor too far away, thus both effects are comparable,
leading to an effective competition between them. To re-
veal the unique feature of this competition, we calculate
the reflection spectra for the true DMG structure when
G varies from 500 to 1,500 nm under normal incidence
(Fig. 1(a)) and for its simplified model with a trilayer
structure based on the effective medium modell*9-20:25]
(Fig. 1(b)). The effective medium model helps us distin-
guish the phenomena caused by the evanescent-field cou-
pling effect?. We use the same geometric parameters
as those in Ref. [20], with the period of d=1,000 nm, the
slit width of a=100 nm, and the thickness of h=500 nm
for SMG. The metal is silver (Ag), which obeys the loss-
less Drude dispersion, and the two SMGs are aligned
without lateral shift. For the effective medium model,
the thickness and the refractive index of the slab are
77.5 nm and 10, respectively?”l. The upper limit of
the reflectance is set to be 5% to display the reflection
minimum clearly. In Fig. 1(b), two straight reflection-
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Fig. 1. Reflection spectra around the wavelength of 1,550 nm
under normal incidence, with gap G ranging from 500 to 1,500
nm, d=1,000 nm, ¢=100 nm, and h=500 nm for SMG. (a)
True DMG structure; (b) simplified structure by the effective
medium model.

minimum lines intersect each other. The vertical straight
line at 1,550 nm originates from the cascaded transmis-
sion through the two SMGs, while the slightly acclivitous
straight line is caused by the F-P resonance effect. Com-
pared with Fig. 1(b), there are two evident features in
Fig. 1(a). First, the two intersecting lines split into
two separated curves, exhibiting an obvious clear anti-
crossing phenomenon. Second, the reflection-minimum
curve is strongly bent when G <1,000 nm. We can con-
clude that the evanescent-field coupling effect plays an
important role in the two features; this means that the
two features are caused by the coexistence or competi-
tion of the two effects.

We now investigate the dependency of reflectance on
both incident angle # and gap G at various wavelengths.
The simulation results are shown in Fig. 2 at wavelengths
of 1,560, 1,550, and 1,500 nm. The reflection-minimum
curves can be classified into three kinds. Curve A is
almost independent of the incident angle 6, and the gap
difference between the two adjacent curves A is equal
to a half wavelength. Hence, curve A is related to the
F-P resonance in the gap. Curve B is not influenced by
the gap G; it depends strongly on the wavelength and
is always located at a constant incident angle, implying
that curve B is associated with the cascaded transmis-
sion through the two SMGs. Curve C depends strongly
on both wavelength and incident angle and is related to
the evanescent-field coupling effect. These three kinds
of curves (A, B, and C) form an anti-crossing gap in
the regime enclosed by the ellipse in Fig. 2. Curve C
and the anti-crossing gap can be observed only when the
wavelength is longer than the resonant wavelength of the
coupled-SPP guided mode inside the slit, as shown in
Figs. 2(a) and (b).

In general, high sensitivity is necessary in designing a
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Fig. 2. Dependency of the reflectance on both incident angle
0 and gap G at wavelengths of (a) 1,560, (b) 1,555, and (c)
1,550 nm, respectively.
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Fig. 3. Scheme of the reflex optical sensor based on DMG
structure.

sensor. This is because the gap G is difficult to con-
trol in nanoscale, and curves B and C are sensitive to
the incident angle #. In addition, in practice, it is more
convenient to collect the reflected signal under oblique
incidence. Thus, in the simulation, we fix the gap G
and seek for the reflection-minimum point by changing
the incident angle . We now discuss the sensitivity of
the different curves mentioned previously based on a de-
signed optical sensor in the DMG configuration (Fig. 3).
Two SMGs manufactured on a dielectric substrate are
vertically aligned, and the target liquid flows into the gap
between the two SMGs. The slits of the SMGs are filled
with the same material as the substrate. A laser pro-
vides the incident light with p-polarization, and a detec-
tor records the reflection data. By measuring the incident
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angle for reflection minimum, the change in refractive in-
dex on the sample liquid can be detected. For example,
we first consider the SMG with the following parame-
ters: d=400 nm, a=50 nm, and h=140 nm. The metal is
Ag, which obeys the lossless Drude dispersion model, and
the refractive indices of the dielectrics are ny=n3=1.38
(e.g., MgF2)[l and ny=1.33 (water). The corresponding
wavelength Ay of the reflection minimum (high transmis-
sion) caused by the coupled-SPP guided-mode resonance
in SMG is 762 nm under normal incidence.

To evaluate the angular sensitivity of the sensor, we
choose different values of ny. Figure 4 shows the depen-
dency of the reflectance on both incident angle 6 and
gap G at a wavelength of 770 nm, with ny=1.330 and
1.335, respectively. When ns is changed from 1.330 to
1.335 (Any=0.005), the reflection behavior exhibits sig-
nificant differences, implying that this DMG structure is
a good candidate for the optical sensor. Appropriate val-
ues of A and G should be chosen to enable the sensor
to achieve optimal performance. Similar to Fig. 2, the
reflection-minimum curves in Fig. 4 are classified into
three categories: curves A, B, and C. To investigate the
sensitivity, we choose three typical reflection-minimum
points, as shown by the circles and arrows in Fig. 4.
The first is located at the smaller gap regime on curve
C with G=280 nm, the second is in the critical position
on curve C with G=340 nm, and the third is in curve B
with G=550 nm.

Figure 5(a) shows the dependency of the reflectance
on @ at the wavelength of 770 nm (which is longer
than \g) for G=280, 340, and 550 nm and for dif-
ferent values of n=1.330, 1.332, and 1.335. For a
given (G, as mo increases, the incident angle for reflec-
tion minimum decreases. We estimate the average sen-
sitivity S = A6/Ang, which are Sg—250=338°/RIU,
SG:340:2200/RIU, and SG:550:124O/RIU, where RIU
is refractive index unit. This suggests that the sensitivity
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Fig. 4. Dependency of the reflectance on both incident angle
0 and gap G at the wavelength of 770 nm for two different
refractive indices of (a) 1.330 and (b) 1.335.
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Fig. 5. Angular reflection spectra for three different refractive
indices of 1.330, 1.332, and 1.335. (a) At the wavelength of
770 nm for three different gaps of 550, 340, and 280 nm; (b)
at the wavelength of 768 nm for three different gaps of 550,
340, and 310 nm.

of curve C is higher than that of curve B, and that the
sensitivity at the smaller gap G is higher than that at
the bigger gap G.

Figure 5(b) shows the situation at the wavelength of
768 nm. The zero reflection points are chosen to be at
G=310, 340, and 550 nm. The region occupied by curve
C becomes smaller when the wavelength approaches that
of the coupled-SPP guided-mode resonance in SMG at
762 nm. The average sensitivities are Sg—310=500°/RIU,
SG:340=3960/RIU, and SG:550=1360/RIU. When the
operating wavelength is shifted by only 2 nm toward
Ag (from 770 to 768 nm), the sensitivity is signifi-
cantly increased. The sensitivity of point in curve B
(G=550 nm) exhibits only a slight change over the op-
erating wavelength. Results imply that when the oper-
ating wavelength is closer to A4, higher sensitivity can
be achieved. Compared to other traditional SPPR-based
sensors, the theoretical sensitivity is much higher than
the 75°/RIU of the single-grating SPPR-based sensor('?]
and the 191°/RIU of the prism-coupling SPPR-based
sensor with a smooth surfacel®).

The operating wavelength could not be infinitely close
to Ag; otherwise, the operating region would become
smaller and even disappear, and the signal-to-noise ratio
would deteriorate. For example, in Fig. 5(b), the noise
level should be smaller than 5% of the incident light;
otherwise, we could not observe the exact valley of re-
flectance. With the structural parameters discussed here,
curve C disappears in the angular reflection spectrum at
the wavelength of 765 nm when no=1.330; therefore, the
operating wavelength should be longer than 765 nm.

We propose an explanation about the high angular
sensitivity achieved in the DMG structure. In general,
for the SPPR-based sensor, high sensitivity is often re-
lated to a high Q-valued SPPR mode. However, in many
cases, high sensitivity can be achieved when the system
is under a critical balance over the refractive index varia-
tion, similar to the anti-crossing regime and the bending
curves plotted in Figs. 2 and 4. When the gap G in-
creases (decreases), the strength of the evanescent-field
coupling effect decreases (increases) exponentially, while
that of the F-P resonance effect exhibits a periodic oscil-
lation. The two coupling effects then show comparable
strength, especially at curve C. Considering that the
refractive index variation inside the gap modifies both

060501-3



COL 9(6), 060501(2011)

CHINESE OPTICS LETTERS

June 10, 2011

the evanescent-field coupling and the F-P resonance ef-
fects, a strong response to the refractive index variation
would be obtained if a way to break the balance between
the two effects is determined, leading to high sensitivity.
Adjusting the incident angle # is one way, which can
directly affect the evanescent-field coupling between the
two SMGs, due to the modified phase difference among
the non-zeroth diffracted evanescent modes while keeping
the F-P resonance effect unchanged (as shown in curve
A). This would result in the breaking of the critical bal-
ance between the two effects.

The abovementioned results show that in order to
achieve higher sensitivity, a shorter wavelength A and
a smaller gap G are required. This seems conflicting
because a shorter wavelength A\ requires a larger gap
G. Thus, G should have an optimal value. It is diffi-
cult to determine the exact balance point, but a proper
operating point can be determined to achieve higher sen-
sitivity.

In conclusion, we introduce an interesting reflection
phenomenon in the DMG structure: when the gap be-
tween the two SMGs has a proper value, the curves
of minimum reflection undergo an anti-crossing phe-
nomenon and are slightly bent, which is caused by the
interaction or competition between the evanescent-field
coupling and the F-P resonance effects inside the gap.
Due to the competition, a very small change in refrac-
tive index inside the gap of the DMG structure leads
to a significant variation in the angular reflection spec-
tra. Based on this, we theoretically present a reflex
optical sensor with very high angular sensitivity. The
calculated angular sensitivity is much higher than the
theoretical sensitivity of traditional prism-coupling and
grating-coupling SPPR-based sensors. By controlling the
structural parameters, the operating wavelength could
be flexible.
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