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Abstract—We present the design and analysis of a tunable resonant optical filter based on modulation of the near-field coupling
between two subwavelength periodic nanostructures embedded in
a Fabry–Pérot cavity. Due to the transverse localization of the optical field in the subwavelength gratings, their relative positioning
strongly influences the near-field coupling between them and, thus,
affects the resonance of the cavity. Rigorous electromagnetic analysis tools are applied to determine the optical characteristics of
the filter with respect to the nanostructure lateral alignment, small
variations in the shape of the nanostructures, and the physical separation of the nanostructures.
Index Terms—Nanotechnology, optical filters, optical MEMS,
optical nanostructures, optical near-field coupling, optical
near-field localization, optical propagation in nonhomogeneous
media, optical resonators.

I. INTRODUCTION

R

ECENT innovations in nanoscale optical technologies
have enabled a significant number of developments in
various optical and photonic application areas. One specific
area of investigation is near-field optical coupling in optical
nanostructures, encompassing, for example, developments such
as near-field optical microscopy [1]–[5], photonic integrated
circuits [6], artificial dielectric materials [7], as well as photonic
crystal nanocavities [8]–[10] and resonant filters [11], [12].
In previous work [13], [14], we described the polarization-dependent transverse localization of the optical field inside a
subwavelength periodic nanostructure and studied its application to the enhancement of nonlinear optical phenomena. In this
paper, we investigate a novel tunable resonant optical cavity
design based on the proximity-dependent near-field coupling
between a pair of transverse field localization nanostructures
and characterize its performance characteristics using rigorous
electromagnetic analysis techniques.
The filter is composed of two planar dielectric mirrors
forming a Fabry–Pérot cavity, with a field localization nanostructure affixed to the inner surface of each mirror. Due to
the strong transverse localization of the optical field in the
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nanostructures, relative displacement of one side of the cavity
(mirror and nanostructure) with respect to the other in the
transverse—as well as the longitudinal—direction results in
a modification of the near-field optical coupling between the
nanostructures. As the nanostructures are embedded in the
cavity, this perturbation of the physical layout of the structure
alters the effective optical path length inside the Fabry–Pérot
cavity and, consequently, results in a modulation of the overall
transmission resonance properties of the filter. Thus, dramatic
changes in the external optical properties of the cavity result
from extremely small physical movement of the nanostructures
embedded in the cavity due to the high sensitivity of the
near-field optical coupling between the nanostructures.
This device can be used to construct a tunable filter or
modulator with a wide range of potential applications including
telecommunications, optical information processing, and optical sensors. In addition, due to the compatibility of the device
with standard materials and nanofabrication technologies, a
device of this type based on physical displacement of nanostructures has the added advantage of being readily compatible
with microelectromechanical systems (MEMS) technology.
Along with other investigations into tunable optical filters
compatible with optical MEMS, such as two-dimensional photonic crystal-based optical cavities with displacement-sensitive
photonic crystal mirrors [15] or a rotating noncircular cavity
defect [16], these results suggest that nanostructured photonic
devices based on near-field optical phenomena may provide
exciting new applications for optical MEMS technologies.
The design and analysis of the tunable optical cavity based
on near-field localization nanostructures is presented below, followed by the performance characteristics of the filter with respect to transverse and longitudinal translations. Compensation
for fabrication errors through nanostructure alignment is discussed in the concluding section.

II. DESIGN AND ANALYSIS
A schematic diagram of the tunable resonant optical cavity
for the transverse electric (TE) polarization (i.e., with the electric field parallel to the grating grooves) is shown in Fig. 1. The
cavity consists of two distributed Bragg mirrors, each composed
of a number of planar dielectric layers with alternating high and
low indices of refraction. A transverse optical field localization
nanostructure is affixed to the inner surface of each mirror, and
together the pair of nanostructures almost fill the body of the
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Fig. 1. Schematic diagram of the TE polarization tunable cavity nanostructure. Each mirror is composed of two pairs of alternating high and low refractive
index layers having thicknesses d = 0:0714 and d = 0:1667 , respectively. Each nanostructure is an infinite periodic square grating with period 3 =
0:6 ; F = 0:1, and d = 0:1343 . The separation between the nanostructures is taken to be d = 0:01 . Two cases are shown. (a) Two nanostructures
aligned, with S = 0:0. (b) Nanostructures at maximum separation with S = 0:5.

Fig. 2. Normalized magnitude (logarithmic scale) of the optical field inside one period of the TE polarization tunable cavity nanostructure. At the design
wavelength  =  : (a) in the transmissive configuration with S = 0:0; (b) in the reflective configuration with S = 0:5. At an offset wavelength  = 1:0802
with: (c) S = 0:0 and (d) S = 0:5 (the resonance condition for this wavelength).

cavity. Each nanostructure consists of a transverse infinite sub, fill factor
wavelength periodic grating with period
, and thickness
, where
is the intended resonant optical wavelength (all spatial dimensions are
scaled to this parameter). The two nanostructures are separated
. Due to the strong transverse
by a small air gap
near-field localization in the subwavelength gratings, the relative lateral position of the two gratings—defined by parameter
[see Fig. 1(b)]—influences the optical coupling between them.
and
are considered,
Only values of between
as the symmetry of the infinitely periodic structure renders all
values of to be equivalent to values in the range 0.0–0.5. The
two extreme cases are shown: Fig. 1(a) corresponds to the case
),
when the two gratings are aligned (shift parameter
and Fig. 1(b) corresponds to the case with the two gratings offset
). The change in the
by half a period (shift parameter
relative position of the two gratings modifies the near-field optical coupling between them, changing the effective optical path
length inside the cavity, thus altering the resonance of the cavity
as a whole.
As an electromagnetic modeling tool, we apply the rigorous
coupled-wave analysis (RCWA) method [17]–[19], which is

based on a Fourier modal decomposition of the fields inside
a transversely periodic structure and is a well-established
technique for analyzing subwavelength periodic gratings.
Using this method, we investigate the optical performance
characteristics of the tunable cavity shown in Fig. 1. For the
and
,
results presented in this paper, we set
approximately corresponding to the indices of refraction of
GaAs and oxidized AlAs, respectively, at an operating wavem. The planar layers of the device form
length of
standard quarter-wave dielectric mirrors with layer thicknesses
and
for the given values of the
refractive index. The normalized field magnitude at the design
inside and immediately surrounding one
wavelength
and
period of the structure for the cases
are shown in Fig. 2(a) and (b), respectively. In Fig. 2(a),
the incident wavelength is resonant with the cavity, and the
field is transmitted through the structure. In Fig. 2(b), the
resonance of the cavity is altered due to the relative shift of
the nanostructured gratings, and the incident field is reflected,
as demonstrated by the standing wave pattern in front of
the structure. In both figures, the transverse localization of
the field in the narrow high refractive index region of the
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application would require correspondingly higher positioning
accuracy.
As is expected for a Fabry–Pérot cavity, the resonance of
the tunable cavity can also be adjusted by modulating the size
of the central layer of the cavity. Fig. 4(a) shows the transmission peaks for several structures similar to that of Fig. 1
and differing nanostructure heights
but conwith
stant nanostructure separation . In this comparison, the effective optical length of the cavity (i.e., the distance between the
mirrors) is varied, but the near-field optical coupling between
the nanostructures is held constant. The resonance wavelength
varies linearly as the depth of the subwavelength grating and,
consequently, the length of the cavity, is altered.
In addition to the height of the nanostructures, the width of
the periodic nanostructures will also influence the transmission
characteristics of the device. The influence of the nanostructure fill factor ( ) on the transmitted wavelength is shown in
and
cases, respecFig. 4(b) and (c) for the
tively. In each case, a slight variation in the nanostructure fill
factor from the design value results in a corresponding shift in
the resonance wavelength.
Fig. 3. Transmitted intensity for the TE polarization tunable cavity: (a) versus
wavelength (= ) for several values of the translation parameter S and
(b) versus translation parameter S for the design wavelength  =  .

subwavelength gratings can be clearly seen. In addition, due
to the subwavelength period of the structure, the transmitted
and reflected fields in the far field do not exhibit any transverse
modulation because of the interaction with the nanostructure.
are
Similar results at an offset wavelength
presented in Fig. 2(c) and (d), for the
and
cases, respectively. At this wavelength, the device transmits for
case and reflects for the
case, although
the
in both cases the transverse localization of the field due to the
nanostructures embedded in the cavity can still be observed.
III. TUNABILITY BY LATERAL DISPLACEMENT
Next, we investigate the optical performance of the tunable
cavity by examining the transmissivity of the cavity. Fig. 3(a)
shows the transmitted intensity as a function of wavelength for
several lateral shift positions of the nanostructures (indicated
by the coefficient ). Fig. 3(a) shows that the resonance of
the cavity can be controlled over a certain range (in this example, approximately 0.08 in units of normalized wavelength)
by varying the relative translational shift of the nanostructures
to
. In general, the quality factor (Q) of
from
the cavity is chosen to meet the needs of the target application;
in this case, the number of Bragg mirror layers is chosen such
that the device is approximately fully transmissive 99.98%
for
, and approximately fully reflective 0.001% for
at a certain wavelength. Fig. 3(b) shows the transmitted
intensity as a function of the lateral shift at the design wavelength and illustrates the functionality of the device as an intensity modulator. In principle, it is also possible to use this device
to achieve variable transmissivity by controlling the nanostructure shift over the range between the on–off states, although this

IV. TUNABILITY BY LONGITUDINAL DISPLACEMENT
The effect of the size of the separation
between the two
nanostructures on the resonance wavelength is presented in
Fig. 5(a), which shows the increase in the resonance wavelength
is increased for the
as the nanostructure separation
case. As in Fig. 4(a), as the length of the cavity increases,
we expect the resonance wavelength to increase. However,
unlike in Fig. 4(a), where the height of the nanostructures is
increased but the separation between them is kept constant, as
the space between the nanostructures is increased, in addition
to increasing the physical length of the cavity, the near-field
optical coupling between the nanostructures is also affected.
Thus, we expect there to be a nonlinear relationship between
and the resonance wavelength
the nanostructure separation
where near-field
of the cavity (at least for small values of
optical phenomena are still significant). Fig. 5(b) shows results
case, and Fig. 5(c)
similar to Fig. 5(a), but for the
shows the resonance wavelength versus nanostructure gap
for the
, and
cases. From Fig. 5(c),
it is clear that the difference in the resonance wavelength
and
cases is greatest for the
between the
and that this difference decreases as the
smallest value of
nanostructure separation increases. In addition, the slopes of
the curves corresponding to the resonance wavelengths of the
(e.g.,
three cases are nonlinear, at least for small values of
less than 0.15). As suggested above, this behavior results from
the dependence of the near-field optical coupling between the
nanostructures on their separation, in both the transverse and
longitudinal directions.
However, this description is not sufficient to fully explain the
results shown in Fig. 5(c). Note that while the resonance wave,
, and
length is essentially identical for the
cases for values of greater than approximately 0.15,
the resonance wavelength is also close to constant. While we expect the resonance wavelengths in the three cases to converge as
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Fig. 4. Transmitted intensity of the TE polarization tunable cavity versus
normalized wavelength for: (a) several nanostructure layer depths d with
S = 0:0; (b) several nanostructure fill factors F with S = 0:0; and (c) several
values of F with S = 0:5.

the nanostructure separation is increased, the resonance wavelength should also continue to increase as the physical length
of the cavity is increased. The results in Fig. 5(c) arise from
a second resonance present in the system, of the nanostructure
and Bragg mirror, rather than the cavity. Fig. 6(a) shows the
reflectivity of the four planar layers of one Bragg mirror, approximately constant over the wavelength range of interest, as
intended. However, as shown in Fig. 6(b), for the mirror plus one
set of nanostructures (i.e., one side of the cavity), there are clear
resonance features in the reflectivity spectrum. This resonance
arises from the structure of each half of the cavity, and does not
depend on the relative alignment or separation of the nanostructures to form the full cavity, although this resonance will affect
the performance of the entire device. Specifically, the position of
the resonance feature observed in the center of Fig. 6(b), approximately 1.15 in units of normalized wavelength, corresponds to
the asymptotic value of the resonance wavelength observed in
Fig. 5(c).
In order to separate these two phenomena, we consider a
modified structure like that of Fig. 1, but with the thicknesses of
the planar layers ( and ) increased by 10%. The reflectivity
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Fig. 5. Transmitted intensity of the TE polarization tunable cavity versus
normalized wavelength for several values of the nanostructure separation
d
with: (a) shift parameter S = 0:0; (b) shift parameter S = 0:5; and
(c) the resonance wavelength versus nanostructure separation d for the
S = 0:0; S = 0:25 and S = 0:5 cases.

spectrum of one side of this modified cavity (four planar
layers plus one nanostructure layer) is presented in Fig. 6(c)
and shows that although the resonance is still present, it has
been shifted to a longer wavelength. The performance of the
total modified device is presented in Fig. 7, which shows
the resonance wavelength versus nanostructure separation
for the
and
cases. In these results the
two phenomena—the near-field optical coupling between the
nanostructures and the resonance of the half cavity—have
been separated in wavelength and can, thus, be distinguished.
For nanostructure gaps above approximately 0.2 in units of
normalized wavelength, the rolloff in the resonance wavelength
reflects the influence of the reflection resonance present in
the mirror plus nanostructure sub-element, as in the previous
results. However, for nanostructure gaps ranging from 0 to
approximately 0.2, the gradually diminishing effect of the
nanostructure alignment on the resonance wavelength with
increasing separation is clearly observed and reflects the
weakening near-field optical coupling between the nanostructures. Thus, the resonance characteristics of the optical filter
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In addition, comparing the resonance wavelengths in
and
cases for the original filter design [see Fig. 5(c)]
and the modified design (see Fig. 7), we find the tunable range
of the device to be approximately 0.08 and 0.05, respectively,
in units of the design wavelength. This indicates that the
tunable range of the device due to transverse shifting of the
nanostructures is also dependent on the longitudinal reflectivity
characteristics of the cavity mirrors. In a simplistic model, these
two effects might be considered to be orthogonal and, therefore,
not to have a strong mutual influence. However, these results
show that there is in fact a strong relationship between the
various cavity parameters and the observed filter characteristics
and suggest that due to the strong optical near-field coupling
and resonances present in the device, a unified and rigorous
electromagnetic analysis of the device is necessary in order to
accurately determine the filter properties. Assuming adequate
analysis tools exist, however, this complexity provides an
important advantage: the implementation of a tunable optical
cavity based on near-field coupling between nanostructures
with optical MEMS technology permits great flexibility in device performance, as the various parameters of the device—for
example, design wavelength, mirror composition, actuation in
one or two axes of motion, nanostructure geometry, or fabrication tolerances—can be optimized to best suit the requirements
of the particular application of interest.
V. DISCUSSION AND CONCLUSION

Fig. 6. Mirror reflectivity versus normalized wavelength for: (a) the four-layer
Bragg mirror as shown in Fig. 1; (b) the four planar layer mirror with one set of
periodic nanostructures (corresponding to half of the cavity structure shown in
Fig. 1); and (c) the modified half-cavity structure where the thickness of each
planar mirror layer has been increased by 10%.

Fig. 7. Resonance wavelength versus nanostructure separation d for the
modified cavity structure—similar to the structure of Fig. 1 but with the
thickness of each planar layer in the Bragg mirrors increased by 10%—for the
aligned (S = 0:0) and two offset (S = 0:25 and S = 0:5) cases.

are very sensitive to perturbations of the near-field optical
coupling between the nanostructures embedded within the
cavity due to both transverse and longitudinal displacement of
one nanostructure with respect to the other.

A tunable resonant optical filter design based on standard
materials and fabrication processes is a potentially useful element for photonic and electronic system integration. The wide
tunability of the cavity may provide additional flexibility, for
example, to decrease the necessary fabrication tolerances in the
fabrication of photonic nanostructure devices or to compensate
for variations in the device operating environment (e.g., temperature). Given that a change in either the shift parameter
or the separation of the two nanostructures
can shift the
resonance to a longer wavelength, a certain amount of fabrication tolerance can be included by designing the resonance of the
cavity to be at an offset slightly shorter wavelength than desired,
and then adjusting one of the above parameters to achieve resonance at the desired wavelength. Although this compensation
does come at the expense of reducing the tunable range of the
device, it is possible to minimize the wavelength offset based
on the expected fabrication tolerances and, thus, maximize the
tunable range, allowing the design to be optimized for each specific application. Finally, the ready compatibility of the tunable
filter based on near-field optical phenomena in nanostructures
with optical MEMS technology provides an important opportunity to expand the range of applications of both technologies, as
well as facilitates the evolution of large-scale integrated optical
and photonic microsystems.
In summary, we have analyzed the predicted performance
of a tunable resonant nanocavity based on the near-field
coupling between two periodic nanostructures embedded
inside the cavity. Rigorous electromagnetic modeling tools
are applied to investigate and visualize the near-field coupling
between the nanostructures, as well as to determine the filter
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characteristics associated with transverse relative displacement of the nanostructures and changes in the shape of the
nanostructures. Finally, a detailed analysis of the influence
of the physical separation between the nanostructures on the
near-field optical coupling between them and, consequently,
the spectral performance of the device is presented. These
results demonstrate a new approach to the design of a tunable
optical cavity based on the modulation of near-field coupling in
a nanostructured optical device and illustrate the potential for a
range of novel optical and photonic devices based on near-field
optical phenomena in nanostructures.
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