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ABSTRACT: We present a microelectromechanical systems (MEMS) tunable
metamaterial, Fabry-Peŕot interferometer with a widely tunable mid-infrared
response. An array of subwavelength holes in a gold film is suspended above a
gold reflector, forming an interferometer cavity whose length can be modulated
over a range of 1.7 to 21.67 μm using MEMS electrostatic actuation.
Reflectance spectra exhibit the convolution of extraordinary optical trans-
mission through the holes and Fabry-Peŕot resonances with free spectral ranges
from 2900 to 230.7 cm−1. Measuring the free spectral range enables us to
perform in situ interferometric calibration of the cavity length. We present a
simple analytical model that describes the experimental and simulated results.
This device shows promise as a surface-enhanced sensing substrate with a
tunable spectral response.
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Subwavelength holes in metal films have received consid-
erable interest since Ebbesen et al. exhibited extraordinary

optical transmission through an array of subwavelength
cylindrical holes in a silver film.1 Many experiments investigated
the physical mechanism behind transmission, which is mediated
by localized surface plasmons (LSPs) in the ridges of the holes
and surface plasmon polaritons (SPPs) at the metal-dielectric
interfaces.1−6 The coupled SPPs and LSPs confine light to
subwavelength dimensions, a phenomenon that has been
exploited to enhance resolution of ultraviolet lithography in
surface-plasmon-enhanced lithography.7 The locally enhanced
electric fields generated by subwavelength holes have been used
to demonstrate a factor of 100 enhancement in infrared
absorption of 1-dodecanethiolate8 and a factor of 3.85
enhancement in Raman spectroscopy of rhodamine 6G.9 In
recent years, many technologies have been developed to tune
the spacing between neigboring metamaterial elements, thereby
tuning the electromagnetic coupling and spectral response.10

For example, MEMS have been used to create tunable
plasmonic metamaterials in the near-IR,11 a tunable absorber
in the infrared,12,13 and tunable split ring resonators14,15 and
filters16 in the THz regime. While subwavelength hole arrays
have been used as sensing tools due to their electromagnetic
field enhancement, tunable Fabry-Peŕot interferometers have
been used in sensing due to their narrow line widths and
filtering capabilities, for example, to distinguish between the
closely spaced spectral absorption features in alkane gases.17,18

We present here a MEMS device that combines instruments of
both types by integrating the electromagnetic response of a

hole array with the tunability of a Fabry-Peŕot interferometer.
Because the mid-infrared properties can be modulated in a
contollable manner, the device could be used in differential
measurements and spectrometry applications.
The MEMS device presented here is fabricated using a

hybrid approach that utilizes a commercial MEMS foundry19,20

as well as postfoundry fabrication techniques. The MEMS
device used in these experiments is shown in Figure 1a. A
polysilicon frame supports a suspended gold film, in which an
array of holes is fabricated using focused ion beam (FIB)
milling,21−27 as shown in Figure 1b. Two polysilicon and gold
bimorphs, similar to those used to obtain large out-of-plane
displacements in optical MEMS,28 suspend the polysilicon
frame 21.67 μm above the gold reflector. Here, we use two
different rectangular hole geometries, the dimensions of which
are defined in Figure 1c. Device 1 has design dimensions L =
1200 nm, W = 500 nm, P = 1600 nm, T1 = 100 nm, and T2 =
500 nm, while device 2 has design dimensions L = 1200 nm, W
= 400 nm, P = 1600 nm, and T1 = T2 = 500 nm. While only two
hole geometries are used here, the effect of hole geometry on
the electromagnetic properties has been studied extensively by
Ebbesen et al.1 and Garcıá-Vidal et al.5,29 Segmented
electrostatic pull-down electrodes beneath the bimorphs in
Figure 1a are used to deflect the bimorphs and change the
cavity length d.
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With the gold freely suspended by the polysilicon frame, this
design has several advantages over suspended and on-substrate
gold films used in previous works.1,12,13,30 Hole arrays in
suspended films are surrounded by a medium with a
homogeneous dielectric background. It has been shown that
plasmonic particles surrounded by a homogeneous dielectric
background exhibit higher quality resonances than those
fabricated on substrates.31 It has also been shown that on-
substrate hole arrays exhibit multiple resonances associated
with having a nonuniform dielectric background.1 Furthermore,
the use of the polysilicon frame prevents straining the
suspended gold film during actuation of the MEMS device.
Previous works use a suspended gold film that bends when the
device undergoes electrostatic actuation.12,13,30 Thus, states in-
between the unactuated state and the state in which the
metamaterial is snapped down onto the bottom reflector exhibit
artifacts due to the bending of the metamaterial. This hybrid

fabrication approach using a MEMS foundry and FIB leverages
the scalability and repeatability of the foundry and the
customizability of FIB fabrication, allowing for a tunable
general-purpose platform. A more detailed discussion of the
device fabrication, including fabrication error and parallelism
between the gold layers, can be found in the Supporting
Information.
Optical characterization of the system was performed using a

Fourier transform infrared (FTIR) spectrometer (Bruker
Vertex 70 V) with a KBr beamsplitter coupled to an infrared
microscope (Bruker Hyperion 1000) with Cassegrain reflection
optics (15×, numerical aperture: 0.4) and a liquid nitrogen-
cooled mercury cadmium telluride detector. Light was linearly
polarized, defined using a knife edge aperture, and incident
from above on an approximately 35 μm × 35 μm array of
rectangular holes in the suspended gold. Reflected infrared
spectra were collected over the range of 1000−5000 cm−1, with
2 cm−1 resolution and 300 scans coadded. We modulated the
length d of the cavity from 21.67 to 1.7 μm using MEMS
electrostatic actuation, the details of which are discussed in the
Supporting Information. We purged the microscope and
surrounding air with dry, CO2-scrubbed air to mitigate
absorption by CO2 and water.
The polarization dependence of the reflectance spectra is

consistent with previous studies of transmission of light
through arrays of subwavelength holes in metal films.1,3,4,29,32

Figure 2a shows reflection spectra of device 1 for the maximum
cavity length of 21.67 μm as the polarization direction is
changed from the short axis to the long axis of the hole. When
the polarization is along the short axis, the spectra show a broad
dip in resonance, centered at 3820 cm−1 (red trace Figure 2a).
Figure 2b shows that the reflectance minimum at 3820 cm−1

follows a sin2(θ) dependence on the polarization angle θ,
evidence of the localized nature of the plasmon resonance.4,32

The oscillations are the result of Fabry-Peŕot resonances in the
cavity between the hole array and the gold reflector.33 The
figure of merit typically used to describe a Fabry-Peŕot
interferometer is the finesse, defined as the ratio of the
wavenumber spacing between the resonances (reflection
minima in Figure 2a), or the free spectral range (FSR, νFSR),
to the full width at half-maximum of the resonances.34 It can be
seen in Figure 2a that the Fabry-Peŕot resonances near the
plasmon resonance at 3820 cm−1 are of lower finesse than those
further from it. Figure 4a shows that the reflectivity of the hole
array is lowest at the 3820 cm−1 plasmon resonance and highest
off-resonance. From Fabry-Peŕot interferometer theory, it is

Figure 1. (a) False color SEM image of the MEMS and metamaterial−
interferometer system. The foundry process consists of three
polysilicon layers (polysilicon 0, polysilicon 1, and polysilicon 2)
and one gold layer. (b) SEM image of the hole array in the suspended
gold layer. (c) Schematic view of a unit cell of the array.

Figure 2. (a) Reflection spectra of device 1 for the maximum cavity length (21.67 ± 0.03 μm), as the polarization angle θ is changed from the short
axis (θ = 0°) to the long axis (θ = 90°). (b) The reflectance at 3820 cm−1 as a function of sin2(θ). The linear fit has a coefficient of determination of
R2 = 0.98 and a slope of 0.49.
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expected that the high reflectivity (far from the plasmon
resonance) corresponds to high finesse, while the low
reflectivity (at the plasmon resonance) results in low finesse
Fabry-Peŕot resonances.34 For polarization along the long axis
of the hole, we expect a LSP resonance that is blueshifted from
that for polarization along the short axis of the hole,4,35 but it
does not lie within the sensitivity range of the detector used in
these experiments and hence is not detected.
The MEMS device enables us to change the cavity length,

while the IR spectra enable us to perform in situ interferometric
calibration of the cavity length. Figure 3a shows a series of

FTIR spectra of device 1 as the cavity length is swept over the
full available range. The polarization is fixed along the short axis
of the hole. The relationship between the cavity length d and
the FSR νFSR of a Fabry-Peŕot interferometer surrounded by a
medium of refractive index n is34

ν= −d n(2 )FSR
1

(1)

The FSR measured from the IR spectra in Figure 3a can be
used to calibrate the cavity length by using eq 1. Figure 3b
shows the Fabry-Peŕot resonance minima as a function of mode
index for the longest and second longest cavities shown in
Figure 3a (top two spectra, red and blue traces, respectively).
The slope of the best fit line in Figure 3b gives the FSR which,
for the maximum cavity length, is 230.7 ± 0.3 cm−1. Using this
FSR and n = 1.00 for air36 in eq 1, we obtain a cavity length d of
21.67 ± 0.03 μm. Similarly, for the second longest cavity,
Figure 3b shows a FSR of 508 ± 1 cm−1, which corresponds to
a cavity length of 9.83 ± 0.02 μm and for the third longest
cavity (third trace, green in Figure 3a, not included in Figure
3b) the FSR is 1215 ± 2 cm−1, corresponding to a length d of
4.11 ± 0.01 μm. Independent measurements of the top three
cavity lengths using a Zygo optical surface profilometer agree to
within 4%. The cavity length of 1.7 ± 0.1 μm is measured with
the optical surface profilometer; there is only one minimum in

the frequency range shown, so the fitting method for
interferometric height calibration used in Figure 3b can not
be used.
The dashed lines in Figure 3b show that the zero crossing of

the residuals approximately coincides with the spectral location
and mode index of the reflectance minimum at 3820 cm−1.
Furthermore, the Fabry-Peŕot resonance minima at lower
frequencies than 3820 cm−1 are blue-shifted from the fit, while
those at frequencies higher than 3820 cm−1 are red-shifted.
This is the result of the convolution of Fabry-Peŕot
interferometer resonances with extraordinary optical trans-
mission through the hole array, due to its plasmonic response.
We conducted finite difference time domain (FDTD)

simulations for a hole array-interferometer system with the
same design dimensions as device 1. Figure 4a shows FDTD-

simulated reflectance and transmittance spectra for holes in an
isolated (limit d → ∞), suspended gold film, for radiation
polarized along the short axis of the holes. The reflectance
minimum occurs at 3377 cm−1, which corresponds closely with
the experimentally observed Fabry-Peŕot resonance minimum
at 3820 cm−1. The simulations for d = 21.67 μm and d = 9.83
μm shown in Figure 4b recover the experimentally observed
superposition of Fabry-Peŕot interferometer resonances with
extraordinary optical transmission through the holes. Figure 4c
compares the spectral locations of the interferometer resonance
minima for the experiment and simulation, for cavity lengths of
21.67 and 9.83 μm, and displays linear fits to these data. For a
cavity length of 21.67 μm, the slope of the fit is 0.928,
indicating good agreement between the free spectral range of

Figure 3. (a) FTIR spectra of device 1 for cavity lengths d of 1.7, 4.11,
9.83, and 21.67 μm. For clarity, the spectra are offset by −0.14, 0.40,
0.90, and 1.45 reflectance units, respectively. (b) Spectral reflectance
minima locations as a function of mode index and the residuals from
the linear fit.

Figure 4. (a) FDTD simulations of reflectance from rectangular holes
with the same design dimensions as device 1 (a) in a suspended,
isolated (limit d →∞) gold film. (b) FDTD simulations of reflectance
for cavity lengths d of 21.67 and 9.83 μm. For clarity, the d = 21.67 μm
data has been shifted by 1.0 reflectance units. (c) Comparison of the
simulated and experimental spectral minima locations for cavity
lengths of 21.67 and 9.83 μm. (d) Simulated relative electric field
intensity at 3377 cm−1 in a plane parallel to the hole at the hole center
(limit d → ∞). The dashed lines indicate the edge of the hole.
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the experimental and simulation data. Similarly, for a cavity
length of 9.83 μm, the slope is 0.861. Figure 4d illustrates the
simulated electric field intensity inside the hole in a plane
parallel to the gold film at 3377 cm−1. According to Figure 4d,
the electric field intensity is enhanced by a factor of 55 in a
plane through the hole center. It is the electric field
enhancement of plasmonic structures that makes them valuable
as surface-enhanced sensing substrates. For example, molecules
adsorbed to the edge of the hole in Figure 4d would be
perturbed by electric fields with intensities up to 55× that of
the incident electric field.
A simple analytical model can be used to better understand

the qualitative differences between the simulation and experi-
ment. The analytical model considers a Fabry-Peŕot interfer-
ometer,34 in which the reflection coefficient of the gold
reflector RB is taken to be one and the reflection coefficient
R̃H(ν) and transmission coefficient T̃H(ν) of the hole array are
given by Lorentzian fits to the simulation data shown in Figure
4a:
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Here, ẼT,H and ẼR,H are the complex electric field amplitudes
transmitted through and reflected from the hole array and c.c.
indicates the complex conjugate. The fit parameters are CT =
2017 cm−1, CR = 2278 cm−1, full widths at half-maximum ΓT =
1359 cm−1, ΓR = 1450 cm−1, and center frequencies ν0,T = 3399
cm−1 and ν0,R = 3377 cm−1. The overall reflectance of the
system is calculated by considering the electric field amplitudes
reflected and transmitted at each interface and summing the
geometric series of reflected amplitudes. The overall relative
electric field amplitude Ẽ(ν) given by34

ν ϕ
π ν
ϕ π ν

̃ = ̃ + ̃

×
− ̃

E G R G T R i

i nd
G R R i i nd
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R H T H
2
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R H B (6)

and the overall reflectance is

ν ν= ̃ ×R E( ) ( ) c.c. (7)

The parameters GR and GT represent the reflection and
transmission losses, respectively, of the hole array and ϕB = π is
a phase shift upon reflection from the gold reflector. The results
based on this model are presented in Figure 5 and exhibit the
convolution of Fabry-Peŕot resonances with the inverted
Lorentzian line shape of reflectance from the hole array. The

spectrum without loss (GT = 1, GR = 1) in Figure 5 is more
characteristic of the simulated spectrum in Figure 4b, exhibiting
Fabry-Peŕot resonance minima with a concave-down envelope.
In the spectrum shown in Figure 5 that accounts for loss (GT =
0.45, GR = 0.70), GT and GR are manipulated to match the
experimental spectra shown in Figure 2a and recover resonance
minima that are contained by a concave-up envelope.
This analysis suggests that the simulation understates losses

that occur in the experiment. The simulation considers an
infinite array of holes, while the devices have 35 μm × 35 μm
arrays of holes. Bravo-Abad et al. have shown that, for arrays
with a small number of holes, the transmission per hole is far
weaker for the holes near the edges of the array than those near
the center while, for larger arrays, the transmission is stronger
and more uniform across the array.37 In addition, the
simulations illuminate the array of holes with a perfect plane
wave, whereas the experiment uses an objective with finite
numerical aperture (NA = 0.4). Fabrication errors, such as the
rounded corners and edge roughness visible in Figure 1b,
would limit the experimental electric field intensity compared
with the simulation. Furthermore, the thin film may have
greater ohmic losses than the bulk, due to electron scattering at
surfaces and grain boundaries.38−40

The locally enhanced electric fields in subwavelength metallic
particles and holes have been used extensively in surface-
enhanced sensing applications such as surface-enhanced Raman
spectroscopy (SERS)9 and surface-enhanced infrared absorp-
tion spectroscopy (SIERA).8 Furthermore, it has been shown
that arrays of plasmonic elements with uniform dielectric
backgrounds, such as substrateless hole arrays41,42 or particles
embedded in a substrate,31 exhibit higher quality resonances
than those on substrates, making our device potentially valuable
as a surface-enhanced sensing substrate. A typical surface-
enhanced sensing substrate is fabricated to have a fixed
geometry and static spectral response. By tuning the system
geometry, the MEMS device presented here modulates the
spectral response and shows potential for augmenting conven-
tional surface-enhanced sensing techniques.
The integration of an interferometer with a metamaterial will

enable this device to be used in a differential measurement
mode, as shown in Figure 6a, for device 2. If, for example, a
molecule with a vibrational band at 3650 cm−1 is adsorbed onto
the suspended gold, the reflectance from the system can be
varied between 0.82 and 0.35 with an estimated frequency of
∼10 kHz43 by tuning the cavity length. Combining this
modulation with phase-sensitive detection methods will

Figure 5. Reflection spectra obtained using the analytical model, for a
cavity length d of 21.67 μm, and the reflectance and transmittance loss
cofficients GR and GT shown. The GT = 0.45, GR = 0.70 plot is offset
by 1.0 units for clarity.
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considerably enhance signal-to-noise ratios. Additionally, this
device could be used in a scanning mode by tuning the
minimum or maximum across a frequency range of interest, as
shown in Figure 6b. This would enhance the signal from one
vibrational band, while suppressing that from others, thereby
creating a tunable plasmonic spectrometer.
We have fabricated and characterized a MEMS tunable mid-

infrared plasmonic spectrometer that combines the electro-
magnetic field enhancement and sensing capabilities of
plasmonic structures with the tunability of a Fabry-Peŕot
interferometer. This technology promises to augment a class of
plasmonic materials with fixed geometries that have already
proven valuable as sensing substrates, as well as sensors based
upon tunable Fabry-Peŕot interferometers.17,18 Used as a
sensing substrate, the additional mechanical degree of freedom
provided by the MEMS will enable dynamic tuning of the
spectral response of the system, making this device a powerful
tool for differential measurements and spectrometry.
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