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This application is related to U.S. Provisional Application Serial No.

61/549,073, filed October 19, 201 1, which is incorporated herein by reference in its
entirety and from which priority is claimed.
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This invention was made with government support under Grant No.

PECASE FA9550-12-1-0045, awarded by the Air Force Office of Scientific Research.
The government has certain rights in the invention.

BACKGROUND

The disclosed subject matter relates to techniques for hyperspectral
imaging.

Different materials absorb and emit electromagnetic radiation in
corresponding different manners, and this spectrum can serve as a fingerprint for a
particular material, helping to identify it from others. The ability to visualize multiple
frequencies of the spectrum can permit the material composition of the imaged region
to be deduced. Unfortunately, certain conventional imaging technologies can provide
limited spectral information, focusing on a few frequency ranges.
A hyperspectral imager can allow the visualization of many
frequencies and, with adequate post-processing, can provide detailed information
about the material composition of the environment or sample. As a result,
hyperspectral imagers can be used to identify weapons, biological agents and
chemicals, among other things.

In general, certain approaches to hyperspectral imaging can include

using a one-dimensional spectrometer resolved into a 2D plane. That is, for example,
one dimension can be a spatial dimension and the other dimension can be a spectral
dimension. However, in certain instances it can be useful to simultaneously resolve

spatial information and spectral information in at least two dimensions, for example

where comparison of spectral signatures at discrete spatial locations is desired. In
certain other techniques, a tunable optical filter can be used in connection with an
imaging array. For example, the tunable optical filter can be tuned over various bands
in a spectrum, and at each band an image can be acquired at each pixel in the array,
thereby providing a spectral range.
Certain approaches to hyperspectral imaging can be complex, bulky,
expensive, and can include various limitations. For example, certain hyperspectral
imaging technology can rely on large, expensive optical assemblies such as diffraction
gratings or prisms; similarly, optical modulation techniques such as acousto-optic
tunable filters or liquid crystal tunable filters can be used. Certain other approaches
can involve the use of imaging integrated circuits with patterned color filters on the
surface, integrated pixel-arrays, photonic crystal arrays, tunable band gap
semiconductor detectors, and MEMS-based tunable cavity arrays.
Certain approaches, such as the use of patterned color filters arrays,
integrated pixels arrays, and photonic crystal arrays, can have fixed spectrum depth
due to the fact that the filters are not tunable. Other approaches, such as e.g., the use
of photonic crystals, MEMS, or tunable band gap semiconductor technologies can be
ill-suited for general-purpose sensing or imaging applications, have low detection
efficiency, and can be difficult to integrate with existing imaging optics. Still other
approaches, e.g., MEMS-based approaches, can suffer from performance deterioration

over time owing to mechanical wear and electrostatic attraction between individual
components.

Certain approaches to hyperspectral imaging, can include the use of

Fabry-Perot interferometers to obtain spectral ranges for pixels of an imaging array.

In this manner, spatial information (e.g., via a plurality of pixels) can be obtained, as
well as spectral information. For example, stacks of Si/SiN can be used as broadband

mirrors, disposed around an air cavity, and can create a resonant cavity. Electrodes
can be placed on the outer side of the mirrors, and a voltage can be applied to create a
capacitance between the mirrors, and thereby modulate the distance between the
mirrors via capacitive forces. Example techniques are disclosed in U.S. Patent Nos.
7,355,714, 7,385,704, and 6,295,130, each of which is hereby incorporated by

reference in its entirety.
However, controlling the distance between the mirrors using voltage
applied to the electrodes can be difficult. For example, due to the quadratic
dependence of displacement on applied voltage of the spring-capacitor system,
precise control of a system's displacement can be difficult due to an inherent
nonlinearity. Special control circuitry can be required to attain finer control.

SUMMARY

The disclosed subject matter provides devices for hyperspectral
imaging. In an exemplary arrangement, the device can include at least one tunable

interferometer including a thin layer of strictive material disposed between two or
more broadband mirrors. The broadband mirrors can be reflective over a first
wavelength range. First and second electrodes can be disposed on each side of the at
least one tunable interferometer and each can be transparent over at least the first

wavelength range. A voltage control circuit can be electrically coupled to the first

and second electrodes, whereby application of a voltage over the tunable

interferometer modulates the distance between the broadband mirrors via strictive
displacement of the thin layer of strictive material. The voltage control circuit can be
adapted to control the strictive displacement.
In one embodiment, the thin layer of strictive material can include a

piezostrictive polymer, such as poly(vinylidenefluoride-co-trifluoroethylene). The
strictive material can include a piezostrictive ceramic, such as barium nitrite, with an
air gap patterned therein between at least a portion of the broadband mirrors. The
strictive material can include an electrostrictive material. In certain embodiments, the
tunable interferometer can include a plurality of mirrors, each with a thin layer of
strictive material disposed therebetween. The plurality of mirrors can form a set of
coupled vertical resonators. The voltage control circuit can include a high-resolution
digital-to-analog converter, which can modulate the distance between the mirrors via
strictive displacement. The device can also include an array of pixels. A plurality of
tunable interferometers can be arranged in a grid corresponding to the array of pixels,
such that each tunable interferometer is coupled to one of the pixels in the imaging
array.
In another embodiment, a device for hyperspectral imaging can include
at least one tunable interferometer including a thin layer of soft material disposed
between two or more broadband mirrors. The broadband mirrors can be reflective
over a first wavelength range, and each mirror can include at least one dielectric
material. One or more interstitial trenches can be formed within the interferometer

into which the thin layer of soft material can expand, thereby allowing pressure to be

distributed. First and second electrodes can be disposed on each side of the at least
one tunable interferometer and each transparent over at least the first wavelength

range. A voltage control circuit can be electrically coupled to the first and second

electrodes. Application of a voltage over the tunable interferometer can modulate the

distance between the broadband mirrors corresponding to a capacitance, and the

voltage control circuit can be adapted to control the capacitance.
In one embodiment, the cavity can be filled with a thin layer of soft

material, such as polydimethylsiloxane. The thin layer of polydimethylsiloxane can
include one or more interstitial trenches, thus allowing pressure to be distributed upon

application of the voltage. The broadband mirrors can include one or more interstitial
trenches. In certain embodiments, the tunable interferometer can include a plurality

of mirrors, each with a cavity disposed therebetween. The plurality of mirrors can
form a set of coupled vertical resonators. The voltage control circuit can include a

high-resolution digital-to-analog converter, which can modulate the distance between
the mirrors energy minimization between the spring-capacitor system formed from the
voltage over the dielectric material in the mirrors and the thin layer of soft material.
The device can also include an array of pixels. A plurality of tunable interferometers

can be arranged in a grid corresponding to the array of pixels, such that each tunable
interferometer is coupled to one of the pixels in the imaging array.
The disclosed subject matter also provides methods for hyperspectral

imaging using a tunable interferometer. In an exemplary arrangement, a method can
include modulating a distance between broadband mirrors with an applied voltage

differential between electrodes. Modulation of the distance between the mirrors can
alter the resonance of the tunable interferometer.
In one embodiment, modulating the distance between the broadband

mirrors can include beating between multiple resonances to thereby realize a single
transmission peak. Additionally or alternatively, modulating the distance between the

broadband mirrors can include dynamically switching between low-spectral resolution

modes of a first interferometer to cover a plurality of high-spectral resolution modes
of a second interferometer. In certain embodiments, modulating the distance between
the broadband mirrors further includes independently modulating the distance for
each tunable interferometer and thus independently scanning through multiple

frequencies at different locations in of a field of view
It is to be understood that both the foregoing general description and

the following detailed description are exemplary and are intended to provide further
explanation of the disclosed subject matter claimed.
The accompanying drawings, which are incorporated in and constitute

part of this specification, are included to illustrate and provide a further understanding
of the disclosed subject matter. Together with the description, the drawings serve to
explain the principles of the disclosed subject matter.

BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 is a schematic diagram of a device for hyperspectral imaging in

accordance with an embodiment of the disclosed subject matter.
Fig. 2a is a schematic diagram of a tunable interferometer for

hyperspectral imaging including a patterned material disposed between two mirrors in
accordance with an embodiment of the disclosed subject matter.
Fig. 2b is a schematic diagram of a tunable interferometer for

hyperspectral imaging including a patterned mirror in accordance with an
embodiment of the disclosed subject matter.
Fig. 3 is a schematic diagram of an array of tunable interferometers for

hyperspectral imaging in accordance with an embodiment of the disclosed subject
matter.

Fig. 4 is a flow diagram of an exemplary method for hyperspectral

imaging in accordance with an embodiment of the disclosed subject matter.
Fig. 5 is a schematic diagram of stacked tunable interferometers for

hyperspectral imaging in accordance with the disclosed subject matter.
Fig. 6 illustrates an exemplary plot of the intensity of wavelengths

transmitted through an exemplary interferometer in accordance with the disclosed
subject matter over time.
Fig. 7a, 7b and 7c illustrate a top view of exemplary geometries and

patterns for interferometers in accordance with embodiments of the disclosed subject
matter.
Throughout the drawings, the same reference numerals and characters,
unless otherwise stated, are used to denote like features, elements, components or

portions of the illustrated embodiments. Moreover, while the disclosed subject matter
will now be described in detail with reference to the Figs., it is done so in connection

with the illustrative embodiments.

DETAILED DESCRIPTION

The disclosed subject matter provides techniques for hyperspectral
imaging, including a device for hyperspectral imaging including at least one tunable

interferometer including a thin layer of material disposed between two or more
broadband mirrors. Electrodes placed on either side of the tunable interferometer can
be coupled to a voltage control circuit, and upon application of a voltage across the

tunable interferometer, the distance between the mirrors can be modulated by
physically altering the dimensions of the thin layer of material, which can uniformly
load the broadband mirrors. As disclosed herein, physically altering the dimensions

of the thin layer of material can include uniform alteration of the dimensions of the

thin layer of material via one or more of deformation of a soft material, piezostrictrive
actuation of a piezostrictrive material, or electrostrictive actuation of an

electrostrictive material.
The disclosed subject matter provides a device for hyperspectral
imaging including a thin layer of strictive material disposed between two or more

broadband mirrors. As used herein, the term "strictive" material can include

piezostrictrive material and/or electrostrictive material. The use of a strictive material
can provide robust control over the displacement of the mirrors, as piezostrictive

displacement, for example, can vary linearly with applied voltage, thus providing
easier calibration and control of the system. In connection with a high resolution
digital-to-analog converter, a voltage control circuit can provide for improved control
over the displacement of the mirrors, and thus improved control over the resonance of
the interferometer. Moreover, the use of piezostrictrive materials can provide for
bidirectional movement - i.e., changing the polarity of the electrodes can cause the

material to expand (or contract). The strictive material can uniformly deform and

displace at least one of the mirrors, e.g., through an applied force due to the uniform
deformation, without uneven mechanical strain or wear owing to the solid-state nature
of the material.
The disclosed subject matter also provides for a device for
hyperspectral imaging including at least one tunable interferometer including a thin
layer of soft material disposed between two or more broadband mirrors. The
broadband mirrors can be reflective over a first wavelength range. Each broadband

mirror can include, e.g., at least one dielectric material. A voltage control circuit can
apply a voltage drop over mirrors via electrodes disposed on either side thereof to

modulate the distance between the mirrors.

The accompanying figures, where like reference numerals refer to
identical or functionally similar elements throughout the separate views, serve to

further illustrate various embodiments and to explain various principles and

advantages all in accordance with the disclosed subject matter. For purposes of
illustration and not limitation, description will now be made of an exemplary tunable
interferometer in accordance with an embodiment of the disclosed subject matter.
With reference to Fig. 1, an exemplary tunable interferometer can be a tunable FabryPerot interferometer 100. The interferometer 100 can include two broadband mirrors
120a and 120b (collectively 120) disposed around a thin layer of material 130.

Electrodes 140a and 140b (collectively 140) can be disposed on each side of the
broadband mirrors 120 and electrically coupled to a voltage control circuit 150. In
certain embodiments, an anti-reflective (AR) coating 190 can be applied to enhance
coupling efficiency.
For purposes of illustration and not limitation, the interferometer 100
can exhibit transmission peaks at the resonance of the cavity. These resonances can
exist at integer multiples of the optical path length at normal incidence, which can be
given by

where n is an integer and d is the distance between the two mirrors 120. The
separation between adjacent transmission peaks (i.e., the free spectral range [FSR]) of
the cavity can be given by:

The FSR indicates that for smaller cavity lengths, fewer modes can exist within the

cavity, and the spectral spacing between adjacent modes can be large. While adjacent
modes in the cavity can have a large separation, the ability of the resonator to reject
neighboring wavelengths can depend on the reflectivity of the mirrors and can be
governed by the cavity quality factor, Q . Cavities with low

Q

can display wide

transmission peaks centered around the resonance frequency, while those with high

Q

factors can allow the transmission only of the resonance frequency. Thus, the
transmission linewidth VFWHM can depend on both the cavity length as well as the

Q

factor, and can be given by:

For wavelengths in the visible spectrum, a Q factor of roughly 1000 can be required
for sub-nm spectral resolution.
In an exemplary embodiment, the thin layer of material 130 can be a

piezostrictive material. The piezostrictive material can be, for example, a
piezostrictive polymer, such as poly(vinylidenefluoride-co-trifluoroethylene) (P(VDFTRFE)). Piezostrictive materials that are transparent over a wavelength range to be

imaged, such as P(VDF-TRFE) can fill substantially all of the space between the
broadband mirrors 120. Additionally or alternatively, the piezostrictive material can
be a piezostrictive ceramic, such as barium nitrite, e.g., deposited onto one of the
mirrors via sputtering. Piezostrictive materials that are not transparent over a
wavelength range to be imaged, such as certain piezostrictrive ceramics, can be
further patterned to define an air hole, or cavity filled with another transparent
material, therein. In such embodiments, the electrodes 140 can be likewise patterned,
such that the profile of the electrodes match the profile of the patterned piezostrictrive

ceramic. For example, a circular or rectangular hole can be patterned in a

piezostrictrive ceramic material deposited on one of the broadband mirrors and/or the
electrodes. Fig. 7a, 7b, and 7c illustrate non-limiting exemplary shape configurations

for the electrodes and/or non-transparent piezostrictrive material.
The broadband mirrors 120 can be highly reflective over a specified

wavelength range. The electrodes 140 can be transparent at least over a particular
wavelength range. The arrangement of the electrodes 140 on either side of the
mirrors 120 and thin layer of material 130 can create a solid-state piezo actuator. That
is, for example, application of a voltage with voltage control circuit 150 can create a

voltage drop across the electrodes and thus modulate the distance between mirrors
120 via piezostrictive displacement of the piezostrictive material. Voltage control

circuit 150 can include a high-resolution digital-to-analog converter which can allow
for high-resolution control over the thickness of the distance between the mirrors 120.
As disclosed herein, the displacement of the piezostrictive material can

linearly scale with the voltage applied to the electrodes. Moreover, the use of a

piezostrictrive material can provide bidirectional movement. That is, for example,
changing the polarity of the electrodes can cause the material to expand or contract,
depending on the direction of the voltage drop, such that a "neutral" displacement can
correlate to zero applied voltage. For purposes of example, and not limitation,
piezoelectricity can be given by

= Ed , where ε is the induced strain, E is the

applied electric field, and d is the piezoelectric strain constant. For an applied voltage
V, the electric field can be given by E = V/L, where L is the length between the two

broadband mirrors 120. Accordingly, the piezoelectric strain can be given by

= VdlL and thus the change in position x can be given by ∆χ = Vd .

As embodied herein, use of a piezostrictrive material can further

provide highly uniform alteration of the physical dimensions of the material, due to its
unique material properties. Due to the uniform alternation of the dimensions of the
material, the mirrors can be displaced relative one another without deformation (e.g.,

curvature or bowing of the mirror) as can occur in connection with, e.g., mechanical
deflection of the mirrors with an air gap defined therebetween. Curvature of the
mirrors can create an unstable cavity and can degrade the resonant qualities of the
interferometer. Furthermore, use of a piezostrictive material between the broadband
mirrors can prevent electrostatic attraction such as static friction ("suction") between
the broadband mirrors. That is, for example, the mirrors can be prevent from sticking
together, as can occur with, e.g., mechanical deflection of the mirrors with an air gap
defined therebetween.
In another exemplary embodiment, the thin layer of material 130 can

be an electrostrictive material. The electrostrictive material can include, for example,
polydimethylsiloxane (PDMS), lead magnesium niobate (PMN), lead magnesium
niobate-lead titanate (PMN-PT), or lead lanthanum zirconate titanate (PLZT). In like
manner to the exemplary embodiment disclosed herein in connection with the use of
piezostrictrive materials, the broadband mirrors 120 can be highly reflective over a
specified wavelength range. The electrodes 140 can be transparent at least over a
particular wavelength range. The arrangement of the electrodes 140 on either side of
the mirrors 120 and thin layer of material 130 can create a solid-state electrostrictive
actuator. That is, for example, application of a voltage with voltage control circuit
150 can create a voltage drop across the electrodes and thus modulate the distance

between mirrors 120 via electrostrictive displacement of the electrostrictive material.
Voltage control circuit 150 can include a high-resolution digital-to-analog converter

which can allow for high-resolution control over the thickness of the distance between

the mirrors 120.
As disclosed herein, the displacement of the electrostrictive material
can scale with the voltage applied to the electrodes in a quadratic manner. For
purposes of illustration and not limitation, the electrostrictive strain can be given by

ε = ME , where E is the applied electric field and M is the electrostrictive coefficient.
Thus, the electrostrictive strain can be dependent on the square of applied voltage. As

embodied herein, use of a electrostrictive material can further provide highly uniform
alteration of the physical dimensions of the material, due to its solid state nature. Due
to the uniform alternation of the dimensions of the material, the mirrors can be
displaced relative one another without deformation (e.g., curvature or bowing of the
mirror) as can occur in connection with, e.g., mechanical deflection of the mirrors

with an air gap defined therebetween. Curvature of the mirrors can create an unstable
cavity and can degrade the resonant qualities of the interferometer. As with the use of
a piezostrictive material described above, use of an electrostrictive material between
the broadband mirrors can also prevent stiction between the broadband mirrors. That
is, for example, the mirrors can be prevented from sticking together, as can occur

with, e.g., mechanical deflection of the mirrors with an air gap in between.

In another exemplary embodiment, the thin layer of material 130 can
be a soft material, such as for example polydimethylsiloxane (PDMS) or other
suitable elastic material. The layer of soft material can be transparent over a
wavelength range to be imaged and can fill substantially all of the space between the
broadband mirrors 120, which can provide for uniformity of displacement of the
mirrors 120. For purposes of illustration, and not limitation, in contrast to an air gap,
filling substantially all of the space between the broadband mirrors 120 can enhance

the uniformity of movement as the mirror membranes are prevented from bowing
inwards. Curving or bowing can create non-plane waves, which can expand and

change v=phase and curvature as it propagates. As such, significant losses within the
interferometer can occur because of divergence and the loss of constructive
interference within the cavity. Furthermore, use of a soft material between the

broadband mirrors can also prevent stiction between the broadband mirrors. That is,
for example, the mirrors can be prevented from sticking together, as can occur with,
e.g., mechanical deflection of the mirrors with an air gap in between.
In like manner to the exemplary embodiments described herein in

connection with the use of piezostrictrive or electrostrictive materials, the broadband
mirrors 120 can be highly reflective over a specified wavelength range. The
electrodes 140 can be transparent at least over a particular wavelength range. The
arrangement of the electrodes 140 on either side of the mirrors 120 and soft layer of
material 130 can create a solid-state capacitor-spring system. That is, for example,

application of a voltage with voltage control circuit 150 can create a voltage drop
across the electrodes and thus modulate the distance between mirrors 120 via energy
minimization between the spring-capacitor system.

Voltage control circuit 150 can

include a high-resolution digital-to-analog converter which can allow for highresolution control over the thickness of the distance between the mirrors 120.
Alternatively, in connection with the use of a thin layer of soft material and capacitive
forces or an electrostrictive material and electrostrictive displacement, a charge

control circuit can be used rather than a voltage control circuit, as displacement in
connection with these materials can scale linearly with stored charge.
As embodied herein, devices for hyperspectral imaging in accordance

with the disclosed subject can include a thin layer of material (e.g., a soft layer of

material, a piezostrictive material, and/or an electrostrictive material) disposed

between two or more broadband mirrors. The soft layer of material, in contrast to
certain MEMS devices using mechanical deflection of the mirrors surrounding an air
gap or other fluid gap, can provide uniform displacement of the mirrors, without
bowing or curving, and can prevent the mirrors from sticking together via electrostatic
attraction. Accordingly, the techniques disclosed herein can provide robust and

reliable actuation techniques for displacement of the mirrors of an interferometer used
in connection with hyperspectral imaging.
For purpose of illustration and not limitation, the sensitivity of the
interferometer 100 to an applied voltage across electrodes 140 will now be described.
As noted above, a capacitor-spring system is created using two broadband mirrors

surrounding a soft layer of material. A potential difference of V can be created over a
distance between the mirrors of x 0 + ∆x , with an intrinsic spring constant k and an
electrode area A . The resting gap distance of the spring-capacitor system can be x0
and can be increased by ∆χ. The energy of the spring-capacitor system can thus be

given by:

In equilibrium, force is zero. Assuming x >> ∆x and solving for ∆x as a function of

V can provide:

which can be approximated by dropping high-order terms in x, as given as:

where C o is the unperturbed capacitance of the system given by ε Α . Thus, the
displacement can depend quadratic ally on voltage.
In connection with this exemplary embodiment, and in general in
connection with the use of a capacitor-spring system as an actuation technique to
modulate the distance between the broadband mirrors 120 surrounding a soft thin
layer of material 130, as disclosed herein, each Fabry-Perot interferometer 100 can be
approximately 0 µ

x 10 µ η to correspond with pixels of approximately the same

size of a CCD array. However, one of ordinary skill in the art will appreciate that
such dimensions are not limiting, and any suitable size can be used. Additionally, for
purposes of illustration and not limitation, in an exemplary embodiment, the range of
thicknesses between the broadband mirrors can correspond to the visible spectrum
partitioned into the red (690-630nm), green (630-570nm), and blue (570-5 lOnm)
spectrums. Assuming, for purposes of illustration and not limitation, a FSR of 60 nm
and a thin layer of material comprised of PDMS, the thickness between the mirrors
corresponding to the red spectrum can be approximately 2.36 microns, the thickness
corresponding to the green spectrum can be 1.93 microns, and the thickness
corresponding to the blue spectrum can be 1.54 microns. One of ordinary skill in the
art will appreciate that the distances can be tailored to any spectral range, which can
further be binned into finer frequency bands with appropriate corresponding
distances.
Again in connection with an exemplary and non-limiting embodiment,
the voltage control circuit 150 can be configured to apply a maximum voltage
corresponding to the breakdown voltage of the thin layer of material. For example, in

connection with PDMS, the breakdown voltage can be on the order of 2 1

7

V/m.

Accordingly, the maximum voltage can be approximately 100 V for a thickness
between the mirrors of approximately 6.8 µm at rest. The maximum voltage applied
to the electrodes 140, can, for example, enable a maximum capacitance depending on
the dimensions of the cavity, the dimensions of the mirrors, and the dielectric constant
of the mirrors. Thus, by applying a voltage between 0 and the maximum voltage, the
distance between the mirrors can be controlled depending on, inter alia, the effective
spring constant, k, (which can be determined with reference to the young's modulus
and the area over which the force is applied) of the thin layer of material 130. In
certain embodiments, the range of distances between the mirrors can correspond to a
desired range in FSR. For example, with reference to equation 1 above, the FSR can
be selected by applying a suitable voltage to modulate the distance between the
mirrors to a desired displacement.
As disclosed herein, the broadband mirrors 120 can be formed from a
variety of materials. The broadband mirrors 120 can be, for example, formed from
stacks of dielectric materials to form a distributed Bragg reflector, which each layer
having a thickness of approximately a quarter of the average transmission wavelength
through the material. Additionally, for example, each layer can have surface
roughness below a tenth of the average wavelengths in a vacuum. Alternatively, the
broadband mirrors 120 include, e.g., silver or half-silvered or other reflective
materials.
For purposes of illustration and not limitation, where the thin layer of
material includes a soft material, the broadband mirrors 120 can be formed from
stacks of a suitable dielectric such as stacks of tantalum pentoxide and silicon dioxide
(Ta 2O 5/SiO 2 ) , titanium dioxide and silicon dioxide (TiO2 /SiO 2), or other known stacks

used in connection with distributed Bragg reflectors. Such dielectrics can be formed,
e.g., using chemical vapor deposition (CVD) techniques, or can be deposited using

sputtering/e-beam techniques, among others. The electrodes 140 disposed on either
side of the interferometer can be transparent at least over a particular wavelength
range. In this manner, the arrangement of the electrodes 140 on either side of the

mirrors 120 and thin layer of material 130 can create a solid-state capacitor-spring
system. That is, application of a voltage with voltage control circuit 150 can create a

voltage drop across the electrodes and thus modulate the distance between mirrors
120 via capacitive forces. For example, displacement can be controlled via energy

minimization between the spring-capacitor system, as described above. Voltage
control circuit 150 can include a high-resolution digital-to-analog converter which can

allow for high-resolution control over the thickness of the distance between the
mirrors 120. In connection with, for example, Ta2O5/SiO 2 or TiO2 /SiO2 stacks, which
have properties of a high-k dielectric, high-resolution control over the thickness can
be enhanced.

In connection with certain embodiments involving the use of a thin

layer of soft material disposed between the mirrors, when the dimensions of the thin
layer of material 130 are altered due to compressive forces induced by the capacitorspring system, it can expand/contract in other directions to conserve volume. In
certain exemplary embodiments, and with reference to Fig. 2, certain patterning
techniques can be used to facilitate expansion of the thin layer of material 130 into
such other directions. For example, with reference to Fig. 2a, interstitial trenches
231a, 231b, and 231c (collectively 231) can be formed by patterning the thin layer of

material 230. Alternatively, with reference to Fig. 2b, interstitial trenches can be
formed in one or both of the broadband mirrors 120. For example, interstitial trenches

221a, 221b, and 221c (collectively 221) can be formed in mirror 220a. Each trench
231 or 221 can correspond to the boundary between one or more pixels 110. For

example, interstitial trench 231a in thin layer of material 230 can be disposed between

pixel 110a and pixel 110b. Likewise, interstitial trench 221a can be disposed
between pixel 110a and pixel 110b.
In this manner, when the physical dimensions of the thin layer of

material 130 or 230 are altered via deformation under application of a voltage from

the voltage control circuit 150, the thin layer of material 130 or 230 disposed between
the mirrors 120 and/or 220 can be compressed into the interstitial trenches 221 and
231 , thereby facilitating modulation of the distance between the mirrors and

enhancing the uniformity of expansion or compression for each mirror. As a result,
the range of FSR enabled by modulation of the distance between the mirrors 120, as
discussed above, can be increased.
In other embodiments, the thin layer of soft material 130 or 320

(including a soft layer of piezostrictrive or electrostrictive material) or one of the
mirrors 220a can be patterned with shapes other than interstitial trenches. One of
ordinary skill in the art will appreciate that the disclosed subject matter is not limited
to any particular pattern. For purposes of example, and not limitation, and with
reference to Fig. 7a, 7b, and 7c, which illustrate the top view of a pixel of exemplary
interferometers, such shapes can include cutouts of the material from the edges 711
corresponding to a square interferometer 710 with diagonal strips of material covering
two of the corners. Alternatively, the material can be patterned such that edges 721 of
a square interferometer 720 are exposed, with strips of materials extending to the edge
adjacent and to two corners. Alternatively, the interferometer can be circular 730, and

the edge 731 can be exposed and the soft material 732 can likewise be circularly
patterned, and can extend to the edges of the interferometer at opposite points.

For purposes of illustration and not limitation, description will now be
made of the physical deformation of a thin layer PDMS to illustrate the utility of
patterning interstitial trenches or other shapes in the soft later of material. The force
required to squeeze the PDMS between the mirrors by some strain ε can scale with the
area. From a generalization of Hooke's law for isotropic materials, the strain in a the

dimension orthogonal to the mirrors can be given by

and tangential strain (i.e., the x and y dimensions if z is the dimension orthogonal to
the mirrors) can be given by

where v is Poisson's ratio. The amount of force required to compress an isotropic
material with strain ε , and the magnitude of expansion in the tangential directions
resulting therefrom, can then be determined. The interferometer can be tuned by a
predetermined spectral range, or a strain in the cavity length, as given by:

where m is the order of the mode. For purposes of example and not limitation, for a
3.6 micron cavity at 635 nm, the vertical strain can be approximately 6.7% and the

tangential strain can be approximately 3.2%. For an optical cavity over the thin layer
of material of increasing thickness, the vertical strain can decrease, but at the cost of
lower spectral resolution, and vice versa.

In an exemplary embodiment, in connection with the use of a

piezostrictrive material, the strain can be reduced by shifting the FSR by half in either
direction. The bi-directional nature of piezostrictrive materials, which scales linearly

with applied voltage, can thus provide reduced strain. Alternatively, in connection

with a electrostrictive material, such as PDms, small feature sizes for the thin layer of
material can be used to reduce the force requirements, thus mitigating the vertical
strain. As disclosed herein, the lateral strain can be mitigated by providing trenches

or other shapes on the order of the feature size.
In certain embodiments, and with reference to Fig. 5, a plurality of
interferometers 510 and 520 can be stacked on top of each other. Each interferometer
can be, e.g., interferometer 100 as described herein and in accordance with the
disclosed subject matter. Each interferometer can be individually controlled by a
voltage control circuit, such that the distance (51 and 5 1) between the mirrors of
each interferometer, and thus the resonant frequency and FSR, can be individually
controlled as shown on plots 530 and 540 of intensity vs. frequency. For example, for
interferometer 510 with distance 511, transmission peaks 531a, 531b, and 531c
(collectively 531) can have a narrow linewidth. For interferometer 520 with distance
521, transmission peak 541a or 541b can be broader than those of interferometer 510.

In this manner, individual narrow-band spectral ranges can be determined. For

example, a first interferometer 510 can be configured, via the voltage control circuit,
to have a displacement between the mirrors corresponding to a small FSR, as

illustrated in plot 530. A second interferometer 520 can be configured, in like

manner, to have a broader FSR, as illustrated in plot 540. The first interferometer can
create a "frequency comb" of allowable frequencies (531), of which the second
interferometer can "select" where transmission frequencies overlap. Tuning the first

interferometer 520 can shift the allowable frequencies (e.g., from 541a to 541b),
adding a greater degree of control. Additionally or alternatively, the voltage control
circuit for an interferometer can be configured to beat between multiple resonances to
achieve a single transmission peak, as illustrated in Fig. 6 and described in more
detail below.
In certain embodiments, and with reference to Fig. 3, interferometers

in accordance with the disclosed subject matter (e.g., interferometers 100) can be

arranged in a grid structure 300. For example, individual interferometers 310a, 310b,
and 310c (collectively, 310) can be arranged within a two dimensional array. In
certain embodiments, the grid structure can correspond to an array of pixels of a
conventional CCD, emCCD, or CMOS imaging array. That is, for example,
interferometers 310 can be arranged within the grid structure 300 such that they can
align with pixels of an imaging array. Such a grid structure 300 can include mounting
features suitable to mechanically couple the grid structure to the imaging array.
Alternatively, in certain embodiments, one or more interferometers can have macroscale dimensions. That is, for example, the tunable interferometers can have
dimensions suitable for use as an active optic to be inserted in a light path from an
imaging system.
In another aspect of the disclosed subject matter, a method for

hyperspectral imaging with an imaging device as disclosed herein can include, for
each tunable interferometer, modulating a distance between the broadband mirrors
with an applied voltage differential between the first and second electrodes.
Modulation of the distance between the mirrors can alter the resonance of the tunable
interferometer. At each pixel of the imaging device a signal from the corresponding
tunable interferometer can be received, and an image based on the signal of each

tunable interferometer. Modulating the distance between the broadband mirrors with
an applied voltage differential can include physically altering the dimensions of the
thin layer via one or more of uniformly deforming the thin layer of material via
energy minimization between a spring-capacitor system arising from the applied
voltage differential over the mirrors (where the material includes a soft material),
uniformly altering the dimensions of the thin layer of material via piezostrictrive
actuation (where the material includes a piezostrictrive material), or uniformly
altering the dimensions of the thin layer of material via electrostrictive actuation
(where the material includes an electrostrictive material).
For example in one embodiment, and with reference to Fig. 4, the
method can include, for each pixel 410, applying 420 a first voltage to the electrodes
to modulate the distance between the mirrors to a first distance corresponding to a
first spectral band (i.e., with a FSR as described above). Each pixel 410 can receive a
signal corresponding to the first spectral band passing through the interferometer.

The voltage can then be varied 440 to a voltage corresponding to a second spectral
band (e.g., by modulating the voltage the distance between the mirrors is modulated to

correspond to the second spectral band), and each pixel 410 can receive the signal of
the second spectral band. For each spectral band, an image can be generated 460 over
an array of pixels. Additionally or alternatively, the signals received by the pixels can
be summed 430 and stored in computer readable media, e.g., as an array of values.
In one embodiment, modulating the distance between the broadband

mirrors can include beating between multiple resonances to thereby realize a single
transmission peak. That is, for example, the voltage can be varied at a high frequency
so such that transmission of a single spectral band can occur at high intensity relative
to other spectral bands which can result from the distance between the mirrors at each

voltage, but not necessarily both. For example, Fig. 6, is an exemplary plot of the
intensity of wavelengths transmitted through an exemplary interferometer in

accordance with the disclosed subject matter over time, with the exemplary
interferometer's resonant frequency being altered over time. Intensity peaks are
represented by dots, with the bottom axis corresponding to wavelength and the
vertical axis corresponding to time. As illustrated in Fig. 6, the interferometer, with a
spectral range of approximately 20 ran, can be tuned to shift the resonant within a

range of approximately 40 nm.
Additionally or alternatively, in certain embodiments, modulating the
distance between the broadband mirrors can include dynamically switching between
high-spectral resolution imaging and low intensity transmission, and low-spectral
resolution imaging and high intensity transmission. This can be accomplished, for
example, via a number of stacked interferometers or the use of an interferometer
geometry and materials suitable for large distance modulation. High-spectral
resolution can be more desirable in connection with certain application (e.g.,
identifying chemical signatures) as compared to intensity transmission. Conversely,
intensity of transmission can be more desirable in connection with certain applications
(e.g., where spatial information is desired).

The presently disclosed subject matter is not to be limited in scope by
the specific embodiments herein. Indeed, various modifications of the disclosed
subject matter in addition to those described herein will become apparent to those
skilled in the art from the foregoing description and the accompanying figures. Such
modifications are intended to fall within the scope of the appended claims.

CLAIMS

1.

A device for hyperspectral imaging, comprising:
at least one tunable interferometer including a thin layer of strictive

material disposed between two or more broadband mirrors, the broadband mirrors
reflective over a first wavelength range;
first and second electrodes, disposed on each side of the at least one
tunable interferometer and each transparent over at least the first wavelength range;
and
a voltage control circuit electrically coupled to the first and second
electrodes, whereby application of a voltage over the tunable interferometer

modulates the distance between the broadband mirrors via strictive displacement of
the thin layer of strictive material, and wherein the voltage control circuit is adapted
to control the strictive displacement.
2.

The device of claim 1, wherein the thin layer of strictive material

includes a piezostrictive polymer.
3.

The device of claim 2, wherein the thin layer of strictive material

includes poly(vinylidenefluoride-co-trifluoroethylene).
4.

The device of claim 1, wherein the thin layer of strictive material

includes a piezostrictive ceramic patterned to include an air gap between at least a
portion of the broadband mirrors.
5.

The device of claim 1, wherein the thin layer of strictive material

includes an electrostrictive material..
6.

The device of claim 1, wherein the at least one tunable interferometer

further includes a plurality of mirrors, a thin layer of strictive material disposed
between each mirror, thereby forming a set of coupled vertical resonators.

7.

The device of claim 1, further comprising an imaging device including

an array of pixels, and wherein the at least one tunable interferometer further includes
a plurality of tunable interferometers arranged in a grid corresponding to the array of
pixels, at least one tunable interferometer coupled to one of the pixels of the imaging
device.
8.

A device for hyperspectral imaging, comprising:
at least one tunable interferometer including a thin layer of soft

material disposed between two or more broadband mirrors, the broadband mirrors

reflective over a first wavelength range, each broadband mirror including at least one
dielectric material ;
one or more interstitial trenches into which the thin layer of soft

material can expand, thereby allowing pressure to be distributed;
first and second electrodes, disposed on each side of the at least one
tunable interferometer and each transparent over at least the first wavelength range;
and
a control circuit, including a voltage control circuit or a charge control
circuit, electrically coupled to the first and second electrodes, whereby application of

a voltage over the tunable interferometer modulates the distance between the
broadband mirrors corresponding to a capacitance, and wherein the control circuit is
adapted to control the capacitance.
9.

The device of claim 8, wherein each mirror includes a distributed

Bragg reflector.
0.

The device of claim 9, wherein the distributed Bragg reflector is

formed from stacks of tantalum pentoxide and silicon dioxide.

11.

The device of claim 8, wherein the thin layer of soft material includes a

thin layer of polydimethylsiloxane.
12.

The device of claim 11, wherein the thin layer of polydimethylsiloxane

includes the one or more interstitial trenches.
13.

The device of claim 8, wherein at least one of the two or more

broadband mirrors includes the one or more interstitial trenches.
14.

The device of claim 8, wherein the at least one tunable interferometer

further includes a plurality of mirrors, a thin layer of soft material disposed between
each mirror, thereby forming a set of coupled vertical resonators.
IS.

The device of claim 8, further comprising an imaging device including

an array of pixels, and wherein the at least one tunable interferometer further includes
a plurality of tunable interferometers arranged in a grid corresponding to the array of
pixels, at least one tunable interferometer coupled to one of the pixels of the imaging
device.
6.

A method for hyperspectral imaging using two or more tunable

interferometers, each including a thin layer of material disposed between two or more
broadband mirrors, and first and second electrodes disposed on each side thereof,
comprising:

modulating, for each of the two or more tunable interferometers, a
distance between the broadband mirrors with an applied voltage differential between
the first and second electrodes by physically altering the dimeninsions of the thin
layer of material, thereby altering the resonance of the tunable interferometer and
generating a corresponding signal;
receiving the generated signal from each of the two or more tunable
interferometers; and

constructing an image based on the signal of each tunable

interferometer, each tunable interferometer corresponding to a pixel of the image.
17.

The method of claim 16, wherein physically altering the dimensions of

the thin layer of material includes one or more of:
uniformly deforming the thin layer of material via energy minimization
between a spring-capacitor system arising from the applied voltage differential over
the mirrors, wherein the thin layer of material includes a soft material;
uniformly altering the dimensions of the thin layer of material via
piezostrictrive actuation, wherein the thin layer of material includes a piezostrictve
material; and
uniformly altering the dimensions of the thin layer of material via
electrostrictive actuation, wherein the thin layer of material includes an
electrostrictive material.
18.

The method of claim 16, wherein modulating the distance between the

broadband mirrors further includes beating between multiple resonances to thereby

realize a single transmission peak.
19.

The method of claim 16, wherein modulating the distance between the

broadband mirrors further includes dynamically switching between low-spectral
resolution modes of a first interferometer to cover a plurality of high-spectral
resolution modes of a second interferometer. .
20.

The method of claim 16, wherein modulating the distance between the

broadband mirrors further includes independently modulating the distance for each
tunable interferometer and thereby independently scanning through multiple
frequencies at different locations in a field of view.
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