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Abstract—Long-wave infrared (LWIR) pixels exhibiting dy-
namic, real-time, spectral tunability were designed, fabricated,
and tested. The pixels are composed of a type-II superlattice
detector that is monolithically integrated with a graphene enabled
tunable metasurface. The combined detector and filter operate as
a single solid state device with no moving parts whose alignment
is implicit with fabrication. Functionally, tunability results from
the plasmonic properties of graphene that are acutely dependent
upon the carrier concentration within the infrared. Voltage
induced changes in graphene’s carrier concentration can thus
be leveraged to change the metasurface’s transmission thereby
altering the “colors” of light reaching the broadband detector
and hence its spectral responsivity. These characteristics were
practically demonstrated by measuring the spectral responsivity
of the detector at varying levels of bias across the graphene
where relative changes in excess of 20% were observed as a
result of spectral shifts in the filter of nearly 50 cm−1 at ∼ 1000
cm−1 . Taken in total, the effort serves as a proof of concept
for spectrally agile infrared detection offering the potential of
independent pixel to pixel spectral tunability.
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I. INTRODUCTION

Infrared (IR) sensors image scenes that are spatially, spec-
trally, and temporally dynamic even as the pixels themselves
are comparatively inflexible. These pixels are typically com-
posed of complex semiconductors like HgCdTe (MCT) and In-
GaAs that are utilized both as a consequence of their bandgap
being commensurate with IR wavelengths and the ability to
vary this gap over a spectral range based upon the material’s
composition. Such tunability is realized, however, only during
design as composition—and hence spectral responsivity—is
fixed upon fabrication.

For this reason, dynamic, real-time, tunability has been
achieved only by external means through the use of filter
wheels, tunable filters, or interferometry.[1] These solutions
fundamentally lack for two reasons, however. First, they are
decoupled from the detector and thus require both alignment
and an increase the size of the optical set-up. Second, each
of these approaches filters the light uniformly over the entire
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array. It is thus impossible to assess differing portions of
a scene simultaneously with separate spectral bands. Over-
coming these constraints necessitates a pixel that is itself as
dynamic as the scene it is tasked to image.

Tunable pixels can be realized using two broad approaches.
First, the detector can be constructed out of materials
whose optical properties can be controllably varied. Bilayer
graphene[2] and InAs[3] quantum dots have each been used
to this end but have yet to achieve responsivities comparable to
more traditional architectures. Alternatively, a broadband de-
tector can be placed “behind” a tunable filter that is registered
at the single pixel level. This is the approach taken here.

Tunable infrared filters have recently emerged as an
increasingly common technology all their own. Devices
have been demonstrated leveraging phenomena ranging from
phase change[4] and mechanical movement[5] to plasmonic
excitation.[6] Regardless of phenomena, tunable filters oper-
ate by attempting to maximize field concentration within a
material whose optical properties are controllably varied. This
is most often achieved using patterned metasurfaces that func-
tionally act to enhance the field within the tunable material.
The tunable material, meanwhile, is actuated with an electrical
bias to either change shape (SiN), phase (e.g., via Joule-
heating in GST,VO2), or the free carrier concentration (CdO,
graphene).

These tuning approaches naturally offer trade-offs. Elec-
tromechanical and phase change produce larger tuning ranges
than altering the carrier concentration. Changing shape neces-
sitates moving parts, however. Phase change requires Joule-
heating, which limits the effectiveness of the cooled detector
sitting behind it. Modulating charge carriers, in contrast,
minimally dissipates power and is extremely fast. Furthermore,
being the basis of semiconductor technology, these approaches
possess an architecture whose integration atop an imaging
array could be most benign.

To demonstrate, tunable graphene filters were fabricated
directly atop a gallium-free type-II superlattice (T2SL) detec-
tor with a cut-off wavelength of 11 µm. Graphene is chosen
for two reasons. First, it has been used in numerous “stand-

167



alone” tunable infrared filters reported previously.[6] Second,
being a two-dimensional van Der Waals solid, graphene can
be transferred at room temperature directly atop the detector
material stack while imparting virtually no mechanical load.
The filter can thus be made directly atop the pixel using typical
lithography approaches without damaging the sensing element
in any way. The finished pixel is thus composed of a tunable
filter that is fully integrated to the detector as a single solid
state device.

The following describes the architecture and operation
of this tunable integrated pixel (TIP). Specifically, spectral
responsivity of the TIP-device was measured as a function
of electrostatic gating of the graphene filter. Dynamic and
continuous tuning of the relative spectral responsivity resulting
in changes of > 20% were observed. These changes were
then leveraged to dynamically alter the comparative sensitivity
between two spectrally separated bands of polypropylene to
emphasize the device’s “push-button” tunability. Taken to-
gether, the effort serves as a proof of principle demonstration
highlighting a path towards independent spectral tuning of
individual pixels across an array.

RESULTS

The fabricated tunable integrated pixel (TIP) is shown in
Figure 1 from both a plan and cross-sectional view. Begin-
ning from the top, the filter is composed of a Au grating
metasurface that excites the graphene plasmon. The graphene
plasmon’s energy—and hence the pass-band of the filter—is
controlled dynamically by placing a voltage across a thin HfO2
layer that rests above the graphene using the Au. The voltage
electrostatically dopes the graphene inducing changes in the
material’s optical properties and thus its plasmonic response. A
thick Al2O3 layer supports the graphene and practically serves
as a ”coarse knob” for dictating the static spectral character of
the filter.[7] Each of these layers is fabricated atop the detector
through either layer transfer techniques (graphene) or atomic
layer depostion (ALD). Processing did not appreciably change
the detector properties.

The detector is composed of a gallium-free type-II superlat-
tice (T2SL) long-wave infrared (LWIR) absorber synthesized
atop a GaSb substrate. Use of a T2SL detector is motivated
by theoretical predictions of dark current characteristics sur-
passing that of mercury cadmium telluride (MCT) [8], [9],
[10], [11]. It is important to note that while a T2SL was
selected for use in this work, the tunable architecture employed
here is absorber material agnostic meaning that it could easily
be applied atop a conventional MCT detector yielding a
significant increase in quantum efficiency over that of the
T2SL. For the present case, quantum efficiency is hindered by
the low absorption coefficient of the ∼ 2 µm thick superlattice
in the LWIR wavelength range [12], [13].

The tunable integrated pixel was characterized initially
via measurements of its spectral responsivity. These measure-
ments were carried out by focusing light output from a Fourier
transform infrared spectrometer (FTIR) onto the device. The
electrical output of the detector was then fed directly back
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Fig. 1. False color micrographs of tunable integrated pixel from (a,b) plan
and (c) cross-sectional views. Inset of (b) presents a detailed view of the
nanoantenna filter consisting of a metallic grating sitting atop a thin HfO2
dielectric and graphene stack.
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into the FTIR such that the response from ∼8-12 µm (800-
1200 cm−1 ) could be assessed continuously as a function
of filter bias. Spectral characteristics of the light-source were
calibrated using a commercial DTGS detector.[14]

Spectral tuning of the device is apparent, repeatable, and
continuous as shown in Figure 2. Quantitatively, the detector’s
relative response changes by nearly ±20% relative to that at
the charge neutrality point (CNP) of the graphene. The location
of maximum responsivity, meanwhile, varies by ∼ 50 cm−1 .
The changes are analog allowing for continuous tuning as
opposed to the digital states typically available when filtering
with phase change materials.

Variations in the spectral response are caused by changes
in the amount of transmitted light through the filter rather
than a spurious alteration in the detector’s charge transport
induced by the electrostatic gating of the graphene. This is
evidenced by comparing the current-voltage characteristics of
the graphene with the spectral response of the detector at
1200 cm−1 as shown in Figure 2(c). Specifically, changes in
spectral responsivity of the TIP device as a whole qualitatively
match the amount of current moving through the graphene.
This correlation, in combination with changes observed in the
device’s reflectance as a function of gate voltage (not shown),
indicates that the graphene/dielectric stack is operating as a
tunable light filter.

The tunability of the graphene filter allows for ”push-
button” control of a pixel’s spectral sensitivity. To demonstrate,
a thin polypropylene film was placed between the light source
and the TIP device. The infrared spectrum measured by
the TIP pixel was then acquired with the graphene set at
several different Fermi-levels (εf ) as controlled by the gate
voltage. Results are shown in Figure 3 where changes in
the response—and hence sensitivity to—certain modes are
appreciably varied. This is exemplified by comparing the
signals near 930 and 1100 cm−1 . For the lower energy mode,
maximum sensitivity (i.e., largest “dip” in signal) is observed
when the graphene Fermi-level is maximized—i.e., the optical
conductivity of graphene is greatest. The opposite is true for
the mode near 1100 cm−1 leading to difference spectra that
“flip” in the magnitude of their signal near 1000 cm−1 (see
Figure 3(b)). Effectively, the device is more sensitive to one
mode as it becomes less sensitive to another. This spectral
selectivity is typically acquired through the use of stand-alone
filters. Here, it is being demonstrated as part of the detector
itself.

The filter operates electrostatically with minimal dissipation
of current. Here, we have monitored the graphene current as
a means to correlate changes in the graphene with that of
the spectral response. For practical use, this monitoring is
unnecessary. The filter dissipates only the current “leaking”
through the gate, which is orders of magnitude less than that
moving through the detector itself. The TIP device there-
fore provides additional functionality with minimal additional
power consumption.

(a)

(b)

(c)

Fig. 2. (a) Spectral photoresponse of TIP device at varying gate voltages
used to control spectral response of filter. (b) Map of spectral responsivity as
a function of wavelength and gate voltage. Plots in (a) are horizontal line cuts
of (b). (c) Comparison of electrical transport within the graphene filter and
the TIP spectral responsivity at 1200 cm−1 (vertical dashed line in (b)).
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Fig. 3. (a) Measured and (b) difference spectra of polypropylene from the
TIP-device as the Fermi-level (εf ) of the graphene is changed via the gate
voltage.

CONCLUSIONS

By fabricating a dynamic graphene metasurface atop a T2SL
infrared detector, tunable spectral responsivity at the single
pixel level was demonstrated in the LWIR. The monolithic
approach increases functionality while maintaining the stan-
dard lamellar architecture of semiconductor devices without
appreciably increasing the size or power consumption of the
detector. With this demonstration, a path towards imaging
arrays exhibiting pixels with independent and controllable
spectral responsivities is identified.
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