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ABSTRACT: An induced-transmission filter (ITF) uses an
ultrathin metallic layer positioned at an electric-field node within
a dielectric thin-film bandpass filter to select one transmission band
while suppressing other bands that would have been present
without the metal layer. We introduce a switchable mid-infrared
ITF where the metal can be “switched on and off”, enabling the
modulation of the filter response from a single band to multiband.
The switching is enabled by the reversible insulator-to-metal phase
transition of a subwavelength film of vanadium dioxide (VO,). Our
work generalizes the ITF—a niche type of bandpass filter—into a
new class of tunable devices. Furthermore, our fabrication
process—which begins with thin-film VO, on a suspended
membrane—enables the integration of VO, into any thin-film
assembly that is compatible with physical vapor deposition
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processes and is thus a new platform for realizing tunable thin-film filters.
KEYWORDS: phase-change materials, VO,, thin-film filters, tunable filters

B INTRODUCTION

Various approaches have been employed to make optical filters
tunable with respect to parameters such as wavelength,
bandwidth, and transmission magnitude. Examples such as
mechanically driven filter wheels,' tunable fiber Bragg
gratings,2’3 tunable Fabry—Pérot (F—P) resonators,” acous-
to-optic tunable filters,”” and liquid-crystal tunable filters®’
have resulted in revolutionary developments in applications
from optical communications'’ to detection and imaging.""'*
More recently, efforts to create fast, compact, and tunable
filters have focused on incorporating active media into either
multilayer-'*~'® or metasurface-type'” " structures. Each of
these two general approaches has different advantages and
disadvantages; for example, metasurface-based designs are
much thinner, are potentially much faster, and require fewer
fabrication steps but are difficult to fabricate over the
millimeter scale, whereas multilayer structures require no
nanopatterning and thus scale more easily to larger areas.
Active materials that have been investigated for tunable
filters include correlated transition-metal oxides,’ germa-
nium—antimony—tellurium (GST),”” and gate-tunable gra-
phene,”” all of which have complex refractive indices that can
be tuned via one or more external stimuli, such as thermal
biasing, electrical gating, incident light, and strain.”*™>° In
particular, thin-film VO, has been widely explored for tunable
optical devices, especially in the mid- and far-infrared where it
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features a high refractive-index contrast and relatively low loss
in one of its phases.”” However, the integration of VO, into
thin-ilm assemblies is challenging because of the high
temperatures required to obtain the correct crystallographic
state (typically, >500 °C**7*°) and the dependence of its
electrical and optical properties on the substrate and synthesis
methods.””’

In this paper, we proposed an alternative procedure—
deposition of dielectric layers on both sides of an as-grown
VO, on a Si membrane—to fabricate thin-film stacks
comprising mid-infrared-transparent dielectric materials and
VO,, enabling the creation of tunable mid-infrared filters. We
designed and fabricated an induced-transmission filter (ITF)—
a dielectric thin-film filter that uses an ultrathin metal layer to
remove unwanted sidebands around a desired passband—
where the metal layer is replaced by VO,. We designed filters
with one or more tunable passbands and experimentally
demonstrated a filter that switches between broadband
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Figure 1. (a) Schematic of an all-dielectric single-cavity (Fabry—Perot-type) filter, with a high-index cavity sandwiched by alternating high-index
(H) and low-index (L) dielectric films. This dielectric filter features a narrow transmission band but is accompanied by (usually unwanted) side
bands at both shorter and longer wavelengths. (b) Schematic of a classic induced-transmission filter (ITF) in which an ultrathin metallic layer is
introduced into the cavity at the position where the electric-field magnitude of the desired passband wavelength (IE(4,)!) is minimized, suppressing
the unwanted sidebands. The schematics in (a, b) are rendered based on the design in ref. 33 () A schematic of our switchable ITF that features a
broad transmission band (OFF state) when VO, is in the insulating phase and a narrow transmission band (ON state) when VO, is in the metallic
phase. (d, e) The evolution of the complex refractive index of a VO, film across its insulator-to-metal transition (IMT).>’
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Figure 2. () Electric field distribution (El) in the dual-to-single bandpass ITF at wavelengths of 9 and 11 ym, when the VO, is in its insulating
state. (b) Simulated OFF- and ON-state transmittance of the dual-to-single bandpass ITF. (c) Electric field distribution (IEl) in the broad-to-
narrow bandpass filter at wavelengths of 8.8 and 10.8 um, when the VO, is in its insulating state. (d) Simulated OFF- and ON-state transmittance

of the broad-to-narrow bandpass ITF.

transmission in the long-wave infrared (LWIR, 8—12 ym) and
a narrow passband around 8.8 um.

B DESIGN AND SIMULATION

Our design is inspired by the induced- transmlssmn filter (ITF)
proposed by Berning and Turner in 1957.%” Their intent was
to improve rejection of out-of-band transmission by introduc-
ing a thin metallic film 1nto a narrow-bandpass filter
comprising dielectric thin films.** For example, Figure la is a

schematic of a conventional single-cavity all-dielectric filter*
with a passband at free-space wavelength A, but accompanied
by unwanted side bands. If an ultrathin (<1,) metal is inserted
at the position x; where the field is minimized (i.e., IE(x;, 4,)!
~ 0) (Figure 1b), the metallic film will have a minimum
influence on E(4;) everywhere. However, the electric field at
the other wavelengths can be greatly affected by this metallic
film, resulting in suppression of the sideband transmission.
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Figure 3. (a) Fabrication process. First, a VO, layer (target thickness = 70 nm; actual value ~130 nm) was formed using the sol—gel method on the
top side of a 1 pm thick Si membrane (5 X S mm) using the sol—gel method. Then, the ZnSe/Ge layers were deposited on the top and bottom
sides of the sample, with the target thicknesses according to our simulation shown in Figure 2c. (b) FTIR transmittance measurements of the
fabricated ITF for both OFF (at 30 °C) and ON states (at 100 °C). The dashed lines are calculation results, the same as those in Figure 2d. (¢, d)
Zoomed-in figures of “b” to better show the mechanisms that likely caused the reduction in transmittance and spectral shifts in our experiments.

This configuration is an ITF with a single narrow passband at
Ay

ITFs have long since been supplanted by advanced
multilayer dielectric thin-film coatings.,?'4 but recent research
into phase-transition materials presents an opportunity for
tunable devices. Directly replacing the metal layer in an ITF
with a phase-transition material results in a modulation of the
sideband transmission while leaving the primary passband
essentially unchanged. In such switchable ITFs, those side-
bands can be re-engineered to act as secondary passbands.
Therefore, such a design would allow independent control of
transmission in different passbands via tuning the phase of the
active material.

Here, we use a VO, film as the switchable layer. VO,
features a dramatic change in the complex refractive index
when the material undergoes an insulator-to-metal transition
(IMT) at ~70 °C (Figure 1d,e).”” As shown in Figure Ic, once
inserted into a bandpass filter, the insulator-phase VO, film has
little effect on any transmission bands because of its low loss
and deep-subwavelength thickness. In the metallic phase, the
VO, film becomes lossy and can suppress the transmission at
all wavelengths except the wavelength at which the electric
field has a node at the VO, position. We designed two
switchable ITFs: one that switches between double-passband
and single-passband transmission states and a more complex
design that switches between a narrow and a broadband
transmission state. The former is primarily used to illustrate
the design principle, and therefore it is only demonstrated by
simulations. The latter was experimentally demonstrated as a
proof-of-concept device for IR imaging enhancement.

To design a double-band transmission filter, we applied
needle optimization methods>*° (in OpenFilters®”) using two
low-index materials (L), zinc sulfide (ZnS, n = 2.2) and barium
fluoride (BaF,, n = 1.42), and one high-index material (H),
germanium (Ge, n = 4). We targeted a transmission spectrum
with two high-transparency windows at 9 and 11 ym. The
optimized structure, with the refractive index profile in Figure
2a, featured transmittance of ~1 at both target wavelengths.

We found that at a depth of 5.2 ym (Figure 2a) |E| featured
a peak for 1 = 9 ym and a node for 4 = 11 pum. After we
inserted a 50 nm VO, film at this position, the transmittance
spectrum was largely unchanged for VO, in the insulating
phase (OFF state). For VO, in the metallic phase (ON state),
the transmittance at 9 um was suppressed, while the
transmittance at 11 gm remained mostly unaffected (Figure
2b). The refractive index of VO, used here was previously
extracted by ellipsometry of a ~ 100 nm VO, film synthesized
using the sol—gel method on a silicon (Si) wafer.”” A series of
Lorentz oscillators were used to capture optical constants of
the insulator-phase VO,, and additional Drude terms were
used to describe the contribution of the free carriers in the
metallic phase. More characterization details are included in
Supporting Information Section 1 and ref 27.

Then, via a similar procedure, we designed a broad-to-
narrow bandpass ITF. We started with an all-dielectric stack
with Ge (n = 4.0) as the high-index material and zinc selenide
(ZnSe, n = 2.4) as the low-index material. We targeted high
OFF-state transmittance (Tgpz) over 8—12 um and narrow-
band ON-state transmittance (Toy) at ~9 pum. To minimize
fabrication complexity, we limited the number of layers to 12
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Figure 4. (a) Emissivities of the sapphlre and silica wafer, measured by our FTIR spectrometer using Kirchhoff's law (i.e., emissivity = absorptance
=1 — reflectance, for an opaque wafer).* (b) Schematic of our thermal-emission measurements using the FTIR spectrometer. More details can be
found in ref 40. (c—e) Measured thermally emitted signal from the sapphire and silica wafers when there was no ITF or with the ITF in its OFF
state and ON state, respectively. (f) A visible photo of the sapphire and silica wafer pieces. (g) Our infrared imaging setup: the thermally emitted
power from the sapphire and silica first went through the ITF and then was collected and reimaged by a convex lens to the object plane of an IR
camera. (h—j) IR images of the heated sapphire and silica (at 280 °C) without the filter and for the ITF in its OFF state (25 °C) and ON (90 °C)

state, respectively.

and the total thickness to 14.5 pm. We set the thickness of
VO, in the design to be 72 nm, to match a VO, film we
previously synthesized on a Si wafer (Supporting Information
Section 1). In the optimization, we fixed the thickness of the Si
to 1 ym to align with our fabricated device described in the
next section. We set the optimization figure of merit as the
product of the averaged OFF-state transmission (Top) and
the ratio between ON-state transmission (Tgy) within and
outside of the passband at 8.8 ym:

ToN (8.8 pm)

FOM = T, (8—12 pm) T (55—12 pr)
The optimized structure (Figure 2c) features an OFF-state
transmission band consisting of five adjoining bands with
average transmittance >0.6 from 8 to 12 um (Figure 2d). In
the ON state, the peak transmittance reaches 0.5 at 8.8 um
with an out-of-band transmittance smaller than 0.1.

B EXPERIMENTS

We fabricated the broad-to-narrow bandpass ITF based on the
index profile in Figure 2¢ using the fabrication flow in Figure
3a. We used a 1-um-thick Si (001) membrane supported by a
frame (Norcada) as the substrate and oxidized it in a tube
furnace at 850 °C for S h in air to promote VO, adhesion. The
suspended membrane was wrinkled (Figure 3a—i). Our VO,
films were produced by following Hanlon et al.>® A vanadium-
oxide sol was prepared by heating vanadium pentoxide (V,05)
powder (99.99% purity, AlphaAesar) in a ceramic crucible at
1100 °C until molten and then slowly pouring into water and
filtering out the precipitates. The V,O; solution was spin-
coated onto the substrates (see details in Supporting
Information Sections 1 and 3) and baked at 150 °C to
evaporate the solvent. The membrane was then placed inside a
tube furnace in a reducing atmosphere of 5% H, in Ar and
annealed for 550 °C for 2 h to reduce the V,0; film to VO,
and promote crystal growth. Then, we deposited the
alternating Ge—ZnSe layers on the top and bottom sides of

the VO,—Si membrane (Figure 3a-iii and iv) using electron-
beam evaporation (implemented by Materion Corp.).

The OFF- and ON-state transmittance of the fabricated ITF
was characterized using our FTIR spectrometer with a heat
stage (Linkam FTIR 600) (see details in Supporting
Information Section 2). The measurements are in qualitative
agreement with our simulation. At 30 °C (filter in the OFF
state), the device features an average transmittance of 0.34
across 8—12 um. At 100 °C (filter in the ON state), our filter
has a narrow passband at 4 = 8.7 ym, with peak transmittance
of 0.35, accompanied by low out-of-band transmittance
(<0.03). The passband transmittance at 8.7 ym decreases by
a factor of 2 as the device switches from the OFF state to the
ON state, while the out-of-band transmittance decreases by an
order of magnitude on average.

To understand the differences between our original
simulations of the optimized structure and experiments, we
performed several additional simulations. Three major factors
were identified: (a) the thickness of VO, in our fabricated ITF
is ~130 nm, which is thicker than in the original design in
Figure 2¢,d. The thicker VO, results in a drop of the ON-state
transmittance magnitude, as shown in Figure 3d (see more
details in Supporting Information Section 3). (b) The drop of
the OFF-state transmittance magnitude is likely due to the
presence of metallic impurities in the insulator-phase VO,,
which is caused by the overreduction of V,0Oj, resulting in VO,
(x < 2)*”*? which has more loss compared to pure insulating
VO,. Using an effective-medium calculation, we found that if
we added ~20% of the metal-phase domains to the OFF-state
simulation (i.e., 20% of metallic phase + 80% of insulating
phase rather than 100% of insulating phase in our original
simulation) the magnitude drop of the simulated OFF-state
transmittance matches the experiments (Figure 3c; see more
details in Supporting Information Section 3). Note that the
nontrivial OFF-state absorptance between 8 and 11 pm as
shown in Figure S2c (Supporting Information Section 2) is
evidence of the optical loss in the as-grown VO, film because
pure insulating VO, has very little optical loss in this regime
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(Figure le), and the other materials comprising the ITF are
effectively lossless. (c) The transmittance peaks of the
fabricated filter were blue-shifted by ~0.1 pm compared to
the simulation, which we attribute to thickness variations of the
films due to fabrication errors. A 1.5% reduction in the
thicknesses of all Ge and ZnSe layers captured this deviation
very well, as shown in Figure 3c,d (Supporting Information
Sections 3 and 4). Moreover, small differences in the refractive
indices are expected among VO, films, though they were
synthesized via very similar conditions.””

Despite these discrepancies, our fabricated ITF still features
a good contrast in the transmittance bandwidth between the
OFF and ON states and in principle can be used to enhance
LWIR imaging. As a proof-of-concept demonstration, we used
the switchable ITF to (1) modulate the thermal emission from
two samples with different emissivity as measured using an
FTIR spectrometer (top panel of Figure 4) and (2) modify IR
imaging of these same samples using a commercial IR camera
(bottom panel of Figure 4). The two samples we used are
sapphire and silica wafers heated to 280 °C, which are nearly
indistinguishable by thethe eye (Figure 4b) but have distinct
LWIR emissivities. In our thermal emission measurements
(Figure 4c), the emitted power from the samples went through
the interferometer and then was directed to the microscope
where our ITF was placed, and the filter state was controlled
by a heat stage with a through-aperture hole. In this setup,
though the ITF filter sometimes needed to work at high
temperature (i.e., 90 °C for its ON state), its thermal-emission
contribution was excluded from the measured signal because
the ITF thermal emission was not modulated by the
interferometer.

In Figure 4c—e, we show the raw measured thermal-
emission spectrum (no calibration to account for the system
response of the FTIR") when no ITF is present (4c) and with
the ITF in its OFF state (4d) and in its ON state (4e). Within
the operational wavelength region of our switchable ITF, the
emitted power from sapphire is larger than that of silica for
shorter wavelengths but smaller for longer wavelengths.
Therefore, the integrated powers of these two samples
(/I(2)d2) are similar for the entire LWIR region when no
ITF is present or when the ITF is in its OFF state. However, in
the ON state of the ITF, the measured thermal power from the
sapphire sample is significantly larger than that of silica (Figure
4e), indicating its potential for IR imaging enhancement.

Then, we incorporated our filter into an infrared imaging
setup with an FLIR A325sc camera (Figure 4g). The thermally
emitted light from the wafers went through the switchable ITF
and a through-aperture hole on the heat stage, resulting in a
limited field of view (the dashed circles in Figure 4h, i, and j).
The transmitted power was collected using a convex lens and
reimaged at the object plane of the camera. We set the camera
emissivity to 0.95 (i.e., the emissivity the camera assumes when
converting measured thermal-emission power into an apparent
temperature) and temperature scale bar to autoscale mode for
all the imaging, which is the default setting in the camera
software. Then, we recorded images with no ITF (Figure 4h)
and the ITF set to the OFF and ON states (Figure 4ij),
respectively. When there was no ITF, the silica appeared to be
hotter than the sapphire by 5 °C (i.e., ATy, = Topphire — Tsilica
= —5 °C). When the filter was used and set to its OFF state,
AT,,, became very close to zero. However, when the ITF was
set to its ON state (i.e, 90 °C), the sapphire appeared to be
hotter than silica (i.e., AT,y flipped its sign to +3 °C). These

results qualitatively agree with our FTIR measurements in
Figure 4c—e.

We note that we did not observe a large improvement in
image contrast in Figure 4h—j as would be expected from our
FTIR measurements in Figure 4c—e. The reason for this
discrepancy is the significant background contributed by the
thermal emission from the ITF itself because it has to be
heated to 90 °C to be in the ON state and has significant
emissivity (Supporting Information Section 2). The presence
of the thermal background mostly cancels out the improve-
ments to the image contrast obtained using the narrowband
filter in the ON state of the ITF. In future realizations of
switchable ITFs for image enhancement, the IMT temperature
of VO, will need to be reduced, for example, using doping™* or
defect engineering.”> We also note that the apparent
temperatures interpreted by the camera in Figure 4h—j were
very different from the actual temperature of the objects (~280
°C), in part because we did not account for the true
emissivities of the wafers and in part because the optical
components between the objects and camera attenuated a
significant amount of the emitted power from the objects.

B DISCUSSION

Our multilayer geometry does not require nanopatterning, and
thus this approach is more scalable and less expensive
compared to the use of active metasurfaces.””* Currently,
the use of phase-change materials in the middle of thin-film
stacks is uncommon (we note two demonstrations: ref 15 with
GST and ref 46 with VO,), likely because it has been
challenging to integrate the active materials into dielectric
stacks. For example, tunable near-IR Bragg filters have been
demonstrated by introducing thin-film VO, as a defect layer
into an alternating TiO,/SiO, optical stack by sputtering all
layers on a bulk quartz substrate.”® However, for the LWIR
regime, very few transparent materials are convenient
substrates for the growth of VO,."”*® Here, we demonstrated
that a VO, film can be introduced into mid-IR-transparent
stacks by synthesizing VO, on a thin Si membrane and then
depositing thin films on both sides. Note that such VO,-based
filters can feature years-long lifetime, good reversibility, and
reproducibility, if the fabrication is well controlled (see
experimental evidence in Supporting Information Section 2).
We also note that one could use the substrate transfer
process*”*” to fabricate the top and bottom thin-film coatings,
which could be more suitable for fabricating over the
centimeter scale.

The concept of switchable ITFs is applicable for any desired
wavelength range so long as there are suitable active materials
and low- and high-index dielectrics that can be deposited.
Besides VO,, many phase-transition materials have been
explored for different wavelengths of interest, including
Sb,S;>" and 1T-TaS,”” for the visible, GST'*** for the near-
and mid-infrared, and rare-earth perovskites53 for the mid- and
far-infrared. Moreover, we anticipate that more sophisticated
optimization methods®*™>® can be used to significantly
improve device figures of merit compared to those of our
proof-of-concept device. Finally, we note that electrically
triggering the IMT of VO,””*" can be used to replace the
thermal biasing for better integration with other components
and to reduce the thermal background from the ITF itself.
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B CONCLUSION

We generalized the concept of an induced-transmission filter
(ITF)—an old filter design that used a thin metal layer to
suppress extraneous transmission bands in dielectric thin-film
filters—by replacing the metal film with a tunable phase-
transition layer and re-engineering the thicknesses of the
surrounding high- and low-index dielectric layers. We designed
active ITFs that can switch from one passband to many using
vanadium dioxide (VO,), a phase-transition material with large
optical contrast between its two phases. By combining sol—gel
synthesis of VO, on a thin membrane with electron-beam
deposition of dielectric layers, we demonstrated an ITF that
switches from a single narrow passband (at 8.8 ym) to a
broadband transmission window (8—12 gm). Our active ITF
can improve infrared imaging contrast under certain
conditions. Moreover, our design and fabrication methods
provide a platform for realizing tunable thin-film filters for
wavelengths from the visible to the far-infrared with the proper
choice of the active materials, enabling applications such as
multispectral imaging™ and imaging through obscurants.*’
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