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Frequency Modulation Based Long-Wave Infrared Detection

and Imaging at Room Temperature

Tianyi Guo, Arindam Dasgupta, Sayan Chandra, Swastik Ballav, Pablo Cencillo-Abad,
Souptik Mukherjee, Aritra Biswas, Muhammad Waqas Shabbir, and Debashis Chanda*

Detection of long wave infrared (LWIR) light at room temperature is a
long-standing challenge due to the low energy of photons. A low-cost,
high-performance LWIR detector or camera that operates under such
conditions is pursued for decades. Currently, all available detectors operate
based on amplitude modulation (AM) and are limited in performance by AM
noises, including Johnson noise, shot noise, and background fluctuation
noise. To address this challenge, a frequency modulation (FM)-based
detection technique is introduced, which offers inherent robustness against
different types of AM noises. The FM-based approach yields an outstanding
room temperature noise equivalent power (NEP), response time, and
detectivity (D*). This result promises a novel uncooled LWIR detection
scheme that is highly sensitive, low-cost, and can be easily integrated with
electronic readout circuitry, without the need for complex hybridization.

cooling makes them expensive and lim-
its their practical utility.*°*l On the other
hand, uncooled detectors such as mi-
crobolometers can operate at room temper-
ature and are relatively cost-effective. But,
microbolometers suffer from low detectiv-
ity (~10° Jones) due to the higher ther-
mal noise level intrinsic to room temper-
ature operation and slow response time
(15-20 ms).[*78] Concomitantly, all present
cooled as well as uncooled detectors em-
ploy amplitude modulation (AM) detec-
tion of photocurrent, voltage, or resistance
changes in response to light exposure. All
of these AM-based detection techniques in-
herently suffer from Johnson noise, ther-

1. Introduction

Long-wave infrared (LWIR) detectors are integral components in
various applications like night vision, chemical sensing, spec-
troscopy, industrial inspection, space exploration, medical imag-
ing, food evaluation technologies, security surveillance, fire-
fighting, and defense-rated applications.['*] The currently avail-
able LWIR detectors can be broadly categorized into two types:
cooled and uncooled detectors with both having their own limita-
tions. Cooled detectors, predominantly fabricated using Mercury-
Cadmium-Telluride (MCT), exhibit excellent detectivity ranging
from 10° to 10! Jones. However, the requirement of cryogenic
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mal noise, and shot noises which are all
AM noises.!”!% Therefore, there is an im-
mense need for an uncooled LWIR detector

that offers high detectivity and better signal-to-noise response.
Here, we propose a frequency modulation (FM)-based LWIR
detection scheme based on an oscillating circuit using a phase-
change material. While the operation of the microbolometer re-
lies on the change in resistance based on small disturbance to the
material properties with a positive resistance characteristic, the
proposed scheme operates through FM of the circuit, achieved
by utilizing the Negative Differential Resistance (NDR) of the
phase change material(PCM) where the film experiences drastic
phase changes between insulating and metallic phases. This FM-
based detection mechanism provides inherent resilience against
noise, particularly noise of AM nature. In this work, VO, is
selected as the PCM. At room temperature, VO, is in its in-
sulating phase possessing a monoclinic crystal structure with
high resistance.[''"13] However, when subjected to elevated ther-
mal conditions, VO, undergoes an insulator-to-metal transition
(IMT) to a rutile structure known as the metallic phase, display-
ing orders of magnitude lower resistance.'*!%] With the rever-
sal of the thermal condition, the transition is reversible from
the metallic phase to the insulating phase (MIT).I'”] This ther-
mally induced transition in VO, is exceptionally robust compared
to other PCM and with a low thermal hysteresis (5-8 K).[!#19]
In the phase transition range, VO, exhibits a NDR behavior,?"]
where the differential resistance AV/AI < 0. A combination of
an NDR element with a capacitor creates an electrical oscilla-
tor circuit that can self-sustain current/voltage oscillation with-
out the need for an external inductive component.?-»! In the
case of VO,, repeated oscillation between the two phases occurs,
with the IMT and the MIT following each other. To enhance the

© 2023 Wiley-VCH GmbH
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Figure 1. FM based infrared detection. a) Schematic illustration and b) corresponding scanning electron microscope (SEM) image of the device. c)
Circuit diagram of the FM measurement setup. d) Current-vs-voltage plot of the device with an external resistor of 58 kQ. e) Schematic illustration of
the FM detection scheme. f) Measured and simulated absorption spectra of the detector in the wavelength range of 8 to 14 um in insulating (Blue) and
metallic (Red) phase. g) Oscillation waveforms during the dark (Blue) and light (Red) conditions. A higher oscillation frequency is observed when the
detector is illuminated with light and the corresponding shift in the oscillation frequency is shown in h).

optical absorption and sensitivity of the detector, the VO, thin
film is placed on an optical cavity. The FM-based LWIR detec-
tion is achieved by tracking the change in oscillator frequency
of the circuit with respect to the incident power, while the VO,
film is electrically biased in the high-temperature coefficient of
resistance (TCR) at the IMT transition edge. While a LWIR de-
tector utilizing the NDR of PCM in conjunction with FM-based
detection has yet to be reported, prior research has demon-
strated the successful creation of self-oscillators with NDR us-
ing various PCM, such as metal oxides and 2D materials.[26-%"]
Consequently, for the purpose of presenting a general detection
scheme, we use the terms PCM and VO, interchangeably in
the following description. Our room-temperature LWIR detec-
tor exhibits a noise equivalent power (NEP) of less than 3 pW
- Hz7/2, response time ~2.96 ms and a high detectivity of the or-
der of 10° comparable to cryogenically cooled LWIR detectors. We
strongly believe that the performance can be further enhanced
with proper industry-scale packaging. This novel concept pro-
vides a paradigm shift to highly sensitive, uncooled LWIR detec-
tors that can be used in IR spectrometers for molecular sensing,
medical diagnostics, and cameras for space, military, and security
applications.
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2. Results

2.1. Device Principle

The schematic design of the FM-based LWIR detector is shown
in Figure 1a. A thin PCM film is suspended with a Si;N, sup-
port layer on top of an air spacer and an Au mirror. The Au mir-
ror and air spacer together form an optical cavity. A part of the
PCM/Si; N, stack in the schematic is intentionally drawn with
transparency to clearly show the presence of the optical cavity.
The incident infrared radiation (indicated by the red arrow) is
partially absorbed and partially transmitted through the thin film
stack. The transmitted wave is then reflected by the back mirror.
Depending on the cavity phase, a constructive interference be-
tween the reflected wave and incident wave intensifies the elec-
tromagnetic field at the suspended PCM/Si; N, stack interface re-
sulting in an enhancement in absorption.*] Finally, chromium
electrodes were fabricated on the sides of the PCM for electrical
connections.

A Scanning Electron Microscope (SEM) image of the detector
is shown in Figure 1b, where a suspended 8 x 8 um? PCM/Si;N,
stack is clearly visible. Details of the device fabrication are
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included in the Experimental section. The fabricated detec-
tor pixel is connected to an electrical circuit as illustrated in
Figure 1c. At an appropriate biasing condition, electrical oscilla-
tions can be initiated owing to the NDR exhibited by the PCM in
the active pixel material stack. The onset of oscillation under cur-
rent control (CC)3! mode is depicted in Figure 1c. The two halves
in the circuit diagram, highlighted by blue and red colors, repre-
sent two processes in the oscillation. The blue process indicates
the charging of capacitor C; when the circuit s first initiated. Dur-
ing this process, the current flow I; bypasses the active detector
pixel (R,) branch due to its high resistance in the insulating phase
of PCM, instead charges the capacitor C,. Following the charging
of C, (shaded as the blue process in Figure 1c), the discharging
of C, (shaded as the red process in Figure 1c) starts as soon as
the voltage V, across C, exceeds a certain threshold to drive suf-
ficient current through R, to induce an IMT due to the increase
in local Joule heating.3?-** After the IMT, the PCM (R,) transits
to a metallic phase with considerably lower resistance compared
to its insulating phase, resulting in the discharging of capacitor
C,. Subsequently, the voltage across C, (V;) decreases, eventually
leading to an MIT in the PCM due to the significant decrease in
the current/Joule heating.

The continuous repetition of these two processes results in
the oscillation in current/voltage across the PCM. One complete
electrical oscillation cycle includes one rise and one fall of the
voltage V, across the PCM (R,). The rise and fall time can be
understood as the time required to travel between two threshold
voltages V,,; and V,,, where V,, is the threshold voltage at the
end of the C, charging (V; >V,,;) when the IMT occurs, and V,,,
is the threshold voltage at the end of C; discharging (V; < Vy,)
when the MIT happens. To acquire the full hysteresis curve of
the VO, phase transition, we measure the change in the voltage
across the VO, film by varying the bias current. An external re-
sistor R,,, = 58 kQ is added to the circuit (Figure 1c) to disable
electrical oscillation while varying the applied current. Figure 1d
plots the measured voltage across the PCM as a function of the
bias current. The sudden drop in the voltage in the red curve
while increasing the applied current represents IMT; whereas the
sudden bump in the voltage while decreasing the applied current
represents MIT. The voltages across the PCM (V,) at the transi-
tion edges are recorded as the threshold voltages Vy,; and Vy,,,
respectively. During the LWIR exposure of the device, the stack
absorbs the light and modifies the phase of PCM toward metal-
lic phase. Although, this modification is not strong enough to
induce the phase transition due to the low intensity of the inci-
dent light, it reduces both threshold voltages Vy,, near IMT and
Vi, near MIT resulting in the shift in the oscillation frequency.
Figure 1e shows a schematic illustration of the working principle
of this proposed FM-based detection scheme. At first, during dark
conditions, the circuit oscillates at a frequency of f;,,, When the
detector is illuminated with infrared light, it changes the oscil-
lation frequency to fy,; +Af. Once the incident light is removed,
the oscillation frequency returns to its original frequency. There-
fore, by recording the frequency shift Af, the incoming infrared
light can be detected.

The absorption spectra of the PCM/Si;N, stack in the insulat-
ing (blue) and metallic (red) phases are measured and plotted in
Figure 1f where a significant change in absorption between the
two end states is observed. To corroborate the experimental data
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with numerical calculations, we perform finite difference time
domain (FDTD) simulations in Ansys Lumericals, where there
is a good agreement between the simulation (dashed) and exper-
imental results (solid) (see Experimental section for the details of
the FDTD simulation). We consider the absorption of the stack
during oscillation to be in between the metallic and insulating
phase absorptions. Figure 1g shows two measured electrical os-
cillation waveforms in dark (blue) and light (red) conditions, with
the time between the two waveforms adjusted to best present the
difference in oscillation frequency. The corresponding oscillation
frequencies in the light (red) and dark (blue) conditions are dis-
played in Figure 1h. For the light illumination, a quantum cas-
cade laser (QCL) of wavelength 8.7 pm is focused on the detector
using a parabolic mirror. When the 8 x 8 um? active sensing area
with a current of 63 pA is illuminated with a 11.5 uW incident
power with 300 um diameter spot size, the oscillation frequency
increases by 499 Hz, from 5.007 kHz (dark) to 5.506 kHz (light).
A schematic of the measurement setup is shown in Figure S1
(Supporting Information), while the details of the setup are in-
cluded in the Experimental Section.

2.2. Equivalent Circuit Model

While extensive research has been done on the phase transition
of VO,, the physics behind the phase transition when it is simul-
taneously driven by current and electric field (in this case inci-
dent infrared light), is not well understood. A good model that
can describe the full transition is still being explored. For this
reason, it is daunting to simulate the oscillation frequency and
light-induced FM of our device at the same time for a wide range
of currents, because this would require describing the phase tran-
sition both under DC (bias current) and high frequency (incident
IR radiation) electric fields. We instead followed an approximate
approach by creating an equivalent circuit of the device in a cir-
cuit simulation environment to match and predict the electrical
performance of the device. To simulate the oscillation frequency
and its light-induced modulation, we have created the equivalent
circuit model of the device in LTspice,[***] which is illustrated in
Figure 2a. In this model, constant current source I, is the drive
current used in the experiment. Ry is a voltage-controlled resis-
tor representing the resistance of the VO, film, C, refers to the
capacitance in the system that is connected in parallel to the VO,
film. It should be noted that while I; and C, are among the ex-
ternal components utilized in the experiment. Additional circuit
elements including a voltage comparator (V,), constant voltage
sources (Vi;, Vi,, Vy), @ constant resistor (R,) and a capacitor
(C,) shown with a gray background, along with R, are incorpo-
rated to imitate the variation of the PCM’s voltage-controlled re-
sistance (Ry) during phase transition. Details of the simulation
are included in the Experimental section. Figure 2b plots the os-
cillation frequency of the circuit as a function of drive current
during the dark conditions (blue) and when illuminated with an
8.7 um wavelength IR laser(red). An increase in the oscillation
frequency is observed during the light illumination compared to
the dark condition. The simulation agrees well with the exper-
imental results. It should be noted that the circuit can support
oscillations in a certain range of the drive current. For the de-
vices with 8 X 8 um? active area, oscillation onsets from the drive
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Figure 2. FM-based detector equivalent circuit model. a) Equivalent circuit diagram of the FM-based detector in LTspice. b) Evolution of the frequency
of oscillation as a function of drive current |4 for an 8 x 8 um? active detector area under dark (Blue) and light (Red) conditions. c) Simulated and
experimental frequency shift Af between light and dark conditions as a function of the drive current of the oscillator. d) Simulated and experimental
waveform of the oscillator for a constant drive current of 63 pA during light and dark conditions.

current at 40 pA and ceases at 108 pA in the dark condition. When
the drive current is lower than 40 pA, the voltage V, < Vy,; on the
VO, film stays below the IMT threshold and consequently, no
current oscillation exists. On the other hand, with a high drive
current above 108 pA, the device makes an IMT but fails to make
an MIT afterward due to V; > V,,, at all the time, and hence the
oscillation cannot exist as well. Here, I . and I . are referred to
as the minimum and maximum limit currents that support oscil-
lation in the circuit, respectively. The shift in the frequency in the
presence of light (Af = £, - f5,4) as a function of drive current
for a constant illumination power is shown in Figure 2c. It is ob-
served that Afincreases with the drive current I;. As the drive cur-
rent I, approaches the threshold current I, the increase in Af
is particularly rapid. Figure 2d displays the corresponding simu-
lated (red dashed line) and experimental (blue solid line) oscilla-
tion waveforms at 63 pA in the dark (top) and the light (bottom)
conditions. The experiments demonstrate that the frequency of
the circuit increases from 5.007 kHz to 5.506 kHz when exposed
to light, manifesting a frequency shift of Af ~ 500 Hz which
shows an excellent match with the simulation results.

2.3. Photoresponse with FM Detection Scheme
Next, the performance of the detector is assessed in terms of pixel

dimensions. For this study, we characterized detectors of three
different active areas: 8 x 8, 12 x 12, and 15 x 15 um?. Figure 3a
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shows the evolution of the oscillation frequency as a function of
drive current for 3 different pixel sizes in dark and light condi-
tions. The devices which are smaller in size (8 X 8 pm?) exhibit
the highest oscillation frequency with the same drive current. It
is observed that both the limit current I, and I, are larger
for the devices with 15 X 15 pm? pixel size. Despite the larger
operation current, the bigger devices show lower frequency re-
sponse under the same incident power compared to the smaller
devices. The effect of pixel size on the behavior of the devices
is attributed to the current density being lower in bigger pixels
under the same drive current. The lower current density in the
larger pixel leads to less local Joule heating, and hence higher
drive currents are required to induce the phase transition in the
larger pixels. Consequently, higher limit currents I, and I,
are observed in the case of larger pixels. The decrease in the os-
cillation frequency with the bigger pixels can be explained by the
longer time required to travel between two threshold voltages Vy,;
and V,;,, due to the larger difference between them AV =V,,; —
Vi, further details can be found in Figure S2 (Supporting In-
formation). Figure 3b shows the corresponding frequency shifts
of 3 different pixel-size detectors. While the device with the di-
mension of 8 X 8 um? exhibits the largest frequency shift, all 3
sizes show a similar trend as a function of drive current. From
the frequency shift, the responsivity R can be determined as
follows:

R = Af/P, (1)

nc
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Figure 3. Detector LWIR performance measurements at room temperature. a) Evolution of oscillation frequency of the detector with respect to the
driving current for three different sizes of the VO, channel, the corresponding frequency shift as a function of drive current is shown in b). The shift is
presented as 0 when the circuit is not oscillating. c) Dependence of detectivity and noise of the detector on the drive current for an 8 x 8 um? pixel. d)
Measured time response of the 8 x 8 um? device with the light switched on(red) and off(blue).

where P, is the incident power on the active region of the de-
vice. It is to be noted that since the spot diameter of the laser
is ~#300 um, P, is only a fraction of the total incident power.
Therefore, from these measurements, it can be inferred that bet-
ter responsivity is expected for devices with smaller pixel sizes.
Further, the sensitivity of the device with 8 X 8 um? active pixel
area is assessed by measuring the detectivity (D) as a function

of drive current. The D is defined by the expression

D* = \/A/NEP 2)

where, A is the active area of the detector and NEP is the noise
equivalent power. NEP can be determined by:

NEP =S,/R 3)

where S, is the noise spectral density calculated at 1 Hz by a
waveform measurement with Shannon-Nyquist sampling theo-
rem. The noise is attributed to circuit FM noises such as phase
noise and jitter noise.l*”*] The evolution of the noise and detec-
tivity as a function of the drive current is plotted in Figure 3c. As
the drive current increases, the noise (S,) also increases because
the device approaches the metallic phase. This is attributed to the
increased instability of Vy; and V,,;-V,,, with a high drive cur-
rent. The black graph in Figure 3c displays the measured D* of
the device as a function of the drive current. This measurement
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demonstrates that when the drive current is set to the smallest
value of 40 pA, producing the lowest noise S, the highest mea-
sured D* of 3.8 X 108 Jones is obtained for these fabricated detec-
tors. As the drive current increases, the value of S, also increases,
leading to a corresponding decrease in D*. This decrease in D*
continues until a certain drive current is attained, after which it
remains mostly constant. The capacitance of the measurement
setup is estimated to be ~6 nF by matching experimental result
with the equivalent circuit model prediction. It is worth noting
that if the capacitance in parallel with the VO, film is reduced
or the electrical circuit’s instability is decreased, the sensitivity of
the proposed FM-based detector for room temperature use will
be further enhanced. According to industry standards, construct-
ing a measurement set-up with a parallel capacitance of 1 nF is
a straightforward task. Therefore, the D* of the device with 1 nF
capacitance is predicted by the equivalent circuit and represented
by the red curve in Figure 3d, demonstrating a four-fold improve-
ment in the D* value is achievable. For a drive current of 40 A,
it is anticipated that the highest expected D* is ~1.5 X 10° Jones
with room temperature detection, which is a level achievable only
with a cryogenically cooled LWIR detector among commercially
available detectors. The time response is then studied as shown
in Figure 3d. The light source is turned on/off with the on/off
of the control current of the QCL. The calculated response time
Tioral 1S 72.96 ms at 40 pA by the rise time 7, and fall time
Tet DY Tiol = Trise + Thail- Trise/Tran 1S calculated by the duration
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of the Frequency shift on the incident power showing a linear detector response. c) Schematic illustration of the experimental setup of the single-pixel
imaging system. The light source and detector are fixed while the object is mounted on the motorized XY-stage for scanning. d) Original design of the
object (left) and the obtained image (right) through single-pixel imaging in terms of frequency shift.

between 10% and 90% of changes in steady-state frequencies.[*?!
The resultis 5-7 times faster compared to the commercially avail-
able uncooled LWIR detectors in the market.”#*41] The short re-
sponse time of the proposed detector can be attributed to the
strong electrothermal feedback in VO, thin film.[#>43]

Next, the dependency of the frequency response of the de-
vice to the incident IR power is investigated. As discussed pre-
viously, the spot size of the excitation laser, with a wavelength of
8.7 um, is much larger than the active area of the detector, which
is 8 X 8 um?. Therefore, an accurate estimation of the incident
power on the active area of the detector is necessary. For this pur-
pose, we obtain the beam profile of the incident laser in the form
of a frequency shift map by scanning the detector within the fo-
cal plane of the incident laser. The parabolic mirror used to focus
the laser is shifted in increments of 10 um with a motorized XY
stage in order to scan the detector within the laser spot. Figure 4a
is the measured frequency shift map of the perfectly Gaussian
beam profile of the incident laser. The incident power P, . on the
active area of the detector is finally calculated by picking out the
center 8 X 8 um? region of the measured frequency shift map as:

Py = (Afi/ Afyap) X Py )

where Af] is the integrated frequency shift over the center
8 X 8 um” region of the map; Af;,,, is the integrated frequency
shift of the whole map; and P, is the total incident power which
is measured in front of the parabolic mirror by a power meter.
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The same measurements are performed to determine the inci-
dent laser power for the estimation of R, NEP, and D*. Figure 4b
shows the shift in oscillation frequency Afas a function of inci-
dent laser power for an 8 x 8 um? device. The power of the laser
is varied using neutral density filters before the parabolic mirror.
A linear response is observed for a large range of incident power
on the 8 X 8 um? area from 4.54 to 63.4 nW. The device position
relative to the beam is carefully adjusted and placed at the center
of the beam by scanning the beam profile for each incident power
at the start of the measurement. To demonstrate the performance
of our LWIR detector, a single-pixel imaging experiment was con-
ducted. The setup for the experiment is illustrated in Figure 4c.
The QCL laser is sent through a hollow mask of a dragon onto
the detector. By changing the position of the mask, we were able
to produce the image of the dragon as shown in Figure 4d. It is
to be noted that the captured image is a map of frequency shift as
opposed to amplitude shift in conventional imaging techniques.
Sharp high-resolution features are clearly visible in the captured
image. We believe this is the first demonstration of FM-based
LWIR imaging.

3. Conclusion

In summary, we have demonstrated an FM-based uncooled
LWIR detector using a cavity-coupled PCM. The FM-based detec-
tion scheme possesses inherent robustness against noise com-
pared to conventional AM-based detection schemes, providing

© 2023 Wiley-VCH GmbH
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significant improvement in sensitivity and signal-to-noise ratio
while minimizing the influence of external interference. The
measured detectivity of the proposed detector is higher than com-
mercially available uncooled LWIR detectors with a faster re-
sponse time. We expect that a proper industrial packaging with
low capacitance circuit components can further increase the de-
tectivity comparable to cryogenically cooled detectors (~10°). No-
tably, the detector exhibits a highly desirable linear response and
high detectivity at room temperature, rendering it a promising
solution for diverse applications. Furthermore, we have demon-
strated the feasibility of developing a multipixel IR camera with
these detectors through single-pixel imaging. Although, we em-
ployed VO, as the phase change material in our work, this de-
tection scheme can be extended to other PCM exhibiting NDR,
and different spectral regions of light can be covered depending
on the absorption properties of the material. Furthermore, PCMs
such as W-doped VO, with lower phase transition temperaturel*]
can be operated with smaller drive current, which is beneficial for
a dense focal plane array formation. The operational wavelength
may also be tuned by changing the cavity thickness. Our results
introduce this novel FM-based detector as a unique platform for
creating low-cost, high-efficiency uncooled infrared detectors and
imaging systems for various applications such as remote sensing,
thermal imaging, and medical diagnostics.

4. Experimental Section

Fabrication: A 120 nm thick Au mirror was fabricated on
SiO, (300 nm)/Si(500 um) substrate by UV-photolithography and e-beam
metal deposition. Polyimide was then patterned with UV-photolithography
assisted by a photoresist mask and finally cured at 350 °C under vacuum
for 5 h. Two hundred nanometers Si;N, was deposited on the sample by
plasma-enhanced chemical vapor deposition (PECVD). The supporting
structure was then patterned out of the Si;N, by UV-photolithography
and reactive ion etching (RIE) with CF,. Next, an 150 nm VO, film
was deposited on the SizN, structure through magnetron sputtering.
Electrodes were then patterned by UV-photolithography 60 nm chromium
deposition. Finally, the VO, film was patterned into microfilms by
UV-photolithography, followed by RIE with SFg.

Measurement:  Electrical Measurements: The fabricated device was
driven by a constant current source with a source measurement unit
(Keithley 2614B). No capacitor was attached but the total capacitance
(6 nF) of the system was extracted by fitting the experimental data with the
simulation. The device was mounted on a probe station (MPI TS150). The
oscillation waveform of the voltage across the VO, film was recorded by a
digital storage oscilloscope (Tektronix Mix Domain Oscilloscope MDO34).

Optical Setup: A quantum cascade laser source (OmnilLux from Pran-
alytica, Inc.) at 8.7 um was focused by a parabolic mirror onto the VO,
film. Laser power at different positions in the beam path was measured
by a power meter (Thermal Power Sensor S401C from Thorlabs). Neu-
tral density filters (Thorlabs) were used to scale the incident power. For
mapping the beam profile, the parabolic mirror was moved by a motor-
ized XY-stage (M30X, Thorlabs), while the device was kept static. For the
single-pixel imaging experiment, a chromium mask on top of ZnSe window
(WG70530 from Thorlabs) was placed in between the parabolic mirror and
the device. The diameter of the mask plate (ZnSe window) was 2.54 cm,
while the size of the dragon pattern on top was 1to 2.1 cm. The laser was
focused on the mask to achieve the best resolution of the recorded image.
Both the parabolic mirror and the sample were kept static, while the mask
was moved by the motorized XY-stage (M30X, Thorlabs).

FDTD Simulation: Simulation for absorption was performed in
Lumerical FDTD. The refractive index values for VO, were extracted by
ellipsometry measurement (VASE Ellipsometer, |.A. Woollam).
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LTSpice Simulation: The equivalent circuit modeling of the VO, detec-
tor was done in LTSpice. The schematic illustration of the equivalent circuit
is shown in Figure 2a. |y represents the drive current of the circuit from
the constant current source used in the experiment. Ry was a resistor sig-
nifying the resistance of the VO, film. C; was the total capacitance in the
system which is in parallel to the VO, film. Although 14, Ry, and C; were all
the components that are present in the experiment, more circuit compo-
nents were added to mimic the current/voltage-controlled variation of the
resistance Ry of the VO, film. Three major components: a voltage com-
parator V3, a capacitor Cy, and a constant voltage source Vo = 1V were
added along with some other components, whose values were tuned to
best match the experimental results. These components include a voltage
source Vi1 = F(Viy1,Viight, 1d) — @Vyy,, a constant voltage source Vi, = Vy,,
, and a constant resistance Ry. The resistance change between the insu-
lating and the metallic phase of the VO, film was incorporated by making
Ry a voltage-controlled resistor

Ry = 1/ (Vco*Gins + (Ve1— Vo) *Cmet)s where Gins and Gmet are the
conductance of VO, film in its insulating phase and metallic phase respec-
tively. The equivalent circuit incorporates the MIT and IMT of the VO, film
in the simulation in the following manner: When the VO, film is in its in-
sulating phase, the voltage across the VO, film is low (terminal V1 of the
comparator), the voltage comparator V3 outputs Vo = 1V. Therefore, the
voltage-controlled resistance is calculated following the equation Rv = 1/
Gins, which matches with the insulating phase. Similarly, in the metallic
phase of VO,, the voltage comparator outputs 0 V making Ry = 1/G .-
The capacitor Cy stores the information of the phase status of the VO,
film with the voltage difference between the 2 sides V1-Vy.
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