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High Sensitivity Long-Wave Infrared Detector
Design Based on Integrated Plasmonic
Absorber and VO, Nanobeam

Mohammad Wahiduzzaman Khan

Abstract— We report a novel design for bolometric infrared
detector operating at the long-wave infrared (LWIR) range for
high-resolution human body temperature sensing and monitor-
ing. We propose to incorporate efficient plasmonic absorber and
high-responsivity VO, nanobeam biased at transition tempera-
ture in our design to facilitate improvement in both aspects —
thermal resolution and spatial resolution. The integration of
plasmonic absorber allows efficient and selective radiation
absorption. The use of a transducing nanobeam placed in close
proximity to the plasmonic local heaters allows the radiation
energy to be electronically readable. The use of nanobeam
instead of a film in the detector allows over two-orders of
magnitude improvement in responsivity owing to the large length
to cross-sectional area ratio. Additionally, the use of nanobeam
reduces the thermal mass and improves the bandwidth. Our
calculation suggests a responsivity of as high as 700 kV/W
at 100 Hz for a detector of only 12 pm x 12 pum pixel size.
Also, the theoretical noise equivalent temperature difference is
calculated to be as low as 3.67 mK which is almost an order
of improvement than the state-of-the-art bolometric LWIR
detectors with larger pixel dimensions.

Index Terms— Bolometer, infrared detector, LWIR, plasmonic
absorber, vanadium dioxide.

I. INTRODUCTION

HE two main types of infrared (IR) detectors are ther-

mal detector and photon detector. The thermal detectors
function based on the principles of temperature dependent
phenomena - change in resistance, voltage generation in junc-
tion, change in polarization, thermal expansion of gas, etc.
On the other hand, photon detectors functions by converting
IR radiation into photo generated free carriers [1]. At present,
high-performance infrared imaging technology is mainly based
on epitaxially grown structures of the small-bandgap bulk alloy
mercury-cadmium-telluride (MCT) [2], [3]. Quantum-well
infrared photodetectors based on InSb, GaAs, InGaAs and
others are also available. However, these technologies require
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very low operating temperature (< 240 K) increasing the
bulkiness and cost of the system [1], [2]. The need for
increased performance of the infrared detectors has driven
extensive research towards the improvement in current IR
detection technology as well as spurred novel techniques and
sensors [4]-[6]. The advancement of integrated optics [7]—-[10]
and photonic integrated circuits has brought forward both IR
detection and readout capability in the same chip [11]-[13].
However, there is still requirement for higher sensitivity and
higher pixel density detectors for critical applications and
high-resolution thermal imaging and sensing for medical and
military purposes. Phase-changing materials (PCM) hold sig-
nificant potential in optical and thermal sensing and switching
due to their sharp temperature dependent characteristics. Vana-
dium dioxide (VO3) is the most utilitarian PCM because of its
close-to-room-temperature transition point. Most commonly
reported value for this semiconductor-to-metal transition tem-
perature of VO, films is 68°C [14]. However, the film and
deposition technique can be engineered to further lower the
transition even closer to the room-temperature [15], [16]
with a narrower hysteresis. At the transition point, resistivity
of VO, material undergoes over three [14] to four [17]
orders of change in magnitude. VO;-based bolometers uti-
lize the material’s large temperature coefficient of resistivity
(TCR) [16], [18] to detect infrared radiation. The VO, film
can be nanoengineered [16], [19], [20] to improve bolome-
ter sensitivity. In addition, there has been development on
MEMS-based bolometers [21] and integration of patterned
coating [22] for improved performance. However, the active
radiation absorption area still needs to be large enough that
allows sufficient temperature buildup from incident radiation
absorbed by VO», thus requiring large pixel dimension and
degrading the spatial resolution of bolometric sensing. The
fabrication process dependence and close co-existence of
different oxides [23]-[27] of the deposited vanadium films
pose challenges in obtaining high-TCR film thus degrading
detector performance. Moreover, the absorption by the VO,
material is not optimized for a specific frequency band in most
of the applications. Nanostructured or nanobeam VO has
been used to compensate the degradation of TCR and achieve
higher sensitivity [16], [28]. On the other hand, to achieve
increased absorption for a specific band of incident radia-
tion by reduced-size pixel, plasmonic micro- and nanostruc-
tures [29]-[32] can be designed and tuned. The VO, nanobeam

0018-9197 © 2021 IEEE. Personal use is permitted, but republication/redistribution requires IEEE permission.
See https://www.ieee.org/publications/rights/index.html for more information.

Authorized licensed use limited to: Access paid by The UC Irvine Libraries. Downloaded on December 07,2021 at 22:56:29 UTC from IEEE Xplore. Restrictions apply.


https://orcid.org/0000-0002-9000-9716
https://orcid.org/0000-0002-2207-4399
https://orcid.org/0000-0002-4005-1107

4000211

and plasmonic nanostructures thus have the potential to be
incorporated together for sensitive bolometric detection. The
prevalent design dilemma between the obtained thermal res-
olution and spatial resolution, bolometric bandwidth and per-
formance, sensitivity and noise need to be analyzed in order
to achieve an optimized detector.

In this work, we propose a novel infrared detector architec-
ture that integrates efficient, selective, and scalable plasmonic
absorber with high-sensitivity VO, nanobeam transducer.
To the best of our knowledge, this is the first report on
room-temperature IR detector comprising integrated plasmonic
absorber and VO; nanobeam. The goal of the proposed
design is to improve both — thermal resolution as well as
spatial resolution and to address the challenge of low thermal
contrast at long wavelength infrared (LWIR). To achieve the
maximum sensitivity, we propose to operate the detector at
the transition temperature to exploit the high TCR of VOa,.
We present the numerical analysis to show the mid-infrared
radiation absorption characteristic of the detector, particularly
the plasmonic absorber and estimate the resultant local heating.
The use of VO, nanobeam instead of a thin-film allows ampli-
fied temperature-dependent resistance thus a larger slope of
impedance variation in response to local heating by radiation
absorption. The performance, bandwidth, and noise analysis
of the integrated detector designed for LWIR detection for
human body as the radiation-emitting object (310 K or 10 xgm
wavelength) are also presented. We estimate the responsivity
of the proposed detector to be over 700 kV/W at 100 Hz with
ultra-low noise equivalent temperature difference (NETD) in
a small footprint pixel size of 12 gm by 12 um.

II. DESIGN

Proposed design has three main components: radiation
absorber, VO, nanobeam, support structure with thermal isola-
tion. Radiation absorber is the key component that determines
the absorption efficiency, and it consists of single to multiple
unit cells of plasmonic absorber. VO, nanobeam integrated
with the plasmonic absorber functions as the transducing or
sensing material. The support structure allows the suspen-
sion of the detector pixel and allow thermal isolation. The
schematic of a single pixel with 9 absorber unit cells are
depicted in Fig. 1(a). The unit cell schematic and cross-section
including the dimensions are presented in Fig. 1(b). The
number of unit cells present in a single pixel of the proposed
infrared detector is scalable and depends on the absorbed
power required for sufficient thermal buildup which, in turn,
depends on the thermal isolation of the pixels. For our design,
we have chosen the bolometer pixel with 3 x 3 unit cells
as a balance of improvement between thermal resolution and
spatial resolution. Larger number of unit cells will capture
more radiation power that will result in increased thermal
buildup ultimately resulting in a higher responsivity. However,
larger pixel dimension will reduce the spatial resolution and
degrade the thermal bandwidth of the detector. In this report,
we only focus on the elements in a single pixel and select
a conventional design for the pixel — suspension, support
membrane, arms, etc. The optimization of the pixel structure,
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arm, suspension can be furthered to enhance thermal isolation
for a better performance, and smaller pixel footprint.

We choose metal-insulator-metal (MIM) type plasmonic
absorber to efficiently absorb LWIR radiation from object.
At lower wavelength, it behaves like a near-perfect absorber.
Where most other plasmonic absorbers see significant decrease
towards LWIR after scaling, a MIM type absorber demon-
strates highly efficient absorption by a sub-wavelength feature
that is critical for our application to reduce the pixel dimen-
sions. The transducing VO, nanobeam is buried within the
insulator. The plasmonic absorption-induced thermal increase
locally affects the VO, nanobeam. Even though, silicon diox-
ide can be used as the insulator layer, it exhibits lossy behavior
over 7 um wavelength. We choose magnesium fluoride as the
insulator for optimal design at LWIR. Finally, in our design,
the use of nanobeam instead of a thin-film [33]—[36] benefits
the design in two ways. First, the large length to cross-section
ratio amplifies the change in the readout voltage AV(T) =
Ipiaspne(T)Lyp/ANnp producing high responsivity, where
Lyp and Apyp is the length and cross-sectional area of the
VO, nanobeam, pyp is the temperature dependent resistivity
of high-TCR VOa,, Ipiss is the bias current, and AV is
the readout voltage. Second, since the bandwidth of thermal
detectors are mainly determined by thermal mass and thermal
conductance, the use of nanobeam instead of a film achieves
a reduced pixel thermal mass thus an increase in the speed
or bandwidth. Additionally, we propose to bias the device
temperature at the phase transition point of VO, to utilize
the high-TCR property of VO,. At transition, the TCR can be
as high as 200 K—! [17], [18], [37] whereas other commonly
used materials has a TCR below 3 K~! [18]. However, due to
hysteresis, the resistance-temperature fluctuation will result in
micro-hysteresis [17], [18], [37], which is deterministic, and
can be considered to calibrate the voltage readout. In following
subsections, we will provide the details of individual compo-
nents in design and performance point of view.

Sub-wavelength plasmonic features have spurred signifi-
cant research interest and enabled novel applications such as
radiation detection, spectroscopy, and sensing [11], [38]-[40].
Similarly, plasmonic absorbers [33], [34], [39], [41], [42]
have the potential to enhance radiation absorption efficiency
of thermal or infrared detectors that we are proposing while
maintaining smaller pixel dimensions. Hence, these absorbers
facilitate higher thermal buildup that is inversely propor-
tional to the material volume and lead to a higher resistivity
change of the transducing material. However, not all plasmonic
absorbers are efficient over a wide range of wavelengths even
after scaling the geometry. We choose metal-insulator-metal
(MIM) type plasmonic structure that exhibits near perfect
absorption [39] for short-wave infrared (SWIR), mid-wave
infrared (MWIR) and over 55% absorptance at 10 gm wave-
length or at long-wave infrared (LWIR). The schematic of
the absorber in the unit cell is shown in Fig. 1(b). In the
proposed MIM absorber, the metal layer is chosen to be
gold and the insulator layer is chosen to be silicon dioxide
(S§i03) or magnesium fluoride (MgF,). The top metal layer
can be an array of circular or square patches in general. For
optimized absorption at the 10 um wavelength, we choose
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Fig. 1. (a) Schematic of a single bolometer pixel showing the support structure, suspension arms, plasmonic array of 3 x 3-unit cells as selective radiation
absorber. The translucent blue layer is the insulator where the nanobeam is buried. (b) Plasmonic absorber unit cell with the VO, nanobeam buried within the
insulator of a metal-insulator-metal (MIM) type absorber and the cross-sectional view of the unit cell with material layer thicknesses. In our default design,
to obtain maximum absorptance at 10 xm wavelength, antenna and ground layers are chosen to be gold (Au) with fAptenna = 20 nm and fGround = 50 nm.
Nanobeam transducing material is vanadium dioxide (VO;) with xg = 20 nm and Wxg = 100 nm, insulator layer is magnesium fluoride (MgF;) with
fnsulator = 30 nm, and support layer is silicon nitride (Si3N4) with fsypport = 200 nm. The default disk antenna diameter, D = 2.6 xm and unit cell period,
P=3um.
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Fig. 2. Effect of duty cycle or diameter variation when the period is 3 x#m - (a) the absorption spectrum for varying antenna diameter showing tunability of
peak absorption wavelength i.e., the range of object temperature, (b) effect of antenna diameter variation on the peak absorptance, Ar (left axis — red) and
the resonant wavelength, Ag (right axis — blue).

circular patch with a diameter of 2.6 ym which are placed
periodically at a 3 um pitch. Since SiO, becomes highly
reflective between 8-12 um (Restrahlen band) and loses its
ideal insulating behavior, it is not usable as an insulator layer
for this wavelength range. However, fluorides of calcium or
magnesium offer insulation over a wider wavelength range
for LWIR applications. The key design parameters for the
MIM absorber are — period (can be finite or infinite, latter
for theoretical simplification of calculation and numerical
analysis), top metal layer antenna diameter, insulator or spacer
layer thickness and material (i.e., real and imaginary part of

optical index), metal thicknesses at ground plane and antenna
layer. The presence of the VO, nanobeam, in both - semi-
conducting and metallic states, has insignificant contribution
to a change in the absorptance profile of MIM absorber. This
is due to nanobeam’s comparatively much smaller dimension
than the wavelength and other features in the absorber. The
reported absorption spectrums (obtained by optical simula-
tion using COMSOL Multiphysics) in Fig. 2-4 present the
effects of each of the design parameters by neglecting the
insignificant variation caused by the presence of buried VO,
nanobeam.
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Fig. 3. Effect of antenna thickness with unit cell period fixed at 3 xm and antenna diameter fixed at 2.6 xm — (a) absorptance profile vs wavelength for
thickness of the antenna or top metal layer, (b) absorptance, Ap (left axis — red) and wavelength, Ag (right axis — blue) at resonance for a range of antenna
thickness.
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Fig. 4. Peak absorptance, Ag (left axis — red) and the wavelength of peak absorptance, Ag (right axis — blue) with respect to (a) period of absorber unit

cell, (b) insulator thickness, and (c) insulator refractive index (RI) keeping all the other design parameters at default value.

The resonance wavelength of the plasmonic antenna, or the
peak absorption wavelength can be engineered by tailoring the
antenna dimensions. Fig. 2 presents the absorption spectrum
for different diameters of the circular gold (Au) antennas.
However, depending on the fabrication process and required
deposition temperature of VO,, refractory metals like tungsten
and platinum can also be used particularly for the ground
metal plane. We have also investigated copper (Cu), silver
(Ag), tungsten (W), and platinum (Pt) as the antenna and
ground metal plane. We report the results for gold as it has
the most favorable optical properties at the targeted 10 um
wavelength. Fig. 2(b) presents the variations in peak absorp-
tion efficiency, Ag and resonance wavelength, Ag for different
antenna diameters as can be related with Fig. 2(a). The red
markers present the value of resonant absorptance (left y-axis),
and the blue markers present the value of resonant wavelength
(right y-axis). As expected, the resonance wavelength is blue
shifted with the decreasing antenna diameter [36]. We antic-
ipate higher absorption efficiency at lower wavelengths. The
nearly flat absorption efficiency in Fig. 2(b) is mainly due to
decreasing fill factor since we kept the period same at 3 um
for all these calculations.

A thicker top metal patch improves absorption because of
stronger plasmonic interaction as shown in Fig. 3. However,
it also adds to thermal mass which is unexpected. However,
we see over 55% absorptance for only a 20 nm thick gold
layer as the top metal. The effect of the bottom or ground
metal layer thickness is insignificant as reported in [43].
A thin bottom layer is desired for lower thermal mass, higher
bandwidth as well as less heat spreading by the metal layer.
Better thermal isolation and further reduction of heat spreading
can be obtained with a discontinuous ground metal. However,
it adds to the complexity and steps in the fabrication process.
So, we focus to investigate the architecture with a continuous
ground film across all unit cells in a single pixel.

In Fig. 4, we present the peak absorptance and related wave-
length with respect to variation in other design parameters -
period of absorber unit cell, insulator material properties, and
thickness. The changes in the period of the arrayed structure
only impacts the absorptance efficiency, not the peak absorbing
wavelength. From Fig. 4(a), we observe larger absorptance
for higher fill factor, F = AntennaDiameter/Period. The
peak absorptance shows weak exponential decrease with the
increase of unit cell period.
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(a) Thermal analysis of bolometer showing the temperature map of the bolometer for a 30 nW of heat flux incidence normal from the top, (b) Transient

analysis of the thermal fluctuation of the detector in response to pulsed heat flux incidence. The thermal time constants for rising (z,) and falling () edge
are also calculated from this graph. The average thermal time constant, 7, is calculated by averaging the rising and falling edge time constants.

The thickness and the material properties i.e., the refractive
index of the insulator impact both — the resonant absorption
wavelength as well as peak absorptance value. The effect of the
insulator layer thickness is shown in Fig. 4(b). Thicker insula-
tor is observed to allow higher absorptance. However, it adds
to thermal mass of the pixel and can potentially degrade the
overall performance of the detector. The relationship between
peak absorptance wavelength and spacer refractive index is
found to be linear (with slight variation due to numerical error)
as also suggested by [34]. We also present the effect of the
refractive index of the insulator layer material in Fig. 4(c)
which shows that a lower range of refractive index allows
higher peak absorptance and the resonant wavelength scales
linearly with the insulator RI.

To enhance the responsivity, the device transducing material
VO, nanobeam needs to operate at the transition point to have
the highest TCR or sensitivity to temperature and radiation.
We propose to operate the device at the transition point using
a Peltier or thermo-electric heater to heat VO, nanobeam
to the transition mid-point. Due to hysteresis of the phase
transition in VO;, the resistivity vs temperature will trace
micro-hysteresis loops [18] for a small radiation fluctuation.
However, the nature of the micro-hysteresis is expected to be
deterministic as the material does not undergo any irreversible
change.

A bolometer pixel is shown in Fig. 1(a). We choose a
standard suspended pixel shape with two arms whose imple-
mentation can be further optimized which is beyond the scope
of this work. We propose an arrangement of 3 x 3 array
of absorber unit cells in a pixel with the VO, nanobeam
spiral-traced below the absorbers and buried within the insu-
lator layer. The nanobeam is 20 nm thick and 100 nm wide.
This is an optimization between thermal and spatial resolution
as mentioned earlier. The number of unit cell is chosen for
sufficient radiation absorption to obtain high responsivity at
the same time reducing the pixel pitch compared to state-of-
the-art reports [44]—-[49].

The radiation emitted from the object, after being focused
by lenses on the pixels, gets absorbed by the plasmonic

absorber elements in a pixel. Local heating and temperature
buildup occur due to the radiation absorption. The local
temperature buildup causes the local portion of the nanobeam
to undergo changes in resistivity depending on the temperature
level. This change in resistivity carries the information of the
radiation emitted from the object. The change is read out from
properly biased individual pixels to finally create a thermal
map of the object in focus.

Thermal conductance, G;;, and heat capacity, Cy, are the
two key parameters for a bolometer design and performance.
Lower thermal conductance allows larger thermal buildup that
results in higher sensitivity infrared detection. This can be
achieved by eliminating the heat escape mechanisms. Thus,
the ideal limit of performance is the radiative limit. The heat
escape can be reduced by implementing structure that demote
heat escape by conductance, for example, using suspended
membrane to reduce vertical heat transfer and using long,
thin and narrow arms to reduce lateral heat transfer, and so
on. However, the thermal time constant of the detector is
inversely proportional to the thermal conductance and directly
proportional to the thermal resistance R;p: 71 = Cii /G =
Cih Ry, Therefore, there is a tradeoff between the detection
bandwidth and the heat capacity. The time constant directly
defines the upper limit of the refresh rate in thermal cameras.

To obtain the thermal conductance of the proposed detector
pixel, we calculate the amount of heat flux needed to raise the
average temperature of the detector pixel by 1 K. We find the
heat flux to be 30 nW per pixel area, resulting in a thermal
conductance, Gy, = 3 x 1078 W/K. The thermal profile
obtained using COMSOL Multiphysics is shown in Fig. 5(a).
Such low value of thermal conductance combined with high
TCR of the VO, nanobeam allows the detection of very
low radiation power emitted from the object of interest. This
high sensitivity makes it possible even to distinguish tiny
temperature differences or a low NETD discussed on a later
section. The displacement of the pixel in the figure is an
exaggerated representation of the thermal response (in this
case, only expansion) of the materials. We calculate the heat
capacity to be 8.02 x 10~!! J/K and the corresponding thermal
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time constant of 2.67 ms of the detector according to -
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layers

where, C indicates heat capacity, p is density, ¢ is the
thickness, A, is the area of each material layer in a pixel.
We conduct numerical transient analysis to extract the ther-
mal time constant of the detector. A square pulsed radiation
of 30 nW and 30 ms period is considered to be incident on
the detector pixel and the corresponding temperature buildup is
calculated numerically. The simulated time response is shown
in Fig. 5(b). From the figure, we observe an average thermal
time constant of 2.3 ms which is in close agreement with the
previously calculated value. Due to smaller pixel dimension
and reduced thermal mass in our design, the time constant is
smaller than recent reports [44], [46], [47], [49]. The thermal
time constant defines the minimum response time or maximum
bandwidth of the detector. The thermal bandwidth of the
detector is calculated to be 108 Hz from the thermal time
constant using BW = ﬁ [50]. The electrical bandwidth is

defined by the integration time, and the final output bandwidth
depends on the frame rate.

The bolometer detector needs to be suspended to reduce
conductive heat escape to the substrate and surrounding.
We consider a 200 nm thick silicon nitride layer as
the support as this material is commonly used for micro
electro-mechanical system (MEMS) structures. The low ther-
mal conductivity of silicon nitride allows the device to have
low thermal conductance to ultimately obtain a high respon-
sivity. Fig. 6 shows the numerical results for expected stress
and displacement of the detector structure. The stress along
the detector structure is below 3 MPa which is 2 to 3 orders
lower than reported endurance limit of support nitride mem-
brane [51], [52]. Hence, the structure will allow cyclic stress
developed upon radiation fluctuations. Also, the displacement
for thermal expansion of the materials is below 1 nm. Thus,
the detector is mechanically stable and is expected to with-
stand periodic expansion and compression due to radiation
exposure.
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(b) Displacement (nm) 08

(a) Von Mises stress map of the detector showing critical regions of stress and (b) Displacement due to 30 nW of radiation incidence considering
the thermal expansion coefficients of the materials in the bolometric detector.

III. PERFORMANCE

To assess the performance of the bolometer we look at its
responsivity and the noise equivalent power. The responsivity
of bolometer is defined as the voltage signal generated for a
1 W of incident power. It is defined as R, —

R, — KR @)
(14 w?c})

Here, K = Ipjqs X Ryp x TCR, where Ip;4s is the bias
current, which is considered to be 1 g A (to limit the Joule
heating induced temperature change of the detector) through
the analysis if not otherwise mentioned, Ry p is the nanobeam
resistance, TCR is the temperature coefficient of resistance of
the VO, nanobeam, ¢ is the emissivity of absorbing antennas,
R;, 1is the thermal resistance, w is the angular frequency,
7y, 1s the thermal time constant of the detector pixel. The
responsivity of the detector is thus inversely proportional to
the nanobeam cross-sectional area and proportional to the
length. Hence, a detector with transducing nanobeams instead
of a film thus facilitates higher responsivity. As an example,
a nanobeam incorporated in our proposed 12 um x 12 um
detector pixel will allow 270x responsivity compared to a
film with the same thickness as the nanobeam (but different
length to cross-sectional ratio) incorporated in the same pixel.
The expected responsivity of the detector vs frequency is
shown in Fig. 7(a). At a frequency of 100 Hz, we expect
a responsivity of over 700 kV/W. As stated before, we are
biasing the VO, nanobeam at the transition temperature. The
responsivity is proportional to the TCR of the transducing
material which in turn depend on the device bias temperature.
The TCR of VO; can reduce by two orders of magnitude from
on-transition to off-transition temperature [37]. As a result,
the responsivity can degrade by up to two orders of magnitude
if it is biased far from the transition temperature.

The radiative limit of responsivity, which is the theoretical
performance limit of the device is shown in Fig. 7(b). Also,
the noise equivalent power (NEP), defined as the signal level
that produces a signal-to-noise ratio (SNR) of 1, is also
presented. The NEP calculated for the proposed detector
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(a) Responsivity with respect to frequency at 341 K temperature (device bias temperature to be at VO, transition). We estimate over 700 kV/W of

responsivity at 100 Hz. (b) Responsivity (left y-axis, red) and NEP (right y-axis, blue) at 100 Hz along with their theoretical (radiative) limit with respect to

device temperature.

design is very close to the radiative limit. The gap between
the proposed detector and theoretical limit comes from the
difference in radiative-only thermal conductance and detector
thermal conductance.

The major sources of noise in a bolometer detector are
Johnson or resistive noise (V;), thermal fluctuation noise (V;5),
flicker noise (V1,¢), and background noise (V}). Johnson noise
is a white noise and arises from the detector resistance and
is proportional to the device bias temperature. It is defined
as, V; = JAkTRAf, where k is Boltzmann constant, T is
detector temperature, R is resistance mainly defined by the
nanobeam resistance, and Af is the bandwidth. The major
component of the resistance is the VO, nanobeam itself.
However, by biasing the device at the transition temperature of
VOo,, the resistivity of the nanobeam VO; can be reduced by
two orders of magnitude compared to its room-temperature
semiconductor phase resistivity. This results in decrease of
the Johnson noise and ultimately compensate for the noise
development due to increased device temperature. Thus,
the overall Johnson noise depends on the bandwidth, operating
temperature, and the resistance of the device.

Thermal fluctuation noise arises from the temperature fluc-
tuation of the detector. It is proportional to the thermal
resistance. As a result, the effort to improve the sensitivity by
increasing thermal resistance also increases the thermal fluc-
tuation noise. The temperature fluctuation, AT of the device
causes correspoding thermal fluctuation voltage, V;;, to appear
as noise contribution and is expressed as in equation (3). For
our proposed design parameters, we observe this noise to be in
the level of tens of micro-volts for a given device temperature
of 341 K and at a frequency of 100 Hz.

Vip =V K2AT2 = 2KT

Another source of noise - the background noise, Vj, is the
noise due to radiative heat exchange between the detector

kAf

———R 3
(1—}—(()2‘["2}!) th ( )

with temperature, 7; and surrounding background with a
temperature 7). It is expressed as -

v, = \/ 8kea A(T] + T7)
(1+ 0?77)
where, o is the Stefan-Boltzmann constant. Being in the order
of 10711 V over the frequency and bias temperature range of
interest, this type of noise has insignificant contribution to
the overall noise and thus can be neglected for the proposed
detector.

All the noise components and their trend with respect to
frequency and device temperature is presented in Fig. 8.
Putting all the different noises together, thermal fluctuation
noise is observed to be dominant. However, since the flicker
noise is highly process and material dependent, we ignore its
contribution [53]. Based on actual device fabrication parame-
ters this type of noise should be added for completeness.

The detectivity and noise equivalent temperature differ-
ence (NETD) are also important performance metrics for an
infrared thermal detector. The detectivity is defined as:

V(AdAf) KeRinv/Aa

NEP 2
2.2 4kT+*K* Ry,
\/(1 o) (A

K Rin “)

D* =

+4kTR))
)

where A, is the active detector area. The obtained detec-
tivity for the detector we propose is shown in Fig. 9. It is
presented with respect to frequency, bias temperature, and
thermal conductance. From Fig. 9(a), it is observed that device
temperature has insignificant impact on the detectivity. This is
due to large coefficient, K and large thermal resistance, R;j as
they appear in equation 5. The detectivity with respect to the
thermal conductance is presented in Fig. 9(b) as a reference to
theoretical limit when G;j reaches its minimum possible value
which is the case when only radiative thermal conductance is
considered. Thermal conductance in our design of bolometer
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showing the performance limit in terms of detectivity.

pixel is 30 nW. As implied in Fig. 9(b), with improved design
of the pixel arm, suspension, vacuum, and thermal isolation,
detectivity can be improved further. Detectivity for 30 Hz
and 60 Hz frequency is presented as they are two common
refresh-rate currently used for visible wavelength and infrared
cameras.

The NETD, on the other hand, is a measure of ther-
mal resolution. It defines the minimum temperature differ-
ence that is distinguishable by the detector and is expresses

as [53]
/%aMu)
., 0T

—1

Af D*O)di} (6)

Ad

F 2
vero=4(%)

where, % is the aperture F-number, M is radiant exitance, A
is wavelength. For a bandwidth, Af of 100 Hz and % of 1,
integral wavelength limits of 8 to 10 xm, we obtain an NETD
of 3.67 mK which is almost an order lower than the state-of-
the-art detectors [44]-[46], [48], [49], [54] implemented in a
smaller pixel.

We compare the proposed detector performance with some
recent works and state-of-the-art bolometric uncooled detec-
tor. Our design is estimated to have a responsivity of over
700 kV/W at lower frequency which is a significant improve-
ment over the recently reported detectors [44]-[46], [48], [49].
The recently demonstrated detector pixel size is 17 gm X
17 um [45], [46], [49]. Our design requires the pixel size to
be 12 um x 12 um while at the same time providing improved
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TABLE I
COMPARISON TO OTHER RECENT WORKS

Figure of Merit This Work [44] [45] [46] [47] [48] [49]
D*(cmHzl/2w—1) 1.2x109 5.4x108 NR NR 1.0x107 NR 2.2x108
Ry (VIW) >7x10° 5x10% NR NR 1x10% NR 5x10°
Tp (ms) 23 53 NR 5.9 <10 NR 45
Area (um X pm) 12x12 40x40 | 17x17 | 17x17 | 35x35 | 35x35 | 17x17
G (MW/K) 30 NR NR 40 700 NR 62
NETD (mK) 3.67 NR 35 NR NR 71 NR
NEP (pW) 1 NR NR NR NR NR 100

performance in terms of detectivity, responsivity, NETD. The
NEP is estimated to be very close to the theoretical limit.
In Table I, we show the summary of the comparison (NR
stands for not reported). It is observed that, our proposed
design shows improvement in every possible angle even where
it is very challenging due to the design dilemma between
different parameters.

We acknowledge that the properties of VO, is depen-
dent on fabrication process especially temperature, substrate,
strain, and geometry [55]-[60]. In addition, VO, nanostructure
(nanowire and nanobeam) resistivity along with its relationship
with respect to temperature depends on its geometry and can
differ from bulk and thin-film properties by up to an order
of magnitude [55]-[57], [59]. The resistivity impacts device
responsivity and noise performance. The final design, particu-
larly the nanobeam geometry needs to be optimized by taking
into consideration the variations in fabrication process. Most
studies [55], [59]-[62] on VO3 nanostructures focus on the
mechanically transferred VO, nanowires and nanobeams after
being synthesized using vapor transport method. However,
random growth and subsequent transfer of VO, nanostructure
is not suitable for our proposed design of bolometer pixel as
the nanobeam traces integrated with the plasmonic absorbers
need to be physically and electrically continuous and aligned
with absorbers and electrical contacts. On the other hand,
the use of lift-off technique for patterning the nanobeam traces
is not suitable due to high deposition temperature of VO
films. Therfore, dry etching [63] of the sputtered VO, film
to pattern the nanobeam is suggested.

IV. CONCLUSION

In this work, we propose a novel LWIR detector architecture
with plasmonic absorber and VO; nanobeam integrated. The
plasmonic absorber allows efficient and selective radiation
detection from the radiating object. The design of the absorber
can be scaled to tune the wavelength or temperature band
of interest. Additionally, the sub-wavelength plasmonic fea-
tures allow the detection of wavelength by a detector with a
much smaller form-factor. The use of VO, nanobeam, instead
of a simple VO film, amplifies the slope of the temper-
ature dependent resistance due to the large ratio between
length to cross-sectional area of the nanobeam allowing high
responsivity. The proposed design and estimated performance
are desired for mission critical applications where high-
sensitivity, high-bandwidth, and noise-immunity come as strict
requirements such as thermal and medical imaging, night

vision, detection and tracking, etc. We present the numerical
analysis, noise analysis, and figure of merits of the pro-
posed detector design. The structural, thermal and transient
analysis of the bolometer are discussed. Whereas conven-
tional approach trades off performance with active detector
area; we observe significantly improved detectivity, NETD,
responsivity for a detector of smaller form-factor. The design
allows improvement in spatial resolution as well as thermal
responsivity. We obtain a responsivity of over 700 kV/W at
100 Hz for only a 12 gum x 12 um pixel size. The noise
equivalent temperature difference for the proposed design is
calculated to be as low as 3.67 mK, almost an order lower
than detectors reported with larger pixel dimension.
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