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Abstract

A highly sensitive uncooled antenna-coupled microbolometer for millimeter wave (mmW) imaging is reported in this
paper. Vanadium dioxide (VO,) phase-change material is utilized in our design to exploit its non-linear change in electrical
resistivity. The proposed microbolometer takes advantage of the large thermal coefficient of resistance (TCR) of VO, at the
non-linear region. The thermal resistance of the device is significantly improved by micro-electro-mechanical systems
(MEMS) techniques to suspend the device above the substrate, compared with non-suspended microbolometers. Unlike
semiconductor-based sensors that are characterized by capacitive roll-off limitations, the proposed antenna-coupled sensor
has an inherently high operating frequency and wide bandwidth suitable for mmW imagers. The finite element method is
employed to analyze the electrothermal and electromagnetic performance of the device. The frequency range of operation
is 65-85 GHz, and the realized gain at broadside is > 1.0 dB. Simulation results indicate a high responsivity of
1.72 x 10 V/W and a low noise equivalent power (NEP) of 33 pW/\/ Hz. The enhanced device sensitivity is primarily the
result of the sharp change in VO,'s electrical resistivity and is assisted by air suspension using MEMS microfabrication
processes. In this work, for the first time, using multiphysics modeling we demonstrate exploitation of VO,'s non-linear
behavior in enhancing the sensitivity of a conventional microbolometer. Based on the findings of this study, a pixilated
array of the proposed sensors will enable the realization of a highly sensitive mmW camera for a variety of sensing
applications.

1 Introduction

As compared to the microwave band, the millimeter wave
(mmW) band contains shorter wavelengths and is generally
defined by frequencies between 30 and 300 GHz. The
radiation in the mmW domain penetrates certain obstacles,
fog, and clothing, which together with better spatial reso-
lution than lower frequencies, makes it attractive for non-
destructive evaluation (Ghasr et al. 2013), biomedical
screening (Joung et al. 2004), defense (Schuetz et al. 2007),
and surveillance applications (Appleby and Anderton
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2007). In all of these sensing and measurement applica-
tions, a real-time mmW imager is necessary. Further, given
the importance of the blackbody radiation measurement
from an object, a high detection sensitivity of the imager is
desired. The majority of the detection schemes developed
thus far includes the zero-bias Schottky diodes (Hesler and
Crowe 2007; Yang et al. 2015), Golay cells (Denison et al.
2009), and microbolometers (Miller et al. 2004; Neikirk
et al. 1984; Tiwari et al. 2015; Yoneoka et al. 2011). Of
these, the microbolometers are perhaps the most useful
given the wideband operation, low cost, and monolithic
fabrication with read-out integrated circuits (ROIC).
Improving the responsivity of a microbolometer is possible
through the use of non-linear materials with a large thermal
coefficient of resistance (TCR). Traditionally, materials
with a moderate TCR (~ 0.2%/K) and with electrical
resistances that change linearly with temperature are uti-
lized. Such examples include titanium (Tiwari et al. 2015),
niobium (Miller et al. 2004), platinum (Yoneoka et al.
2011), and bismuth (Neikirk et al. 1984). Vanadium oxide
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(VO,) with a larger TCR in the dielectric phase compared
to most metals is also commonly used. Specifically, VO,
microbolometers were reported operating in both infrared
(IR) and mmW bands with a measured TCR of 6.5%/K
(Wang et al. 2013) and 4.8%/K (Son et al. 2013), respec-
tively. Phase-change materials (PCM) such as vanadium
dioxide (VO,) have also been utilized in the IR region.
VO, has a metal-insulator transition (MIT), which causes a
sharp, non-linear change in electrical resistivity by several
orders of magnitude. However, most of the IR sensors have
only demonstrated a degree of functionality in the dielec-
tric phase of VO, (Chen et al. 2001; Chen and Yi 2005).
Although microbolometers with a large TCR in the MIT
region of VO, were previously implemented, no
improvement was observed in performance (De Almeida
et al. 2004; Reintsema et al. 1999; Zerov et al. 1999). In
one example, the absence of responsivity (108 V/W) was
attributed to the inferior quality of the deposited film
(Reintsema et al. 1999). However, a single pulse excitation
for an IR microbolometer with a heater design (Zerov et al.
1999), together with theoretical verification was subse-
quently used to improve this responsivity (De Almeida
et al. 2004). While some theoretical studies (Neto et al.
2008) suggest improvement to the responsivity of VO,
microbolometers operating within the MIT region, sensors
based upon this responsivity have yet to be developed.

In this paper, we present for the first time a highly
sensitive (> 10> V/W  responsivity) VO, mmW
microbolometer developed through a biasing of the PCM
sensor in the phase transition region. The overall perfor-
mance of the proposed microbolometer (Chen et al.
2018, 2019) is further enhanced via micro-electro-me-
chanical systems (MEMS) processing to suspend the
sensing element. In our group, we have developed a
deposition technique for VO, thin films on silicon (Si) and
sapphire substrates that exhibit 1.46 x 10* and 9.76 x 10*
times change in resistivity, respectively (Lust et al. 2020).
VO, thin films are presented to have high resistivity con-
trast on Si substrates through adding crystallized alumina
(A1,03) buffer layers. The deposition technique and VO,'s
behaviors are employed in the design of the proposed
microbolometer. Experimental data served to numerically
evaluate the TCR of the VO, thin film, and multiphysics
simulation using the finite element method (FEM) and
analytical studies were used to analyze the microbolome-
ter. The goal of this study was to illustrate the concept of a
novel uncooled antenna-coupled microbolometer with high
sensitivity, low noise, wideband operation, and fast tran-
sient response. The sensor can be expanded into an array
for implementation in an mmW imaging system at room
temperature.
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2 Design
2.1 Microbolometer structure

A microbolometer is a well-established device with an
electrical resistance that changes with the temperature due
to radiation absorption. The resistance change can be
measured and recorded by a ROIC. The conceptual design
of the antenna-coupled sensor is shown in Fig. 1. Each
VO, microbolometer pixel is coupled and matched to a
wideband dipole antenna (with a ground plane) and ROIC.
The schematics of cross-section and top view are shown in
Fig. 2. The VO, sensor is suspended from the Si substrate
by employing an Al,O3 buffer layer. This chosen buffer
layer has several functions: it facilitates lattice-matched
growth for the VO, thin film to increase the electrical
resistivity contrast in the phase change; its well-defined
atomic layer deposition process on the Si substrate is
important for the monolithic integration of sensors; and its
use as a membrane for suspending the VO, sensor yields a
robust structure. Compared to traditional on-substrate
designs, this MEMS suspension significantly improves the
thermal resistance (isolation) of the microbolometer.

2.2 Microbolometer physics

To obtain the optimal performance of the microbolometer,
the design parameters need to be analyzed. Key figures of
merit used to characterize the performance of a
microbolometer are TCR, responsivity, and noise equiva-
lent power (NEP). TCR quantifies the temperature depen-
dence of resistance and is given by:
= (1)
RdT

where R is the electrical resistance of the sensor and T is
the average temperature of the microbolometer. Respon-
sivity is defined as the ratio of the obtained output voltage
per unit of input radiation power:

AZ
R=—; 2
A (2)
and is also expressed as:
9{ﬂ)
R = FpNRot|—— 3
i G)

where I, is the bias current, R, is the total thermal resis-
tance, t is the transient response, and f is the radiation
modulation frequency. NEP is a function of responsivity
and noise voltage, expressed as:
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Fig. 1 Conceptual design of a 4 x 4 array of an mmW imager and b a unit cell, or pixel, composed of a suspended non-linear PCM sensor
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Fig. 2 a Cross-section schematic and b top-view of the PCM microbolometer (without the Al,O3 layer)
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where S, is the total noise from microbolometer that is a
combination of several uncorrelated sources: Johnson,
Phonon, and 1/f noise defined as (Yang and Rebeiz 2015):

Si = S%ohnson + S;homm + S%/f (5)
S.%ohnson = 4kBTR (6)
iRz
S somon = 4kpT? 7
phonon B |Rth| ( )
2 2 1
Sty < TR 5 (8)

where kg is Boltzmann’s constant, and Eq. (8) is an
experimental relation with n ~ 1.

As shown in Eq. (3), the responsivity is directly pro-
portional to the TCR. For this reason, we propose to use a
non-linear material with a high TCR value. VO, is par-
ticularly attractive due to its sharp electrical resistance
change in the MIT region, a relatively low transition
temperature (68 °C), small hysteresis (4 °C) (Lust et al.
2020), and a fast intrinsic response time (De Almeida et al.

2004). In this study, the abrupt change in the resistivity of
VO, film is exploited by biasing the device at the phase
change cliff (~ 72 °C). A small temperature increase
caused by radiation absorption by the wideband antenna in
65-85 GHz band, will translate to significant change in
resistivity. This characterization of temperature depen-
dence of resistance is quantified by TCR. In an experi-
mental result, our 107-nm-thick VO, films on 23-nm-thick
annealed Al,O; buffer layer on Si yielded a > 1 x 10*
resistivity change between the dielectric and conducting
states. The measured resistivity (logarithmic scale) and the
calculated TCR are shown in Fig. 3. To calculate TCR, the
logarithmic value of discrete resistivity (experimental
results) is fitted to a shape preserving function known as
the piecewise cubic Hermite interpolating polynomial. A
five-point numerical differentiation is then applied to
obtain the derivative of the fitted function. Table 1 lists a
comparison of TCR values of our VO, films in the MIT
region with values for commonly used bolometer materials.
The absolute TCR of VO,, which reaches 171%/K in the
MIT region, is ~ 10° times larger than the value of gen-
eral metallic materials. Thus, the responsivity of the pro-
posed uncooled microbolometer is greatly improved.
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Fig. 3 Measured resistivity (right axis) and calculated TCR (left axis)
for our 107-nm-thick VO, films

3 Simulation and discussion

A finite element analysis using COMSOL was next con-
ducted to model the multiphysics behavior and provide an
accurate prediction of the microbolometer performance.
Specifically, the challenges in the simulation include VO,'s
sharp resistance change near the transition region resulting
in a non-linear unstable problem; the mesh generation for
the multi-scale geometric model; and the appropriate par-
tial differential equation (PDE) solvers for this highly
dynamic problem. To overcome these issues, we first
studied the reasonable boundary conditions (BCs) to mimic
the non-linear unstable behaviors. After comparing differ-
ent BCs, the normal current density BC was then employed
to create stable heat source. Secondly, the meshes were
generated by different methods including swept mesh and
free tetrahedral for each component to significantly reduce
the number of the degree of freedom. Moreover, the ele-
ments were grown from the small component (VO,) to the
large one (air) to guarantee the conforming mesh. Finally,
the Heat Transfer and AC/DC modules were coupled and
solved using a time-dependent solver. The flow chart of the
multiphysics simulation is illustrated in Fig. 4. When
applying a biased current to the sensor, Joule heating is

p(T) | C(D)| K(T)
i Heat Energy
Electric I—: Heat
Currents Transfer
Temperature
@'ﬁ

Electromagnetic <&

Fig. 4 Flow chart of the multiphysics simulation for the PCM sensor

used to couple the generated heat energy to the Heat
Transfer module. The temperature is coupled back to the
AC/DC module to account for the change in the electrical
conductivity. Therefore, we can obtain the temperature
distribution across the sensor as well as the dynamic
response. The characteristics of the antenna were demon-
strated using the RF module. The received power by the
antenna were obtained with background radiation and were
then utilized to calculate the temperature change and out-
put voltage change. Results from the simulation are used to
estimate the sensitivity and validate the properties of the
proposed suspended architecture.

3.1 Electrothermal behavior

In order to impedance-match the bolometer sensor at ~
200 Q with the antenna, the dimensions of VO, sensor
were set at 10 pm x 40 pm x 0.107 pm based on the
known resistivity of our VO, thin films. The initial ambient
temperature of both the sensor and air was set to 293.15 K.
Since VO, has a first-order phase transition, the latent heat
during the transition (Berglund and Guggenheim 1969;
Kawakubo and Nakagawa 1964) was used in the material
settings. The temperature dependent conductivity of VO,
was also used (Ordonez-Miranda et al. 2018). With the
same bias current, the temperature profile of both the on-
substrate and suspended designs are shown in Fig. 5. The
x-axis represents the vertical position of the sensor, from

Table 1 TCR comparison for
the different materials

Material TCR (K™
This sensor VO, — 171% (Phase transition region)
(Chen and Yi 2005) VO, — 2% (Semiconductor phase)
(Wang et al. 2013) VO, — 6.5% (Semiconductor phase)
(Son et al. 2013) VO, — 4.8% (Semiconductor phase)
(Neikirk et al. 1984) Bismuth 0.3%
(Miller et al. 2004) Niobium 0.214%
(Yoneoka et al. 2011) Platinum 0.14% (Average)
(Tiwari et al. 2015) Titanium 0.15%
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Fig. 5 Temperature profile across the sensor for the on-substrate and
suspended designs

the bottom through the top domain of the device. The
y-axis indicates the temperature of the different positions.
The maximum temperature of the suspended sensor is 30 K
larger than that of the on-substrate design. Figure 6 shows
the 2D cross-sectional temperature distribution of these
two designs. As illustrated in Fig. 6, no obvious tempera-
ture change is evident underneath the sensor surface in the
2D cross-sectional temperature distribution for the on-
substrate design, indicating a dissipation of most of the
heat into the substrate. However, a significant temperature
contrast of the sensor surface with the outside air domain is
evident as depicted in the suspension design. This indicates
a larger thermal resistance (isolation) by suspension of the
PCM. The thermal resistance of the sensor is estimated by
both the input power and the corresponding temperature
change of the sensor. The thermal resistance increases from
77 K/W when on the substrate, to 6 x 10® K/W when fully
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suspended in air. The dynamic temperature response of the
suspended microbolometer with a 1.43 mA pulsed current
bias is shown in Fig. 7. The steady state temperature is
345.53 K with a 197 Q electrical resistance of VO, thin
film. The thermal response time is that which is required to
respond to a change in its ambient temperature:

t

T() = (T - T)(1-e ) + Ty )

where 7 is the steady state temperature of the sensor, and
T, is the ambient temperature. The extracted thermal
response time is 14 ps.

As clarified by Eq. (3), the thermal resistance R,, needs
to be large enough for a high responsivity. However, the
increase of Ry, leads to a rise of the thermal response time
7. Therefore, there is a trade-off between the responsivity
and 7 in the design of the microbolometer. In order to have
less impact on the thermal response time and maintaining a
good thermal resistance, someone is able to further
decrease the width of VO, thin film and the thickness of the
buffer layer. However, the buffer layer should also be thick
enough to provide robust mechanical support. We also note
that further improvements to the responsivity is possible
through vacuum packaging.

3.2 Electromagnetic behavior

The electromagnetic simulation is performed to analyze the
impedance match and the received power of the antenna-
coupled microbolometer operating in the transition region.
The antenna was designed with a large air cutout and a
400 um high ground plane, with the antenna and mem-
brane supported by strategically etched 300-pm-thick Si
substrate. The length and width of the dipole antenna were
2.28 mm and 0.6 mm, respectively. The antenna and the
ground plane were modeled as perfect electric conductor
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Fig. 6 2D cross-sectional temperature distribution across the sensor for a the on-substrate and b suspended designs
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Fig. 7 Dynamic response of the sensor with a current pulse (bias) of
1.43 mA

(PEC) and VO, was modeled as a lumped port. The PEC
was used to simplify the modeling of the highly conductive
gold and copper for a faster simulation. The return loss
(S11) and Smith chart for a single element with an impe-
dance of 197 Q are shown in Fig. 8. The antenna demon-
strates a frequency range of S;; operation at — 10 dB from
65 to 85 GHz and circles around the center of the Smith
chart. The 2D radiation patterns with 5 GHz intervals from
66 to 81 GHz are presented in Fig. 9. The realized gain at
the broadside is larger than 1.0 dB with antenna effi-
ciency > 90.2%. To analyze the received power, back-
ground radiation is polarized to match the direction of the
antenna. The received power at 75 GHz is approximately
1 x 10 W with a 57 V/m E-field amplitude plane wave.

Realized Gain Plot

-90° 90°

-120° 120°

180°

Fig. 9 Magnitude of the realized gain from 66 to 81 GHz with 5 GHz
intervals (y—z plane)

3.3 Responsivity and NEP

As described in Sect. 2.2, the performance of the proposed
microbolometer is characterized by both the responsivity
and NEP, which through the use of simulation results, are
estimated by Egs. (2), (4), respectively. The antenna-cou-
pled microbolometer receives power from background
radiation, leading to a temperature change that results in a
resistance change. An additional boundary heat source is
then applied at the top surface of VO, thin film. The other

+1
+0.5 +2
—_ +j0.2 - +5
[11]
-2
- o e g 430
- (=} o = ] ©0 b ¥al
7) 00 30
-j0.2 -i5
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-30 : . 4].1
60 65 70 75 80 85 90
Frequency (GHz)
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Fig. 8 Simulated a S;; return loss and b Smith chart of the S;; for a single element showing that the antenna is impedance-matched from 65 to

85 GHz
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Table 2 Comparison of microbolometers

Antenna-coupled

Dimension (pmS) Responsivity (V/W) NEP (pW/\/Hz)

This work Yes
(Miller et al. 2004) Yes
(Scheuring et al. 2013) Yes
(Bevilacqua and Cherednichenko 2013) Yes
(Tu et al. 2018) No

10 x 40 x 0.107 1.72 x 10° 33
10 x 1 x 0.035 85 25
2 x5 x0.07 33 152
0.5 x 0.5 x 0.05 132 200
10 x 30 x 0.12 61.5 85

boundary condition settings are identical with that descri-
bed in Sect. 3.1. When biasing the proposed suspended
sensor at the phase transition cliff with the electrical
resistance R = 197 Q, the received power is around
1 x 107> W with a 57 V/m E-field amplitude plane wave
background radiation of 75 GHz. Then the electrical
resistance decreases to 185 Q and the antenna is also
impedance-matched from 65 to 85 GHz. With an output
voltage change of 17.2 mV, responsivity is extracted to
about 1.72 x 10° V/W. Noise voltage sources are esti-
mated by Eq. (5)-(8). Next, the 1/f noise voltage is negli-
gible with a radiation modulation frequency f = 100 kHz.
The large responsivity in the transition region results in a
predominance of Phonon noise in the microbolometer. The
approximate analytical NEP is 33 pW/\/ Hz, with
R =197 Q and R, = 6 x 10° K/W. Various bias current
values were applied to the suspended sensor to test its
operation at different temperatures caused by Joule heating.
When applying a smaller bias current / = 1.42 mA, the
electrical resistance increases to R = 211 Q. The antenna is
still impedance-matched from 65 to 85 GHz. Using the
same analytical method described above, the responsivity
and NEP are 1.70 x 10° V/W and 33 pW/\/HZ, respec-
tively. The slightly smaller responsivity compared with that
biased at 1.43 mA is mainly due to a smaller bias current.
With a larger bias current [ = 1.46 mA, the electrical
resistance is 152 Q while the frequency range of the
antenna decreases to 78-84 GHz. Together, the present
findings show that a high responsivity (10° V/W) and a low
NEP (107" W/\/ Hz) can be achieved by biasing the pro-
posed suspended sensor at the phase transition cliff with
the electrical resistance ~ 200 Q where the antenna has a
wideband operation. Compared to other designs, as shown
in Table 2, the proposed architecture maintains a high
responsivity and a low NEP. This new microbolometer
design provides a path to achieve a passive uncooled mmW
camera with hypersensitivity and relatively fast response.
We also envision several challenges imposed by the hys-
teretic behavior of VO, due to complex non-linear effects,
resulting in minor loop accommodation and stabilization
issues with repetitive incoming radiation. One possible

method to avoid this difficulty entails resetting the
microbolometer after each radiation pulse by going all the
way out of the hysteresis loop to the initial temperature
(Gurvitch et al. 2010).

4 Conclusion

This paper presents a new design of high-performance
(with orders of 10° V/W responsivity and 107" W/ /Hz
NEP) microbolometer for mmW imaging based on the non-
linear behavior in the electrical resistivity of VO,. The
responsivity is significantly improved (> 10 times) by
biasing the sensor near the phase transition region of VO,
and the suspension using MEMS fabrication techniques.
The temperature dependence of resistivity in our VO, thin
films is measured and applied to the calculation of TCR,
which is ~ 10? times larger in the phase transition region
than the value of TCR in commonly used metals. Simu-
lation results indicate a significant increase (~ 10? times)
in the thermal resistance by suspension as compared with
on-substrate designs. The designed antenna exhibits a
wideband impedance match from 65 to 85 GHz with
a > 1.0 dB realized gain at broadside. A demonstrated
enhancement to the responsivity (1.72 x 10* V/W) of the
proposed hypersensitive VO, microbolometer in turn
yielded a low NEP (33 pW/,/Hz). In the future, this new
single pixel concept can be expanded into an array for
mmW imaging applications at room temperature.
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