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ABSTRACT

We present the design, fabrication, and measurement of the
antenna-coupled microbolometer using the phase change material
vanadium dioxide (VO2) for millimeter wave (mmWave) imaging
applications. The nonlinear properties of VO2 are exploited to
achieve a large responsivity of 6.55 x 10* V/W by biasing the sensor
through the metal-insulator transition (MIT) region. The overall
performance of the sensor is also enhanced by suspending the device
on the alumina (Al203) buffer layer membrane. The operating
frequency band of the coplanar waveguide (CPW) fed dipole
antenna is 31 — 55 GHz with on-wafer probe measurements. The
radiation pattern of the 4x4 sensor array is demonstrated by the radar
cross-section (RCS) technique using a highly precise robotic
antenna measurement system.

KEYWORDS
Microbolometer, VOq, antenna, millimeter wave, phase change
material

INTRODUCTION

The bolometer is a sensor to quantify the radiation power
through a material with a temperature dependent resistance. Since it
was first introduced in 1880 [1], the bolometer has been widely used
as a detector in a thermal camera for security screening, biomedical,
and military applications. The functionality of the bolometer relies
on the characteristic of the sensitive material’s thermal coefficient
of resistance (TCR). Electrical responsivity which is a chief figure
of merit of the bolometer is directly proportional to TCR. Hence,
one critical strategy to improve the responsivity of the bolometer is
to utilize a material with a large TCR. Unfortunately, traditional
microbolometers utilize linear materials that have small TCR
(0.1%/K-0.3%/K), such as platinum [2], titanium [3], and bismuth
[4].

Vanadium dioxide (VO2) is an electrical phase change material
that adopts insulating monoclinic (M1) phase (space group P21/c)
below the transition temperature (~68 °C) and metallic tetragonal
rutile (R) phase (space group P42/mnm) above the transition
temperature [5-8]. Thus, VO: thin film whose electricity exhibiting
a sharp change in the metal-insulator-transition (MIT) is appealing
for a microbolometer to improve the responsivity. Especially, the
TCR of VO3 in the MIT region in our previous study can reach up
to 171%/K [8, 9]. However, there are few studies demonstrating
improved properties of microbolometer utilizing nonlinear
properties of VO2. For instance, VO2 thin films have been utilized
in the linear TCR region for infrared (IR) microbolometers as
reported in [10]. Specifically, an eight-element uncooled VO:
microbolometer linear array which exhibited a responsivity over 10
kV/W was described. While their proposed architecture was an on-
substrate design, the reported large responsivity was mainly due to
the large electrical resistivity of VO thin films in the dielectric
phase, which is unsuitable for the antenna coupling. The VO
microbolometer employing the phase-transition region and targeting
for IR operation was described in [11]. The VO2 microbolometer
was biased on the semiconducting-metal phase transition with

978-1-940470-04-7/HH2022/$25©2022TRF
DOI 10.31438/trf.hh2022.15

67

negative electrothermal feedback. Due to the on-substrate design
and low quality of the deposited film with large hysteresis, only a
small responsivity of 108 V/W with the ac bias technique was
obtained.

Here, we employ VO: as the sensitive material to take the
advantage of its large TCR in the MIT region to achieve high
responsivity [12]. Our previous studies analytically demonstrated
the approaches to enhance the responsivity of the microbolometer
by the utilization of VO’s nonlinearity in the MIT region and air
suspension [9, 13, 14]. Also, the architecture of VO: thin film on
alumina (AL203) buffer layer by the atomic layer (ALD) technique
is adopted in this report to design and fabricate the sensor [8]. The
VO2 microbolometer is coupled with a dipole antenna and coplanar
waveguide (CPW) designed to operate at 30 — 60 GHz. The CPW is
used for excitation and biasing. The antenna transfers the
electromagnetic power to VO: for sensor. The targeted millimeter
wave (mmWave) band has obvious advantages over IR band, as
mmWave is able to pass through opaque objects such as fog and
clouds and can be used for imaging in harsh environments. To
improve the thermal isolation as well as the antenna radiation
efficiency, the VO2 sensor is suspended on the Al2Os buffer layer
from the silicon (Si) substrate by the deep reactive ion etching
(DRIE) process. Additionally, we utilize the 4x4 VO
microbolometer array to analyze the antenna radiation pattern as a
proof of concept for future mmWave imaging camera.

MICROBOLOMETER DESIGN AND FABRICATION
To quantify the performance of the microbolometer, one figure
of merit is the electrical responsivity, which is defined as

AV
=1 (1)

AV is the change of the voltage output due the input power variance
AP. The antenna is necessary to be employed in the microbolometer
especially at the mmWave band to absorb the radiated power. The
architecture of the proposed VO2 microbolometer is demonstrated
in Figure 1. The VO2 microbolometer is coupled to a CPW-fed
dipole antenna with a frequency range of 30 — 60 GHz. The dipole
antenna (with a length of 4.4 mm and width of 1.5 mm) is designed
to receive the radiated power at the mmWave band, resulting in a
resistance change of the VOa sensitive material. The CPW feed
structure is integrated for excitation and biasing. The dimension of
the VO2 sensor is 10 pm x 60 um x 0.1 pm. The buffer layer Al2O3
is employed to provide a good basis for VO: property and
mechanically support the sensor. The electrical resistivity contrast
and maximum TCR in the MIT region of our fabricated VO2 thin
film on annealed Al2O;3 buffer layer are 1.46 x 10* and 171%/K [8,
9]. In addition, the thermal isolation and antenna radiation are
improved by releasing the senor from the Si substrate with a main
cutout diameter of 5 mm and strategically placed ring structures.
The three-layer photolithography process is employed to
fabricate the sensor as described in Figure 2. First, a 48-nm-thick
Al20s3 is deposited on the 4-inch 300-pm-thick double-side polished
Si substrate using the ALD process. The as-deposited Al2O3 buffer
is annealed by the rapid thermal annealing (RTA) process to achieve
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Figure 1: Antenna-coupled VO: microbolometer: (a)3D view, (b)
cross-section view, and (c) top view.

the crystalline structure. The 100-nm-thick VO thin film is then
grown by reactive DC sputtering as detailed in [8], followed by a
photolithography step. The VO: thin film is etched by the reactive
ion etching (RIE) process for the sensor. The CPW-fed antenna is
fabricated with a 250-nm-thick layer of gold using the e-beam
evaporation and lift-off process. Finally, the device is released by
etching the Si backside using the DRIE process.
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Figure 2: Fabrication process of antenna-coupled VO:
microbolometer: (a) double-side polished Si, (b) ALD of Al20s
buffer, (c) RTA of Al20; buffer, (d) sputtering of VO, (e) VO:2 RIE,
(f) E-beam evaporation and lift off process for Au, and (g) Si
backside DRIE.

MEASUREMENTS AND DISCUSSIONS
The antenna characterization, DC performance, and detection
properties are carried out for the fabricated sensors.
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Antenna Tests

The antenna tests include the impedance match analysis with
the CPW-fed sensor and radiation measurements with the 4x4
sensor array. The CPW-fed sensor is measured on the probe station
(Cascade M150) with a ground-signal-ground (GSG) 65 GHz probe
(Infinity from FormFactor). A calibration standards substrate is used
before mmWave measurements. The mmWave power is applied to
the VO2 microbolometer through the CPW by one port from the 67
GHz vector network analyzer (VNA). To excite the sensor, the DC
electrical signal is applied with the same probe. A source meter
(Keysight B2901A) is used to record the applied bias signals and the
corresponding measured output signals. Figure 3 shows the on-
wafer test setup and the arrangement of the probe with a detailed
view of the probe on the sample. An external polyimide insulated
heater (Omega Engineeing, Inc) is used under the sample to activate
the sensor near the MIT region. A DC voltage of ~16.7 V is applied
to the external heater using a power source (Keysight B2962A) and
the surface temperature is measured to be ~59.4 °C by a
thermocouple temperature probe. Figure 4 demonstrates the return
loss (S11) in frequencies ranging from 25 — 65 GHz measured by the
VNA. VO is at the dielectric phase without the DC voltage bias,
and the antenna is not fully matched. With a DC voltage bias of 7 V
that tunes the microbolometer through the MIT region, the
frequency band (S11 < -10 dB) increases, and the single element is
matched from 31 — 55 GHz.

{ / Ny <
| Thermocouple probe:

(a) (b
Figure 3: (a) The test setup for on-wafer measurement and (b) the
detailed view of the probe on the sample.
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Figure 4: The S-parameter of the VO:2 microbolometer’s antenna.

The gain pattern of the 4x4 VO: antenna-coupled
microbolometer array operating at broadside is measured, as the
antenna will only receive incoming radiation at narrow incidence
angles in the full imaging system. We use the radar cross-section
(RCS) technique which is a non-contact backscattering approach
and featured to replace the cables and probs for the antenna gain
measurement at the mmWave band [15]. As there is presently no



read-out-circuit to control DC bias of the VO, the VO resistors are
in insulating state with a resistance of ~100 kQ, giving high RF
reflection (S11 = 0 dB). The VO2 geometry in the array is adjusted
from that in the CPW-fed sensor to be 10 pm x 200 um. Therefore,
in a full ROIC-controlled device, initial impedance of VO: can be
set to ~75 Q using temperature and DC voltage; this impedance will
then fluctuate according to power level of incoming RF signal. As
shown in Figure 5, we utilize a 6-axis robot system (Fanuc LR
Mate200iD) developed in our previous study [16] with a dual-horn
monostatic radar setup to measure radiation pattern. The standard
gain horn antennas (QSH-SL-50-75-V-20) are used to establish
signal floor by scanning the test setup without the microbolometer
array in place. The 4x4 VO2 microbolometer array is aligned with
the horn antenna attached to the robot visually with a laser pointer,
and a half-circle trajectory is carried out with a 0.33° angular
resolution at a radius R=350mm from the end of the robot arm. The
transmission coefficient (S21) from the transmitting to the receiving
horn antennas is obtained at 60 GHz during the trajectory. With
constant distance, horn antenna gain, and wavelength, target gain
factor varies only with excitation angle, so normalized antenna gain
is proportional to Sz1. Figure 6 shows normalized antenna array gain
pattern with main lobe at 0° and side-lobes at £20°, £30°, and +60°
in E-plane and side lobes in H-plane, ranging from £30° to £60°. To
account for the RCS contributions at the central angles from silicon,
the measured curves in Figure 6 are adjusted by n(2-cos26), with
n=2.5 in E plane and n=1.5 in H plane. In a fully realized imaging
system, this antenna array design would successfully function at
broadside. Although it has no need for receiving at the wider angles,
they are beneficial for verifying simulated pattern.

Figure 5: The test setup for RCS measurement.
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Figure 6: The normalized gain pattern of the 4 x4 array.
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DC/RF Characterization and Detection Properties

To excite the CPW-fed sensor through the MIT region, the DC
bias and RF power are applied. The static I-V test of the CPW-fed
VO: microbolometer is obtained as shown in Figure 7 when
applying RF signal between 35 — 65 GHz controlled by the VNA.
The RF power level ranges from -25 dBm — 0 dBm (3.1 pW — 1
mW). At each power level, the double-sweep voltage bias is applied,
and the current is measured by the source meter. When the voltage
bias increases, VO starts from the linear dielectric phase, moves
through the MIT region with a resistance of ~248 Q where there is
a sharp increase in the current, and enters the linear metallic region
(~89 Q resistance). As the voltage decreases, the hysteresis
phenomenon is obvious and finally VO2 moves back to the dielectric
state. The required voltage triggering MIT decreases as the RF
power increases as can be seen in Figure 7. The threshold voltage
shift confirms that the microbolometer can sense the
electromagnetic power change as low as -25 dBm (3.16 pW). The
threshold voltage versus the input power is shown in Figure 8.
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Figure 7: I-V curve of the VOz microbolometer.
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Figure 8: Threshold voltage versus input RF power.

The DC responsivity can be estimated from the ratio of the
threshold voltage shift over the input power change to the VO2
microbolometer, as defined in Eq. (1). The extracted DC
responsivity versus corresponding RF power change is shown in
Figure 9. Due to the nonlinear properties of VO in the MIT region,
the responsivity is highly nonlinear and has a larger value with a
smaller RF power change. By the utilization of VO2’s large TCR in
the MIT region and air suspension, our sensor can achieve a
maximum DC responsivity of 6.55x10* V/W, which is >10? times
larger than the state-of-the-art antenna-coupled microbolometers
[17, 18] shown in Table 1.
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Figure 9: Responsivity versus RF power.

Table 1: Antenna-coupled microbolometer comparison.

Specifications and performance
Material Dimension Responsivity
(upm?) (V/W)
This work VO, 10x60x0.1 6.55x10%
[17] Nb 10x1x0.35 85
[18] PrBa>CuzO7x 2x5x0.07 33
CONCLUSION

In this paper, the nonlinear properties of VO thin films are
exploited in the antenna-coupled microbolometer. The CPW-fed
antenna operates in the frequency band of 31 — 55 GHz. For the
proof of concept of an imager, the radiation pattern of the 4x4 sensor
array is measured with the RCS technique. By biasing the sensor in
the MIT region with the large TCR of VO2 and using air suspension,
our sensor demonstrates a high responsivity of 6.55x10* V/W. This
work demonstrates the potential of employing VO: in a
microbolometer to achieve a high responsivity for future mmWave
imaging arrays.
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