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A new method was developed to thermally isolate monolithic antenna-coupled infrared
microbolometers from their substrate. Using a SiO2 sacrificial layer to create a 400 nm thick Si3N4

membrane, square spiral antennas coupled to Ni microbolometers were fabricated and tested. The
responsivity of the thermally isolated devices is 164 times greater than a similar device that is not

fabricated on a membrane. © 2006 American Vacuum Society. �DOI: 10.1116/1.2335434�
I. INTRODUCTION

Antenna-coupled microbolometers are potential solutions
as elements in focal plane arrays for lightweight, low-cost
sensors in infrared and millimeter wave imaging. These un-
cooled detectors can be designed to operate at a wide range
of frequencies. The fast time constants, low power require-
ments, and robustness of these monolithic devices make
them an important area of research in infrared and millimeter
wave imaging.

A bolometer is a material in which a change in tempera-
ture is accompanied by a corresponding change in electrical
resistance. By passing a bias current through the material,
one can measure temperature change by observing a change
in bias voltage. The voltage responsivity Rv of a bolometer
depends on several parameters,

Rv =
ibiasR��

G�1 + �2�2
. �1�

Here ibias is the bias current supplied to the bolometer, R is
the resistance of the bolometer, � is the material temperature
coefficient of resistance �TCR�, � is an optical absorption
coefficient, G represents the thermal conductivity of the bo-
lometer’s primary means of heat loss, � is the modulation
frequency of the incident radiation, and � is the thermal time
constant.1

Because responsivity is directly proportional to TCR, the
choice of bolometric material is important. But since this
number varies by only a few percent in most readily avail-
able materials, the inverse proportionality of thermal conduc-
tivity G has a greater effect on responsivity.

A faster thermal time constant allows the device to be
used in a wider range of applications. The time constant
depends on the physical size of the bolometer: a smaller
bolometer has a faster time constant. But as the bolometer
gets smaller, its collection area also gets smaller, making it
less effective as a sensor. To increase the collection area of
the bolometer without increasing its physical size, one can
couple the bolometer to an antenna. If the antenna is de-
signed to resonate at the desired frequency, radiation can be
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directed into the bolometer and responsivity will increase.
The choice of antenna determines the resonant frequency,
bandwidth, and polarization of the device. Ground planes
and arrays of antennas can also be used to increase the re-
sponse of a bolometer.

Antenna-coupled microbolometers are generally mono-
lithic structures that can be fabricated using standard inte-
grated circuit manufacturing techniques, such as optical li-
thography and thin film deposition. The devices are operated
at room temperature and have low power requirements.

Our present antenna design is a square spiral, which has a
large bandwidth and approximately circular polarization
dependence.2 The antenna structure is written using electron
beam lithography, with minimum feature size of 450 nm. To
increase the thermal isolation of the bolometer, we fabricate
the devices on silicon nitride membranes and measure their
response under vacuum.

The antenna metal was chosen based on the ellipsometric
characterization of metals in the infrared. A variable-angle
spectroscopic ellipsometer was used to measure the optical
constants of four metals: Al, Au, Ni, and Ti. From these
measurements we calculated the electrical conductivity of
the metals,

���� =
4�cnk�0

�
, �2�

where n and k are the real and imaginary parts of the refrac-
tive index, �0 is the permittivity of free space, c is the speed
of light, and � is the wavelength.3 Figure 1 shows the con-
ductivity of these metals over the wavelength range of
8–12 	m. Nickel was selected as the antenna/bolometer
metal based on its high electrical conductivity �higher than
Au or Ti�, low thermal conductivity �lower than Al or Au�,
and high temperature coefficient of resistance �higher than
Al, Au, or Ti�.

II. FABRICATION

The antenna-coupled devices were fabricated on a 400 nm
low pressure chemical vapor deposited �LPCVD� Si3N4

layer, which was deposited on a 3 	m thermally grown SiO2

layer on a Si substrate. Square spiral antennas were written

in positive-tone electron-beam resist bilayer �polydimethyl-
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glutarimide �PMGI� SF-7 on ZEP 520A-7� with our Leica
EBPG 5000+. The use of PMGI as a lift-off resist layer
underneath the ZEP imaging resist layer allows control of
undercut dimensions. Both resist layers were spun onto the
substrate at 3000 rpm for 80 s, corresponding to thickness of
450 nm for PMGI and 300 nm for ZEP. Each layer was
baked on a hot plate at 180 °C for 3 min �PMGI� and 4 min
�ZEP�. No adhesion promoter was found to be necessary for
this process.

We exposed the resist bilayer with a dose of 120 	C/cm2,
with the e beam operating at 50 kV. The ZEP layer was then
developed for 90 s in xylene, and the PMGI layer was de-
veloped for 20 s in tetramethyl ammonium hydroxide
�TMAH� developer �2.3%�. The PMGI developer was per-
haps too aggressive and could be diluted to give longer, more
repeatable development times, but we had adequate device
uniformity with this method. It was not necessary to descum
the wafer before metal deposition.

Ni was deposited in a thickness of 150 nm, via dc mag-
netron sputtering onto the substrate. To lift off the metal and
remove the resist bilayer, we placed the wafer first in meth-
ylene chloride for 30 min. This removed the layer of ZEP
resist, as well as any Ni on top of the resist layer. Then we
placed the wafer for 30 min in EBR-PG, the edge-bead re-
mover sold by MicroChem, which consists mainly of 1, 3
dioxolane and propylene glycol monomethyl ether. This re-
moved the PMGI resist layer, leaving only the Ni antenna-
coupled microbolometers.

Membranes were created underneath the antenna-coupled
devices by coating the wafer with positive-tone photoresist
�Shipley S1818� and exposing two rectangles on either side
of the antenna. Figure 2 shows a schematic drawing of the
devices and membranes. Exposure was accomplished with a
Karl Suss MJB3 contact aligner. With the photoresist as a
mask, the Si3N4 was reactive ion etched �RIE� in CHF3

plasma. This etch was performed with 50 mTorr CHF3 at
1000 W rf power for 2 min. Slight overetching into the SiO2

FIG. 1. Frequency dependence of the electrical conductivity of Al, Au, Ni,
and Ti, based on ellipsometric measurements from 8 to 12 	m.
layer occurred, but this only helped with the next step.

JVST B - Microelectronics and Nanometer Structures
A mixture of nine parts ammonium fluoride to one part
hydrofluoric acid, known as buffered oxide etch �BOE�, was
then used to etch the SiO2 underneath the Si3N4. The photo-
resist provided a sufficient mask for the antenna metal,
which would otherwise have been removed by the etchant
during the 3 h etch. The isotropic nature of wet etching
caused the SiO2 directly beneath the antenna-coupled de-
vices to be removed, leaving the devices suspended on the
400 nm layer of Si3N4. In the final step, acetone was used to
remove the photoresist mask. This nitride layer was robust
enough that critical point drying was not necessary in releas-
ing the devices, due in part to the thickness of the nitride and
also to the deposition method: LPCVD yields a lower-stress
film than plasma-enhanced chemical vapor deposition
�PECVD�. Images of the devices are shown in Fig. 3.

Initial attempts at membrane fabrication relied on e-beam
resist for the RIE mask to etch Si3N4 and used no mask
during the BOE etch. For this reason, Au and Cr were the
only possible metal choices, as they are not removed by hy-
drofluoric acid.4 We desired to develop a fabrication process
that would allow the use of arbitrary antenna and bolometer
materials, so we first tried to create the membranes by coat-
ing the antenna-coupled microbolometers with several hun-
dred nanometers of thermally evaporated Cr, then masking
the Cr with photoresist, wet etching windows in the Cr, RIE-
ing those same windows in the Si3N4, wet etching the SiO2

in 49% HF, and finally etching away the remaining Cr. This
process failed because the Cr was not an adequate mask for
HF, and the Cr etchant also etched several candidate antenna
metals, such as Ti. Our present approach, using photoresist
as a mask instead of Cr and using BOE instead of straight
HF, is a much simpler and more effective process. Bolomet-
ric materials that would normally be removed by HF can

FIG. 2. Top view and cross section of antenna-coupled microbolometer on
Si3N4 membrane.
now be included in the process. The choice of Ni in this
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work is due largely to the ease of deposition and Ni’s slightly
higher TCR ��0.6%, compared to 0.4% in most metals�.

III. MEASUREMENTS AND CHARACTERIZATION

Infrared measurements of the devices were carried out
with the test setup shown in Fig. 4. The source, a tunable
CO2 laser �9–11 	m wavelength�, passes through a neutral
density filter �NDF� and a wire grid polarizer, which attenu-

FIG. 3. Optical and scanning electron microscope images of antenna-
coupled microbolometer on Si3N4 membrane.

TABLE I. Measured results for Ni antennas coupled t

Device
Signal
�mV�

Flux o
detec
�	W

Without membrane 0.3 30
With membrane, no vacuum 1.03 2.1
Membrane, under vacuum 3.54 2.1
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ate the power incident on the detector. A half wave plate
�HWP� allows control of the incident polarization of the
beam. Several lenses are used to focus the beam, first
through a mechanical chopper which modulates the laser
beam at 2.5 kHz, and then to an F /8 focus, which has a spot
size of 250 	m.

The device was mounted in an evacuated Dewar with a
ZnSe window, on a three-axis micropositioner stage. A
roughing pump was used to evacuate the Dewar to a pressure
of 20 mTorr. A bias voltage of 150 mV was applied, and the
signal was read on a spectrum analyzer and lock-in amplifier
after passing through a 10
 amplifier. Using the 10.6 	m
CO2 laser line and illuminating the devices from the air side,
we measured the response and noise figure of three types of
device: Ni square spiral antenna coupled to a Ni bolometer
on a substrate of Si3N4 �no membrane�; the same device on a
400 nm Si3N4 membrane in air; and the same device on a
400 nm Si3N4 membrane under vacuum. Measured results
are summarized in Table I.

Knowing the incident power of the laser, the beam spot
size, and the effective area of the detector, we can calculate
voltage responsivity Rv,

Rv =
vsignal

�det
�3�

where vsignal is the output of the detector �in volts� and �det is
the laser flux on the detector �in watts�. With the noise figure,
vn /��f , where �f is the electrical bandwidth, we can also
calculate normalized detectivity �D*�, a commonly used fig-
ure of merit for detectors. This is used to compare the sen-
sitivity of detectors of different sizes and electrical band-
widths,

FIG. 4. Test setup for IR antenna-coupled microbolometer measurement.

microbolometers at 10.6 	m.

Noise
figure

�nV/�Hz�

Voltage
responsivity
Rv �V/W�

D*

�cm �Hz/W�

6.12 10.1 5.69
105

5.7 481 2.89
107

5.7 1656 1.03
108
o Ni

nto
tor
�

4
4
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D* =
Rv

vn

�Adet�f �4�

Here Adet is the area of the detector. Our thermal isolation
technique succeeded in increasing the responsivity and D* of
the sensor by two orders of magnitude. Creating the mem-
brane had a large effect on the responsivity, increasing it by
a factor of 47.6; operating the membrane under vacuum fur-
ther reduced thermal loss paths and increased responsivity by
an additional factor of 3.44.

IV. CONCLUSION

By fabricating an antenna-coupled microbolometer on a
membrane of Si3N4, we have increased the responsivity and
D* of the device through improved thermal isolation. The
fabrication process uses conventional lithography and thin
film deposition techniques and relies on the isotropic wet
etching of a sacrificial SiO2 layer underneath a 400 nm layer
of Si3N4 that makes up the membrane. Comparison between

an antenna-coupled microbolometer on a substrate and the
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same device on a Si3N4 membrane showed an increase of
two orders of magnitude in responsivity when the device was
measured under vacuum.

Thermal isolation can be increased by reducing the thick-
ness of the membrane, or by creating a free-standing
antenna-coupled microbolometer. Another way to increase
responsivity would be to investigate different materials for
the antenna or the microbolometer, with consideration of
such properties as the thermal conductivity and TCR of the
metal, and impedance matching of the antenna to the
microbolometer. The use of a ground plane is also being
investigated.
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