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Infrared imaging has demonstrated itself to be a vital aspect
of modern warfare. Infrared (IR) imaging has been used for
surveillance, targeting, and night vision. The civilian applica-
tions of infrared imaging for security, thermography, and
night vision in transportation are becoming increasingly
widespread. The key factor limiting the adoption of wide-
spread civilian applications of infrared imaging is the high
cost associated with cryogenically cooled IR detector arrays.
More recently, thermal imaging arrays capable of operating
at or near room temperature without costly cryogenic re-
frigeration have been developed. These systems are less ex-
pensive than their cryogenic counterparts; however, they are
not yet inexpensive enough to be feasible for mass consumer
applications. However, as uncooled infrared imaging technol-
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ogy develops, low-cost systems will be developed, enabling
night vision in automobiles, significantly improving automo-
bile safety by allowing the driver to see beyond the range of
the headlights and enabling other mass consumer applica-
tions in transportation, security, and medicine to be realized.

Infrared detectors can be generally classified as belonging
to one of two types. There are photon detectors and thermal
detectors. Photon detectors generally operate using the photo-
voltaic effect or photoconductivity. In either case, a photon
detector relies upon the absorption of a quantum of light by
an electron. The electron then may be excited to a state where
it can be transported over a barrier; or, more commonly, it
results in the generation of electron—hole pairs, allowing for
increased conductivity (photoconductivity) or a shift in the
quasi-Fermi levels (photovoltaic). Photon detectors do not pos-
sess a high detectivity at room temperature due to the noise
associated with the dark current. To minimize the dark cur-
rent, photon detectors are generally cooled to cryogenic tem-
peratures by submersion in liquid helium or liquid nitrogen
or by employing a closed-cycle refrigerator. The necessity of
cryogenic cooling significantly increases the system cost and
the complexity of an infrared camera. Most infrared photon
detectors are based upon HgCdTe devices or silicon Schottky
barrier diodes.

In contrast, thermal detectors operate by utilizing the heat
generated by the absorption of the photon flux to change tem-
perature. The change in the temperature is associated with a
change in a measurable electrical property of the material
such as the electrical resistance (bolometer), spontaneous po-
larization (pyroelectric detector), or Fermi level (thermocou-
ple). To maximize the response of a thermal detector, it is
important to maximize the temperature change with respect
to the energy absorbed by the photon flux. To this end, it is
important that a minimal amount of heat be lost through con-
duction away from the detector. The detector is, therefore,
usually thermally isolated from its surrounding as much as
possible to achieve a large responsivity. This can be achieved
in microdetectors by micromachining the detectors to be sus-
pended above the substrate and placing the detector in vac-
uum, thereby minimizing the amount of heat lost to the sub-
strate by conduction. Typically, a thermal conductance of
1077 W/K is achieved. In addition, microfabrication allows de-
tectors with a very low thermal mass (specific heat) (1071 J/
K) to be fabricated, again providing large temperature
changes in the detecting element with respect to the incident
photon energy. Thermal detectors do not suffer from noise as-
sociated with dark current; therefore, high-detectivity detec-
tors (D* =~ 10 c¢cm-Hz"?/W) operating at room temperature
are possible.

BOLOMETRIC DETECTORS

Theory of Bolometer Operation

A bolometer operates through the temperature-dependence of
the resistance of the sensitive element or thermometer. As
the temperature of the bolometer changes with the energy
carried by the incident photon flux, the resistance changes,
thereby giving a measurable signal when current biased. The
relative magnitude of the change in the electrical resistance
is known as the temperature coefficient of resistance (TCR).
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The TCR is given by
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Performance improves with the magnitude of the TCR. Met-
als (1,2) were originally used as bolometers; however, their
TCR is limited to 0.5% K1, thereby limiting their responsivity
and detectivity. At present, practical microbolometers are
based upon semiconductors such as germanium (3), amor-
phous silicon (4), and vanadium oxide (5-9). In addition, more
recently, semiconducting YBaCuO has been proposed
(10-13).

The responsivity of a bolometer—that is, the output signal
voltage per unit incident infrared power—is given by (14)

I, Rgn
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where [, is the bias current, R is the direct current (dc) resis-
tance, 7 is the absorptivity, G is the thermal conductance be-
tween sensitive element and the substrate, o is the angular
modulation frequency of the incident radiation, and 7 is the
thermal response time which is given by C/G. C is the heat
capacity (thermal mass) of the sensitive element. Therefore,
for high responsivity, high dR/dT, low G, and low o (o7 < 1)
are required. Silicon micromachining techniques can be em-
ployed to create an air-gap bridge under the detector to pro-
vide low thermal conductance and heat capacity (15—-17).

The detectivity D* is determined by the ratio of the respon-
sivity Ry to the noise voltage V,:

p+ _ RyVATA
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where Af is the amplifier frequency bandwidth, V, is the total
noise voltage of the detector, and A is the area of the detector
(thermometer).

The noise voltage, V,, is determined by the sum of the con-
tributions due to the background noise produced by the black-
body emissions of the surroundings, the temperature fluctua-
tion noise due to thermodynamic fluctuations in the isolated
thermal mass, and the noise generated by the thermometer
or sensitive element. The noise generated by the thermometer
includes Johnson noise and the low-frequency noise of the
material. The respective noise contributions may be calcu-
lated from the following relations.

The temperature fluctuation noise is due to temperature
fluctuations resulting from the exchange thermal conduction
of isolated thermal detector with the substrate. The tempera-
ture fluctuation noise voltage, AVyy, is calculated from

AVye  2kYPLRPT, "

\/A_f - G1/2(1 + 4712}02{2)1/2

where T} is the detector temperature and k3 is Boltzmann’s
constant. The background voltage noise, AVyg, results from
the radiative exchange of the detector with the surroundings.
For a detector surrounded by a uniform blackbody at temper-
ature T, the background voltage noise may be calculated
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from

AVpg  I,RBI8Anoky (TS + TH1?
NN G(1+4n2f2¢2)1/2

(%)

where A is the total surface area of the detector and o is the
Stefan—Boltzmann constant.

The voltage noise generated by the sensitive material or
thermometer occurs due to the Johnson noise associated with
the resistance of the detector plus the 1/f noise of the mate-
rial. The Johnson noise voltage is given by

Ay _ TR
=V4kzTp R 6
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The 1/f noise may originate due to a variety of physical pro-
cesses. The magnitude of the 1/f noise must be determined
empirically for a given material used as the thermometer.
The 1/f noise is often determined by material processing pa-
rameters because it often relates to the number of traps
throughout the volume or at the surface of the thermometer
layer. In general, the Hooge formula (18) provides a relation
for the voltage spectral density associated with the 1/f noise.
The noise voltage is taken as the square root of the voltage
spectral density. The Hooge formula is given by

av? _AVY,

Here, o is Hooge parameter which provides the relative mag-
nitude of the 1/f noise, V is the dc voltage, and N is the total
number of independent fluctuators. The fluctuators are the
scattering centers creating the noise. In bulk materials, the
fluctuators are often distributed evenly throughout the vol-
ume of the material; however, in the case of thin films, as
employed in microbolometers, the dominant scattering mech-
anism is often associated with surface states (19) and the
fluctuators are distributed over the surface of the thin film.
The corner frequency occurs where the 1/f noise merges
with the Johnson noise floor. The power-normalized corner
frequency reflects the inherent noise in the bolometer and is
a useful comparison for the noise in different types of bolome-
ters. By equating the Hooge formula to the Johnson noise, the
power-normalized corner frequency is given by

®
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The total noise voltage V, is provided by the sum of
squares of the contributions due to temperature fluctuation
noise, background noise, Johnson noise, and 1/f noise:
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Figure 1. A plot of the noise components and total noise for a micro-
bolometer as a function of sampling frequency. The following parame-
ters were used in constructing the plot: 8 = 3.5% K1, R = 235 kQ),
n=1C=07nJ/K,G=700W/K, 7=0.01s, Tp = 300 K, A = 50
pm X 50 um, /N = 1072, and I, = 1 pA.

The relative magnitude of the different noise components
is plotted in Fig. 1. As can be seen by the plot, the 1/f-noise
component dominates the noise voltage at low frequencies,
while at high frequencies the Johnson noise dominates. A ma-
terial with lower 1/f noise would see the contributions due to
temperature fluctuation noise and background noise play a
greater role at intermediate frequencies. It is important to
note that the magnitude of the 1/f noise, temperature fluctu-
ation noise, background noise, and responsivity are propor-
tionate to the bias current I,. At zero bias, the noise voltage
is determined by the Johnson noise. However, there is no re-
sponsivity. As I, is increased, the responsivity is increased as
well as the contributions due to background, temperature
fluctuation, and 1/f noise. While the magnitude of these noise
components remain much less than the Johnson noise, the
detectivity increases at the sampling frequency of interest,
until the magnitude of these noise components starts to domi-
nate over the Johnson noise. At this point, both the responsiv-
ity and the device noise are increasing with the current bias,
thereby leading to a saturated, maximum detectivity. In im-
aging arrays, image quality dictates operating the bolometers
in the Johnson noise regime where the contributions from the
temperature fluctuation, background, and 1/f noise are small,
resulting in an operating detectivity less than the maximum.
The background and temperature fluctuation noise compo-
nents have the same cutoff frequency due to the thermal time
constant as the responsivity, while the Johnson noise contin-
ues to high frequencies. To decrease the total Johnson noise
voltage contribution, a low-pass filter is used.

The corresponding responsivity and detectivity are plotted
versus sampling frequency in Fig. 2. The plot shows that the
responsivity is constant at low sampling frequencies and de-
creases at higher frequencies due to the thermal time con-
stant of the thermal isolation structure. The detectivity is re-
duced slightly at low frequencies due to the presence of the
1/f noise, and it reaches a maximum as the 1/f noise merges
with the Johnson noise before decreasing with the thermal
time constant of the bridge structure. Detectivities in the
range of 10° ¢cm-Hz'2/W to 10 c¢cm-Hz!?2/W are achievable
with state-of-the-art uncooled microbolometers.



The signal-to-noise ratio of the bolometer is often ex-
pressed in terms of a noise equivalent power (NEP), which is
the incident photon power required to produce a voltage sig-
nal equal to the total noise voltage. The NEP can be calcu-
lated from the ratio of the total voltage noise divided by the
responsivity. The NEP of uncooled microbolometers is typi-
cally higher than cooled IR detectors simply because of the
operation at elevated temperatures:

Vi
NEP = —
R
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(10)

When the microbolometers are integrated into arrays, the
ability to have high detectivity is important, but the most im-
portant figure of merit is the ability to resolve small tempera-
ture differences in the field of view. This figure of merit is
expressed as the noise equivalent temperature difference
(NETD). The NETD is given by

NETD = 2 EH VAL (11)
T | Dx BL/3T); VA,

where, F/# is the F number of the optics, dL/9T is the rate of
change of the radiance of the object with temperature, and
A, is the area of the detector. Most thermal imaging systems
operate either in the 3 um to 5 wm atmospheric window or
the 8 um to 14 um atmospheric window, where (aL/aT)AHZ
can be shown to be equal to 2 X 10 W/ecm%-K and 2.6 X
10~* W/em?K, respectively.

Evaluating Eq. (11) in the case of temperature fluctuation
noise limited detectivity, the NETD is given by

_ 8 | Ty (F/#)>VGRgAf
NETDme = [ nGL/0T); ;A

The NETD.y therefore decreases as the square root of the
thermal conductance away from the bolometer and is directly
proportional to the detector temperature. As the thermal con-
ductance of the bolometer is decreased, the temperature fluc-
tuation noise decreases below the background noise. In this
case, the NETD would be limited by the background noise
associated with the radiative energy exchange between the

z 1070
B 10°° (\
2
3% 108
g 1071 o
s N . ---- Responsivity
;é 107 —— Detectivity
28 M0 e -
s Tl
g 10tk Tl .
R [ DN
o 1000 | ‘

1 10 100 1000

Sampling frequency (Hz)

Figure 2. A plot of typical microbolometer responsivity and detec-
tivity of sampling frequency using the same parameters described in
Fig. 1.

INFRARED DETECTOR ARRAYS, UNCOOLED 201

bolometer and its surroundings. The NETD in this case is
given by

NETDy =

§ (F /#)2 ZO‘kB(TS + Tg)Af
m (OL/3T); s, nA,

The NETDg. is independent of the thermal isolation but de-
pends upon the temperature of the detector and background.
At room temperature, the NETDg; is calculated to be 5 mK
in the 3 um to 5 um band and 0.4 mK in the 8 um to 14 um
band. In performing these calculations, it is assumed that the
system would have F/1 optics, n = 1 absorptivity, 40 um X
40 um pixel size, bandwidth Af = 30 Hz, device temperature
Ty = 300 K, and background temperature 75 = 300 K. NETDs
less than 30 mK have been measured with uncooled microbo-
lometer imaging arrays. This result is approaching the back-
ground limited noise performance. It is an impressive perfor-
mance considering the approximations made in the
calculations presented here. Reference 30 provides a more de-
tailed discussion on the calculation of NETD and the depen-
dence upon thermal isolation and detector temperature.

Vanadium Oxide Microbolometer Arrays

Vanadium oxide (VO,) microbolometer technology was devel-
oped by Honeywell (9) and is currently being used under li-
cense by Raytheon-Amber (8), Hughes Aerospace (5), Rock-
well International (7), and Lockheed-Martin (6). The
technology employed by these companies varies mainly in
terms of the readout circuitry employed to operate the micro-
bolometer arrays, the method of fabricating the thermal isola-
tion structures, and the geometry of the detector arrays fabri-
cated. A description of the VO, focal plane array (FPA)
technology at Hughes Santa Barbara Research Center
(SBRC) follows.

SBRC has been developing uncooled microbolometer FPAs
since Hughes Aircraft Company licensed the microbolometer
detector technology from Honeywell (5) in 1993. SBRC has
focused on developing high-performance readout integrated
circuits (ROICs) and improving the microbolometer detector
structure and fabrication process. These improvements have
included increases in pixel thermal isolation, optical fill-fac-
tor, and temperature coefficient of resistance. Simultane-
ously, the fabrication process has been simplified to achieve
better yields and faster cycle times.

A scanning electron micrograph of the microbolometer pix-
els fabricated with the dry sacrificial etch process and the op-
timized SisN, is shown in Fig. 3. A self-aligned leg etch pro-
cess is being used to reduce the microbolometer support leg
width to less than 2 um. This has increased the thermal isola-
tion by a factor of two while allowing area for increased detec-
tor fill-factor. A polyamide sacrificial layer has been imple-
mented in place of the baseline SiO, sacrificial layer. The
polyamide material allows the use of a dry sacrificial etch
rather than the wet HF-based etch used in the baseline pro-
cess. The elimination of the wet etch has dramatically simpli-
fied the microbolometer fabrication process. The dry etch pro-
cess has an essentially zero etch rate of (a) the SizN, used for
the bridge and (b) the oxides and metal layers used in the
readout substrates.

The dry sacrificial etch process also facilitated performance
improvements in the microbolometer responsivity. The thick-
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Figure 3. Scanning electron micrograph of microbolometer pixels
fabricated at SBRC using polyamide sacrificial etch process. From
Hughes Santa Barbara Research Center with permission. © 1997,
Santa Barbara Research Center.

ness of the SizN, layers has been reduced without sacrificing
device yield. Si;N, bridge thicknesses as thin as 360 nm have
been successfully demonstrated using the dry etch process.
The deposition process of the SizN, process has been opti-
mized for throughput and thermal properties. The nitride de-
position process can complete a 20-wafer lot in about 1 h. The
deposition process has also been optimized to produce films
with low stress and low thermal conductivity. The thermal
conductivity of the SizN, is only about 0.8 W-m 1-K™!. This
represents over a factor-of-two reduction of thermal conduc-
tivity compared with the baseline material.

An advanced microbolometer fabrication process has been
employed to build high-image quality IR FPAs. These FPAs
have a 320 X 240 format with 50 um X 50 um pixels and
are based on a complementary metal oxide semiconductor
(CMOS) read-out integrated circuit (ROIC). The ROIC uses
on-chip clock and bias generation to provide a simple electri-
cal interface requiring only three clocks and five bias levels.
The FPA has a single video output and can operate at frame
rates up to 60 Hz. The SBRC-151 ROIC operates in an elec-
tronically scanned format and pulse-biases each pixel. It per-
forms two levels of on-chip offset correction to minimize spa-
tial nonuniformity of the FPA pixels. The on-chip correction
allows the use of a high detector bias (4 V) and on-chip gain
without saturation of the output range. The readout utilizes
a differential architecture throughout the signal chain in or-
der to minimize sensitivity to bias fluctuation and external
noise sources. These features give the SBRC-151 very high
responsivity and good extraneous noise immunity. The ROIC
also incorporates an on-chip temperature compensation capa-
bility in order to minimize temperature stabilization require-
ments. The various operational and test modes of the chip are
controlled through a 32-bit serial programmable interface.
The ROIC was specifically designed to accommodate a wide
range of detector impedances without any degradation of sen-
sitivity. The ROIC will operate with pixel impedances ranging
from 10 kQ to 200 kQ with little degradation in performance.

The microbolometer FPAs are mounted in vacuum pack-
ages with a single-stage thermoelectric cooler for temperature
stabilization. An antireflective-coated germanium (Ge) win-
dow is used to achieve high transmission in the 8 um to 14
pm spectral region.

The SBRC-151 FPAs have been integrated into several
camera systems including the long-wavelength staring sensor
(LWSS) developed by Hughes Sensors and Communications
Systems (SCS). The LWSS is a prototype military IR camera
for portable applications. The camera was designed to achieve
low-power consumption in order to maximize battery life. The
camera utilizes a 50 mm focal length f/0.7 Ge lens assembly
with a broadband AR coating. The LWSS camera provides
memory for the coarse on-chip correction terms as well as the
gain and offset nonuniformity correction terms.

The LWSS sensor has been used for imaging demonstra-
tions and radiometric testing of the SBRC-151 FPAs. The
Hughes LWSS camera was independently evaluated at the
US Army Night Vision and Electronic Sensors Directorate
(NVESD). The NVESD performed measurements of NETD,
minimum resolvable temperature (MRT), and three-dimen-
sional noise. An NETD of 24 mK was measured with the
f/0.7 optics while an NETD of 42 mK was measured with the
optics stopped down to f/1.0. Figure 4 presents MRT mea-
surements obtained by NVESD using the f/0.7 optics. The
vertical MRT ranged from 48 mK at the Nyquist frequency
(fy) to 16 mK at low spatial frequency (0.30 fy). The hori-
zontal MRT ranged from 59 mK at the fy to 17 mK at 0.30
fn. The NVESD measured spatial camera noise was less than
50% of the temporal noise. Further optimization of the FPA
and camera is expected to produce NETD values of <20 mK
for f/1.0 apertures. The scene dynamic range of the camera is
greater than 50 K with the f/0.7 optics and greater than 100
K with the /1.0 optics.

The pixel operability for the same FPA was measured to
be 99.2%. An operable pixel is defined as one with an f/0.7
NETD less than 50 mK. The instantaneous scene tempera-
ture dynamic range of the pixels is typically about 50 K with
f/0.7 optics and about 100 K with f/1.0 optics. A single-frame
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Figure 4. Minimum resolvable temperature data taken at US Army
NVESD on Hughes LWSS manportable uncooled sensor. NVESD
measured an NETD value of 24 mK on the sensor. (From Hughes
Santa Barbara Research Center, with permission. © 1997, Santa Bar-
bara Research Center.)



Figure 5. Single frame of night imagery of Mission Santa Barbara
obtained with Hughes LWSS portable uncooled sensor. (From Hughes
Santa Barbara Research Center, with permission, © 1997, Santa Bar-
bara Research Center.)

example of night imagery obtained from the LWSS camera is
shown in Fig. 5.

Prospects for Semiconducting Yttrium Barium Copper
Oxide (YBaCuO) Microbolometer Arrays

Although VO, technology has obtained impressive perfor-
mance, there are difficulties associated with the deposition of
the material across the wafer with uniform resistivity and
TCR across the wafer. This, combined with the relatively low
TCR which necessitates a large current bias and thereby
power dissipation, has made the search for an alternative ma-
terial. In general, the bolometric material should be easily
deposited and patterned using standard semiconductor pro-
cessing equipment. The processing of the bolometer material
must also be compatible with Si micromachining processes
and be compatible with the CMOS readout circuitry, which is
typically fabricated underneath the bolometer array. These
criteria require that the material be deposited uniformly over
the wafer with only small spatial variations in the resistivity
and TCR. Furthermore, all the processing would ideally be
conducted at temperatures less than 300°C so the underlying
CMOS readout circuitry is not degraded. In addition, the bo-
lometer material should have a high TCR to allow for small
bias currents and, hence, low power dissipation and long bat-
tery life for the IR camera. YBaCuO is one material that sat-
isfies these criteria.

YBaCuO is best known as a high-temperature supercon-
ductor. The optical and electronic properties of YBa,Cu;Og,,
are determined by its oxygen stoichiometry. For x =~ 1, YBa-
CuO possesses an orthorhombic crystal structure, exhibits
metallic conductivity, and becomes superconductive upon
cooling below its critical temperature. As x is decreased to
0.5, the crystal structure undergoes a phase transition to a
tetragonal structure and it exhibits semiconducting conduc-
tivity characteristics because it exists in a Fermi glass state.
As x is decreased further below 0.3, YBaCuO becomes a Hub-
bard insulator with a well-defined energy gap on the order of
1.5 eV (20). The unit cell consists of three CuO planes in the
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a—b plane sandwiched between two planes containing BaO
and one plane containing Y atoms along the c-direction. Each
layer consists of corner-sharing CuO, polyhedra held together
by the Y plane. As x is increased, O is randomly introduced
to the O(1) sites creating carriers and simultaneously results
in disorder, leading to formation of localized states in the
CuO planes.

Several reports exist in the literature on transport, Hall
effect, and dielectric measurements of the semiconducting
YBaCuO thin films (21-24). A brief summary of results is
presented in Table 1.

In the semiconducting state, YBaCuO exhibits a relatively
large TCR (~3 to 4% K™') over a 60 K temperature range near
room temperature. The large TCR, combined with the ease of
thin film fabrication that is compatible with CMOS pro-
cessing, makes YBaCuO attractive to microbolometer applica-
tions.

The YBaCuO thin films, whose data are reported here,
were deposited by radio frequency (RF)-magnetron sput-
tering in a CVC-601 sputtering system at ambient tempera-
ture using commercially available YBa,Cu3Og., sputter tar-
gets (10-13). Microbolometer array test structures were
fabricated by depositing the YBaCuO IR-sensitive element
onto a suspended bridge. A scanning electron micrograph of a
typical array is shown in Fig. 6. In this case, the bridge struc-
tures were fabricated removing the Si underneath a 1500 nm
thick SiO, by etching with a HF:HNO; solution through
trench cuts in the oxide layer. A 40 nm thick MgO buffer layer
was deposited by RF-magnetron sputtering, followed by the
200 nm thick YBaCuO film. The MgO buffer layer was used
to act as a barrier against any interaction between YBaCuO
and the substrate because some evidence of Cu diffusing into
silicon had been observed earlier. In addition, lower noise
characteristics have been observed in YBaCuO films depos-
ited on MgO. The effect of encapsulating YBaCuO in MgO or
other passivating films has yet to be tried. The YBaCuO and
MgO was then patterned to define IR-sensitive areas by the
wet etching. A 300 nm thick Au film was sputter-deposited
and etched to form the contact pads and leads.

The two-probe resistance values for array pixels were
found to vary roughly from 2 MQ to 10 M(Q) depending on
geometry for these devices. The TCR (or B) was calculated
from the resistance versus temperature characteristics. For
pixel #2 of the same array, 8 was found to vary from ~2.99%
to 3.37% in the 282 K to 312 K range with a room tempera-

Table 1. Selected Properties of Semiconducting YBaCuO*
Value
E, =~ 0.2-0.3 eV

Parameter

Conductivity activation energy (near room
temperature)
Relative dielectric constant (7' = 298 K)
Typical resistivity (T' = 298 K)
Hall carrier concentration ny (T = 298 K)
dR/dT (T = 298 K)
Temperature coefficient of resistance
(T = 298 K)
Voltage noise at 1 uA current bias and
30 Hz (1/f noise regime)

e, = 87-500

p = 1-100 Q-cm
10%-10% ¢cm® p-type
8 X 10° /K

-3.9% K1

V,/Af < 0.75 uV/Hz"?

“The wide range in some of the parameters is due to the varying oxygen
content.



204

INFRARED DETECTOR ARRAYS, UNCOOLED

Figure 6. Scanning electron micrograph of a one-dimensional YBa-
CuO microbolometer array fabricated on an oxidized Si substrate.
The YBaCuO IR-sensitive element is suspended on the microma-
chined SiO, bridge and is contacted by gold leads running along the
arms of the bridge. The pixel size is approximately 40 um X 40 um.

ture value of 3.25%. The wafer average value of 8 was 3.5%
and varied less than 10% across the wafer.

The optical response of the YBaCuO microbolometer
arrays was measured by using a 1450 K blackbody source.
The net usable range of this broad-band system was ~0.8 um
to 12 um. Narrow-band spectral analysis was performed with
an Oriel MS-257 monochromator/spectrograph. The samples
were characterized under both front-side and backside
(through the substrate) illumination with mechanically
chopped infrared light. Room temperature measurements of
the responsivity, Ry, and detectivity, D*, were performed in
air. The temperature-dependent measurements were per-
formed in a cryostat evacuated to a pressure of 30 mTorr.
The response of the YBaCuO devices was calibrated against
a pyroelectric detector with Ry = 1000 V/W. In Fig. 7(a), typi-
cal room-temperature responsivity Ry is displayed at different
bias levels of 0.126 pA to 0.79 pA. The responsivity was linear
with respect to the bias current implying a true bolometric
behavior. At high frequencies, Ry decreased in accordance
with Eq. (2). A thermal time constant, 7 ~ 0.7 ms, was ob-
tained by fitting this relation to the measured response. A
room-temperature value of G/ = 2.6 X 107 W/K was com-
puted using Eq. (1) and the values of measured 8 and R, com-
puted 7 and the applied bias current I,. The thermal conduc-
tance G of the suspended structure was measured by the
resistive or Joule heating method to be 7.41 X 10°¢ W/K.
From the measurement of the thermal conductance and time
constant the thermal mass C was calculated to be ~1078 J/K.
Using the value of G/ calculated from the responsivity data
and G from Joule heating, a value of absorptivity n for the
YBaCuO film was estimated to be about 29%. However, in
order to obtain a more realistic figure, a direct measurement
of absorptivity and reflectivity characteristics for this mate-
rial needs to be performed.

Noise characteristics were also investigated to evaluate the
performance of the bolometer in terms of detectivity D*. D* is
displayed in Fig. 7(b). At zero-bias or very low currents (I, <
0.1 pA), the noise spectrum showed essentially the Johnson

(or 4kTR) level. A 1/f noise was observed at low frequencies
(~2 wV/Hz"? at 30 Hz for 0.79 uA), which caused D* to de-
cline slightly. At higher frequencies (above ~300 Hz for 0.79
rA), the excess noise spectral density merged with the John-
son noise floor of ~0.4 uwV/Hz'2. From the point of view of
detectivity, the optimum range for chopping frequency was
found to be about 70 Hz to 200 Hz, above which the cutoff
due to 7 caused Ry and, hence, D* to fall below their maxima.
A plausible cause of 1/f noise was the contact resistance be-
tween gold metallization and the YBaCuO film. If this is true,
then decreasing the contact resistance would bring the low-
frequency noise down to the Johnson noise level, improving
the performance of these devices by an order of magnitude.
It is important to note that the measured thermal conduc-
tance of the YBaCuO microbolometer test structures is ap-
proximately two orders of magnitude larger than the state-of-
the-art obtained elsewhere for amorphous-Si and VO, bolome-
ters. This would imply that detectivities in the range of 10° to
5 X 10° cm-Hz'*/W are achievable if state-of-the-art thermal
isolation structures were employed. This is comparable to
VO, and amorphous-Si devices. It is also important to note
that the top surface of the YBaCuO bolometers was not pas-
sivated and likely suffers from a larger 1/f noise component
than if the YBaCuO film was totally encapsulated. VO, tech-
nology uses Si;N; encapsulation, in part to reduce the 1/f
noise present in the film. For YBaCuO, it has been observed
that utilizing the MgO buffer layer reduces the 1/f noise pres-
ent in the film, and it is likely that MgO encapsulation would
further reduce the 1/f noise and lead to higher detectivities.
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Figure 7. (a) Responsivity and (b) detectivity of 40 um X 40 um
YBaCuO microbolometer pixel as a function of IR chopping frequency
at different current biases.



Table 2. A Comparison Between Uncooled
Bolometer Technologies

TCR f/4ksT
Material (% K™Y (Hz/W)
VO, 1.5-4 1.2 X 1071
Amorphous Si 1.8 4 x10®
Semiconducting YBaCuO 3-4 4 X108

“ From Refs. 6, 1013, and 25.

The different microbolometer technologies are compared in
Table 2 with respect to the TCR and corner frequency.

PYROELECTRIC IR DETECTORS

Theory of Pyroelectric Detector Operation

A pyroelectric detector operates through the temperature-de-
pendence of the spontaneous polarization of the material. As
the polarization changes with temperature, the surface
charge on a pyroelectric capacitor changes, resulting in a
measurable pyroelectric current,

I =pAdT/dt (12)
where p is the pyroelectric coefficient, A is the capacitor area,
T is temperature, and ¢ is time. The pyroelectric capacitor
is connected to a preamplifier. A typical pyroelectric detector
element of area A and dielectric thickness d connected to a
read-out amplifier is shown in Fig. 8. Radiation with power
®(¢) modulated at frequency w is incident on surface of the
element. The absorptivity of the detector is 5. The detector
element has a thermal capacity C and a thermal conductance
to the substrate G. Thus, the temperature change, AT, re-
sulting from the incident radiant flux can be expressed as

c 98T + GAT = nA®(¢)

ot (13)

where the temperature of the detector element is 7(t) =
T, + AT(t), modulated by the radiation flux

D) = Pog + AD(¢) = Pog + P’ (14)
The solution to Eq. (13) is
AT = Toejmt (15)

Pyroelectric detector

oV

: T Ca

Figure 8. The equivalent circuit depicting the detector and the read-
out amplifier.
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with
n 1
T,=1 L o, (16)
G.JV1+ w2tt2h

The thermal time constant 7, is defined as 7, = C/G.

The response is usually read out by an amplifier that can
be shown as a combination of conductance G, and capaci-
tance C, in parallel with the detector conductance Gy and ca-
pacitance Cp (Fig. 8). If the induced pyroelectric current I is
read out as voltage V, then

av

daT
CEd—T

G,V =1 =pA—
+Gg PA—

17
Here, C; = C, + C4, and Gz = Gp + G4 are the equivalent
electrical capacitance and conductance of the circuit in Fig. 1.
Solving Eq. (17) with Eq. (15), we find

AV (t) = V,elo! (18)

and

v PA wT,

=——T (19)
0T Cy V1+ 0?72 0

The electrical time constant, 7,, is expressed by 7, = Cg/Gy.

Combining Eqgs. (16) and (19), voltage responsivity Ry can be
obtained as (26—29)

Vo _, p4 @ (20)

R, = =7
v @, GGy V1 + wgftzh\/l + wztez

It should be noted that in solving Egs. (13) and (17), phase
terms were ignored.

To achieve a high responsivity, the detector is usually fab-
ricated in a micromachined thermal isolation structure, min-
imizing G. As discussed before, the detectivity, D* = Ry (A
Af)Y2/V,, gives the area-normalized signal-to-noise ratio in the
frequency bandwidth Af for the detector with V,, the total
noise voltage. Pyroelectric detectors experience dJohnson
noise, background noise in the photon flux, and temperature
fluctuation noise. In practical cases, temperature fluctuation
noise includes the background noise contributions and should
be ideally the dominant noise source (30). The respective
noise contributions may be calculated from the following rela-
tions (31).

Temperature or Radiation Noise. Even if the pyroelectric de-
tector is in thermal equilibrium with its surroundings, it will
experience agitation of charges due to (a) fluctuations in the
incoming radiation and (b) exchange of heat due to convection
and conduction. The temperature noise can be expressed as
(26)

AVyg  RyvVakT?G o1
JAF n

If the temperature fluctuations due to convection and con-
duction are eliminated so that the only interchange of energy
with the surroundings is by radiation, the detector is said to
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be background-limited, representing the highest achievable
detectivity D p at a particular temperature (26,28).

. n 1/2
Divre = (160kT5) 22)
Here, o is Stefan’s constant. At room temperature, for n = 1,
the background-limited detectivity is 1.8 X 10'° cm Hz'*/W.

Johnson Noise. Johnson noise includes the thermal noise of
the parallel conductances of the amplifier resistance and the
alternating current (ac) conductance of the detector and is
given by (26)

AV,  JVAkTGy

= (23)
VAf GEvl—l—wer%

Since Gy = G4 + Gp = G, + wCp tans, depending on the fre-
quency-dependence of the detector conductance, the spectral
density of the Johnson noise in pyroelectric detection systems
can take several shapes including 1/f and Lorentzian forms.
The term tané refers to the loss tangent of the material.

Johnson noise frequently dominates in pyroelectric detec-
tors. For high frequencies such that ac conductance of the de-
tector is much higher than the amplifier conductance, o >
(Cp tand/Gy)™Y, w > 7.1, and Cp > C,, the Johnson noise can
be written as

1/2
éz_jc _ <4kT tgms) w172 (24)
D

Consequently, for this specific case, the detectivity is given
through Egs. (3), (20), and (24):

pro_m 1 b 25)
VAT ©V? ¢'\Jee, tan s

Here, ¢’ is the volume specific heat, d is the thickness of the
pyroelectric element, € is the relative permittivity of the pyro-
electric material, and ¢, is the permittivity of free space.
Therefore, in order to maximize the detectivity for this region,
it is desirable to maximize the last term in the above expres-
sion, which is sometimes referred to as Fp, one of the figures
of merit for a pyroelectric detector (26,32).

The reader should be cautioned, however, that the condi-
tions assumed in calculating Eq. (24) are frequently not appli-
cable to small-area imaging detectors operating at camera

frame frequencies (50 Hz or 60 Hz). As an example, consider
a pyroelectric detector with C, = 5 pF and with tand = 0.01,
coupled to an amplifier with C, = 10 pF and G, = 107° QL.
In this case, the Johnson noise is determined by the amplifier
circuit conductance and has a value of about 0.4 wV/Hz'? at
30 Hz.

Amplifier Noise. An amplifier noise is produced in the elec-
tronic amplifier used in the read-out circuitry. It can be due
to 1/f noise, generation recombination noise, or shot noise
arising from the field-effect transistor (FET) gate leakage cur-
rent. At camera frame frequencies, we expect this component
to be less than the detector noise (26).

The total equivalent noise voltage is given as the squared
sum of individual noise components, VZ/Af = AVE/Af +
AV Af + AV3/Af. One of the most important issues in sys-
tems integration of pyroelectric detectors is to minimize the
noise sources by careful matching of the amplifier to the de-
tector, adjusting pyroelectric and dielectric properties of the
pyroelectric material, and careful designing of the suspended
structure and therefore thermal characteristics of the detec-
tor element.

A more relevant figure of merit for a complete IR camera,
which takes into account the optics, focal plane array perfor-
mance, and read-out electronics, is the noise equivalent tem-
perature difference (NETD), as discussed earlier (30).

A list of commonly used materials for pyroelectric applica-
tion include triglycene sulfate (TGS), lithium tantalate
(LiTaOy), Ba,_Sr,TiO; (BST), Pb,_,La,(Zr,_,Ti),_,0; (PLZT),
and PbTiOs. In addition, the semiconducting phase of yttrium
barium copper oxide (YBaCuO) is a new promising pyroelec-
tric material. Pyroelectric detectors can be operated without
a bias below their Curie temperature (normal pyroelectrics)
or at Curie temperature with bias (phase transition materi-
als). The latter requires stringent bias and temperature stabi-
lization requirements. Next generation uncooled pyroelectric
detectors are required to operate without bias and tempera-
ture stabilization in a wide range of environmental condi-
tions, and therefore should belong to the normal pyroelectrics
family. In addition, it is desired to have a thin-film pyroelec-
tric detector to be able to fully utilize the state-of-the-art mi-
cromachining technology for fabrication of focal plane arrays.
Table 3 lists some of the commonly used pyroelectric materi-
als and their pyroelectric coefficients.

The following sections will summarize some of the most
commonly used pyroelectric detector technology for IR focal
plane arrays.

Table 3. Room Temperature Pyroelectric Coefficients of Most Commonly Used Pyroelectric Materials

p

Material (uC/em?K) Comments Reference
TGS 0.028 Single crystal, bulk, normal pyroelectric 33
LiTaOs 0.18 Single crystal, bulk, normal pyroelectric 34

KTN (KTa; . Nb,O;) 0.01 Polycrystalline, thin film, with bias 35
PbTiO; sol-gel 0.095 Polycrystalline, thin film, normal pyroelectric 36, 37
PScT (Pb(Scys5Tag5)03) 0.5-0.6 Polycrystalline, thin film, phase transition material 38, 39
BST (Ba;_,Sr,TiO;) 23 Ceramic, bulk, phase transition material 32, 40

PLT (Pb;_s,,La,TiO;s) 0.065 Polycrystalline, thin film, normal pyroelectric 41
PLZT (Pb,_.La,(Zr;_,Ti,);-405) 0.13-0.18 Ceramic, bulk, normal pyroelectric 42, 43
YBaCuO 18 Polycrystalline, thin film, normal pyroelectric 44, 45




Lead Titanate-Based Detectors

Research groups led by Polla (36) and Takayama (41) inde-
pendently developed techniques for depositing PbTiO; thin
films with high pyroelectric coefficient, detectivity, and fast
response time. PbTiO; is a pyroelectric material with a Curie
temperature of about 490°C. It is usually operated with no
applied electric field and well below its transition tempera-
ture exploiting the normal pyroelectric effect where the rate
of change in the spontaneous polarization with respect to tem-
perature is measured. The latest-generation pyroelectric de-
vices are thin films deposited on Si air-gap bridge structures
for low thermal mass, low thermal conductivity, and hence
increased responsivity. Since these devices are made on sili-
con, they can be directly integrated into silicon signal pro-
cessing circuitry without the need of pump-bonds or wires.
PbTiO; is typically deposited using sol—gel processing tech-
niques with titanium-platinum (Ti—Pt) or Pt electrodes. In-
vestigations carried out by Polla’s group revealed a pyroelec-
tric coefficient p of 95 nC/ecm?-K, a relative dielectric
coefficient €, of 200, responsivity R, of 10* V/W, and noise volt-
age V, of 107 V/Hz? at 50 Hz for thin film PbTiO;. These
values compare favorably over the ones for other pyroelectric
thin films like ZnO and PbZrO;,Ti,40; (PZT). Test arrays of
64 X 64 PbTiO; elements, each 30 X 30 wum? in size, have
been fabricated by surface micromachining techniques, on an
NMOS readout circuitry, resulting in 1.2 X 10* V/W respon-
sivity and 2 X 10® cm Hz"?/W normalized detectivity at 30 Hz
(37). The measured response for a single pixel element was
90 nC/cm?- K, while the response due to the combined effect
was 60 nC/cm?- K. Although this is far from background-lim-
ited operation, it shows promising progress toward lead ti-
tanate-based FPAs. There are, however, some problems. Re-
producibility of PbTiO; thin-film deposition is low, requiring
special attention to the deposition conditions and the chemi-
cal stability of electrode interfaces.

Barium Strontium Titanate Pyroelectric Detectors

Another state-of-the-art pyroelectric detector technology is
Ba,_,Sr,TiO; thick films. Unlike PbTiO;, Ba,;_,Sr,TiO; is oper-
ated near the paraelectric—ferroelectric phase transition
which can be adjusted to a temperature between 20°C and
30°C, depending on the value of x. The rate of change in the
dielectric permittivity with respect to temperature is mea-
sured with an applied electric field. These detectors are also
sometimes referred to as dielectric bolometers. Research
groups at Raytheon—-TI Systems fabricate IR cameras made
of 245 X 328 pixel arrays with an array-average NETD of
0.070°C with f/1.0 optics (29,40). However, the present
Ba,_,Sr,TiO; technology is a cumbersome bulk ceramic tech-
nology which requires grounding and polishing of ceramic wa-
fers sliced from a boule, laser reticulation of pixels, multiple
thinning, and planarization steps. The array is connected to
the silicon readout circuit by compression bonds. The process
suffers from (a) thermal isolation problems due to the thick
mesa structure and (b) Ba, . Sr,TiO; surface degradation due
to the thinning procedure.

Prospects for Semiconducting Yttrium Barium
Copper Oxide Pyroelectric Detectors

As discussed in the bolometer section, YBa,Cu;3Og., belongs to
a class of copper oxides well known for their superconducting
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properties. Its conduction properties can be changed from me-
tallic (0.5 < x < 1) to insulating (0 = x = 0.5) by suitably
decreasing the oxygen content (20). Pyroelectric YBaCuO thin
films have been fabricated by RF sputtering from a commer-
cially available superconducting target on top of suspended
SiO, bridges, using an HF : HNO; etch to remove the underly-
ing Si (44). Detectivities as high as 10® cm-Hz*/W have been
measured for a thermal conductance G = 107 W/K. Typically,
G =~ 1077 W/K is achievable with the state-of-the-art surface
micromachining techniques, indicating that detectivities of
10'° ¢cm-HzY?/W are possible using semiconducting YBaCuO.
For a focal plane array made of 40 X 40 um? pixels, operating
in the 8 um to 14 um atmospheric window [(AP/AT), -, =
2.6 X 10™* W/em? - K], employing f/1 optics with a transmit-
tance close to 1, and chopped at 30 Hz chopper frequency,
NETD values of 2 mK are achievable [Eq. (11)]. This perfor-
mance is comparable to the background noise limited perfor-
mance calculated for the microbolometer. YBaCuO combines
an ease of fabrication that should lead to a reduction in cost.
Pyroelectric coefficients as high as 18 uC/cm2?-K have been
measured (45). The ability to pole the devices to obtain pyro-
electric coefficients in this range was also demonstrated.

Strong pyroelectric effect in nonmetallic YBaCuO has also
been confirmed by many researchers (46—48). Although the
exact origin of the observed pyroelectric effect is not fully
known at this time, it can be attributed to the noncentrosym-
metric nature of the material with sufficiently long-range
Coulomb ordering to give a net dipole moment (47). Pyroelec-
tricity has been shown to exist in both metallic and insulating
phases of YB,;CusOg.,, (44,49). Despite some controversy (49)
with regard to the origin of pyroelectricity in YBaCuO, it is
believed to be associated with symmetry-breaking in the unit
cell due to the anharmonicity of the apex O(4) oxygen site
which is present on the branch connecting the CuO, and basal
planes of the YB,Cu30g,, molecule (50). The cause of this be-
havior is probably due to the randomly filled O(5) defect site.
The nonsymmetric displacement of O(4) mode results in a net
polarization in the molecule with domains of dipoles scattered
throughout the bulk of the material. This microscopic polar-
ization appears at the macroscopic level when either strain
by an externally applied electric field or mechanical strain
acquired during the fabrication process provides the impetus
for the domains to be lined up in one direction. In the strain-
poled case, a sample would show pyroelectric behavior with-
out the application of any poling bias.

Pyroelectricity is often associated with changes in individ-
ual crystal symmetry, leading to a net polarization. Mihai-
lovic et al. (47) suggest this as a possible mechanism in their
measurements on different stoichiometries of single-crystal
YBCO. They found that the pyroelectric response increases
with added oxygen content, applied electric field, and prior
poling. Another report by Kumar et al. (51) examined the ef-
fects of temperature cycling on the properties of metallic
YBCO thin films as measured by the photopyroelectric effect.
Most relevant to this experiment is the changing of the charge
carrier properties with respect to temperature, caused by
thermal annealing at 325 K. At this temperature, the oxygen
organization in the CuO planes changes as does the density
of carriers near the Fermi surface. Furthermore, the changes
in these properties do not reverse with respect to temperature
for an extended period of time. The result is annealing-in-
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Figure 9. (a) Pyroelectric response of YBCO planar capacitor from
230 K to 240 K. p = 400 nC/(cm?- K). (b) Pyroelectric response of the
same device after poling at 5000 V/cm at 320 K for 1 h. p =~ 18
nC/(em?- K).

duced hysteresis in the thermal and electronic characteristics
with respect to temperature.

Figure 9(a) shows the pyroelectric response of a YBaCuO
planar capacitor from 230 K to 240 K. p =~ 400 nC/(cm? - K).
Figure 9(b) is the pyroelectric response of the same device
after poling at 5000 V/em at 320 K for 1 h. p = 18 uC/
(cm? - K).

Voltage responsivity Ry, detectivity D*, and noise V, ver-
sus chopper frequency at room temperature is shown in Fig.
10 for a semiconducting YBaCuO layer sandwiched between
two Nb electrodes, fabricated on top of a thermally isolated
SiO, bridge. Theoretical fit to Eq. (20) is depicted as the
dashed line.
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Figure 10. Voltage responsivity Ry, detectivity D*, and noise V, for
a suspended Nb/YBaCuO/Nb pyroelectric detector versus chopper
frequency at room temperature. Theoretical fit to Ry = wpARn/G
[(1+ *P)(1 + w?R)]"? is shown as the dashed line.

SUMMARY

The recent accomplishments in the development of microbo-
lometer and pyroelectric detector arrays for uncooled infrared
have demonstrated that high-performance cameras that are
more economical for consumer applications are a reality. Al-
though the detectivity of uncooled cameras will always be
lower than their cryogenic counterparts, the achievement of
NEDTSs of 30 mK or less is superior to current HgCdTe tech-
nology. The performance of these uncooled cameras is suitable
for a large number of consumer applications for night vision
in transportation, policing and security, as well as for thermal
imaging in medicine. The commercial revenue for uncooled
infrared cameras was expected to grow to be in excess of $100
million by the year 2001 (52). With the growth of the market
and consumer demand, the cost of the cameras is expected to
fall to be within reach of the mass consumer application of
automotive night vision. As the market grows, new materials
that offer fabrication and performance advantages over the
current technologies will be developed.
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