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An uncooled microbolometer focal plane array (FPA) using semiconducting YBaCuO
films has been developed. Because the semiconducting YBaCuO films have a tempera-
ture coefficient of resistance (TCR) of over 3%/K at room temperature, they are consid-
ered to be candidates for bolometer materials of uncooled infrared (IR) detectors. There
is a problem, however, in that the resistivity of the films is over 10 Qcm, which is two
orders of magnitude higher than that of conventional VO, bolometer films. To decrease
the resistance of the bolometers, we combined them with comb-shaped electrodes. When
the YBaCuO film was deposited on these electrodes by RF magnetron sputtering at
ambient temperature in an atmosphere of 2% O, and 98% Ar, it showed a resistivity of 90
Qcm and a TCR of —3.2%/K; ultimately the bolometer resistance became 82 kQ using the
comb-shaped electrodes. The YBaCuO bolometer detector which we have developed
contains an infrared absorbing membrane with a high fill factor of 90% to achieve high
infrared absorption. In a vacuum, the detector showed a thermal conductance of 1.3 x 10~
7W/K and a responsivity of 5.9 x 10° V/W. The fabricated FPA has an array format of 320
x 240 pixels and a pixel pitch of 40 pm. Finally, the FPA was integrated into a vacuum
package and set on the focal plane of a prototype camera to obtain IR images. The
YBaCuO microbolometer FPA showed a noise equivalent temperature difference (NETD)
of 0.08 K with £/1.0 optics.
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1. Introduction

In the past several years, uncooled infrared focal plane arrays (IRFPAs) have been
enthusiastically studied to reduce the cost, size and weight of infrared cameras. In
particular, exciting progress has been made in VO, microbolometer FPAs, which have
become commercially available products.®:» However, higher performance of uncooled
FPAs is required for a wide range of military and commercial IR imaging applications.

Methods for enhancing the sensitivity of microbolometer FPAs mainly improve the
thermal isolation of detectors (that is, to decrease their thermal conductance) and increase
the temperature coefficient of resistance (TCR) of bolometer materials. Regarding
thermal conductance, a recent study achieved a value of less than 0.3 x 10”7 W/K, which
is within one-tenth of the theoretical limit.®) Significant decrease in the thermal conduc-
tance will be difficult because the thermal capacity of the thermally isolated detectors
must also be reduced. Otherwise, the thermal time constant of the detectors will increase
over the permissible values. In terms of TCR, conventional VO, bolometers show a value
of approximately 2%/K at room temperature, and amorphous silicon (a-Si), which has
recently been studied as a bolometer material, shows a TCR of approximately 2.5%/K,
which slightly exceeds that of VO,. However, the a-Si bolometers exhibit larger 1/f noise
than VO,; therefore, the reason for an a-Si bolometer FPA is not higher performance but
low cost resulting from the advantage of full compatibility with Si-CMOS technology.®

Semiconducting YBaCuO thin films have high TCRs, and hence they are considered
candidates for IR bolometer materials.>® The TCR is over 3%/K at room temperature, but
the resistivity is over 10 Qcm, which is much higher than that of VO,. For highly resistive
bolometers, we cannot simply adopt conventional readout circuits.

To decrease the resistance of the YBaCuO bolometers, we combined the bolometers
with comb-shaped electrodes. The resistance of the bolometers was less than 100 k€,
which is almost comparable with VO, bolometers. Therefore, we can adopt a conven-
tional readout circuit for the YBaCuO bolometers using comb-shaped electrodes. By
using both standard LSI and post-LSI process lines, we have developed a 320 x 240 pixel
FPA with the YBaCuO microbolometers. The detectors on the FPA also contain an IR
absorbing membrane with a high fill factor to achieve high IR absorption.”

In this paper, we describe the detector structure, its fabrication and the readout circuit
of the FPA. We also report the properties of the YBaCuO bolometers and the detectors of
the fabricated FPA. We then integrate the FPA into a vacuum package and report its
performance when operated with a prototype infrared camera.

2. Materials and Methods

2.1 Fabrication”

The fabrication of YBaCuO microbolometer detectors is divided into a standard LSI
process and a post-LSI process. A post-LSI process is necessary to perform YBaCuO film
deposition and subsequent steps, because the YBaCuO film materials are incompatible
with the silicon-LSI process.

Figure 1 shows the flow of the fabrication process for the YBaCuO microbolometer
detectors. First, amorphous Si is deposited as a sacrificial layer using RF magnetron
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Fig. 1. Process flow for the YBaCuO microbolometer detector.

sputtering on the top of the Si substrate including CMOS readout circuits as shown in Fig.
1(a). In the following step shown in Fig. 1(b), the sacrificial layer is selectively etched to
make contacts between the CMOS circuit and the detectors. The detector base and its
support legs are formed from a two-layered structure with CVD-SiO, and CVD-SiN
films, which are deposited on the sacrificial layer. This two-layered structure has an
interconnection line between the SiO, and SiN films.

A second sacrificial Si layer is deposited and patterned by removing it in the area of the
detector base. A CVD-SiO, film, which constitutes the bottom membrane of an IR
absorbing structure, is deposited on the second sacrificial layer. Next, contact holes are
formed on the detector base to make contacts between the intcrconnection lines and
electrodes. A platinum (Pt) film for the electrodes is deposited on the bottom membrane
and patterned into a comb-shape by dry-etching as shown in Fig. 1(c).

The YBaCuO bolometer film is deposited on the electrodes by RF magnetron sputter-
ing. The sputtering is carried out with a YBa,Cu;0,, target under Ar and O, atmospheres
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at a chamber pressure of 1.3 mTorr. The bolometer film is protected by a CVD-SiN film;
then, a metallic film with a sheet resistance of 377 €/ and a CVD-SiN film are
successively formed on the protective film as shown in Fig. 1(d). This metallic film
functions as an IR absorbing film on a cavity absorbing structure which is constructed
from the metallic film, a conduction layer of the readout circuit, and an optical gap
between the metallic film and the conduction layer. The outermost SiN film functions as
the top membrane of the absorbing structure as well as the protecting film of the detector.
Next, this absorbing membrane is diced with etching slits to separate each pixel. The area
of this patterned membrane equals the IR absorbing area of the detector. Finally, two
sacrificial layers are removed by etching to achieve a thermally isolated structure as
shown in Fig. 1(e).

2.2 Readout circuit design of FPA

A block diagram of the readout circuit of the FPA is shown in Fig. 2. Sample-hold
circuits composed of a sampling switch (S;) and a sampling hold capacitor (C;) are
arranged at the end of each column, while at the beginning of each column constant
current sources (M; ) are arranged so that a constant current flows into the bolometers (R;).
The suffixes i and j indicate the numbers of the columns and the rows of the array,

| Horizontal Shift Register J 2nd SF amp.
1 1 1 I
l SF and Horizontal Selection Circuit }—-D—O Output
Ci G Cate Cazo
OSh J-J _"12 _______ —"l '_"l
O—it iE = iL
e DY Sz Sa1e Sazo
il R [ 75Re2 = =
5|3 . ¥ %
2 s 7= Ra1 Rezz = =
< c
@cile % ------- % %
=6
|l e .
72} @ H | H i
= | @ : : : :
3
el et
o T 2T % —-
o s = ) —_ ju &
$M1 9 M2 . $M319 9 Mazo
O
Vb

Fig.2. Readout circuit diagram of FPA.
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respectively. When horizontal lines are selected by the vertical selection circuit, each
vertical line generates a sighal voltage from the bolometers applied with a bias voltage V.
The signal voltage depends on the resistance of the bolometer; this voltage is lower when
the irradiated IR power is higher, because the bolometer resistance decreases when its
temperature rises as the intensity of the infrared radiation increases. When the sampling
switch is closed by the clock pulse ¢, the signal voltage is stored in the sample hold
capacitor. The stored signal is successively read out by the horizontal select circuit
through source followers (SF).

Because of the sample-hold circuits, the biased time of the bolometers may be
extended up to the full readout time of the horizontal line; therefore, itis possible to allow
only a single output terminal for the readout circuit of the FPA.

2.3 Measurements

Preliminary electrical measurements with the YBaCuO bolometer films were per-
formed forresistance, TCR and noise. For these measurements, we selected detectors of
a test element group (TEG) which were fabricated simultaneously with the FPA. The
sacrificial Si layers of these detectors were left in place, to avoid temperature increase of
the detector during the electrical measurements. The terminal pads of the TEG which
directly led to the bolometer electrodes via conduction lines were connected to the
measurement apparatus.

To measure properties of the detector such as thermal conductance and thermal
capacity, the sacrificial layers of the detectors were removed. The TEG chips were built
into a vacuum chamber and connected to the outer apparatus. Thermal conductance was
given by the measurement of the temperature increase depending on the biased power.
The thermal capacity was given by the measurement of the time constant of the detector
which was estimated from its temperature change when the instantaneous change in the
bias voltage was produced.

To measure the performance of the FPA, the FPA chip in turn was built into a vacuum
chamber and electrically connected into a prototype camera circuit. Figure 3 shows the
setting for the measurement of responsivity. The chamber has an 8~12 um infrared
window to enable the FPA to be exposed to external IR radiation. The IR radiation
originates from a calibrated blackbody and passes through optical slits. The responsivity
is derived from the signal voltage of the camera, which depends on the irradiated IR
power.

Finally, the fabricated FPA was integrated into a vacuum package and set in the
prototype camera. The NETD of the FPA was measured using the camera and the
blackbody.

3. Results and Discussion

3.1 Properties of YBaCuO bolometer filins

Figure 4 shows the resistivity of the YBaCuO films as a function of the O, content of
the sputtering atmosphere. The resistivity is minimized in an atmosphere of 2% O, and is
90 Qcm at room temperature. We adopted a pair of comb-shaped electrodes for the



320 Sensors and Materials, Vol. 12, No. 5 (2000)

Slit changer

=R

Blackbody

IR window Vacuum chamber

O Vacuum pump
Camera circuit
]

board

Oscilloscope

Fig. 3. Experimental set-up for response measurement.
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Fig. 4. O,-dependence of YBaCuO film resistivity.

detectors, one with two teeth and the other with three. The width of the teeth is 1.5 um and
their length is 12.5 um. The electrodes are placed so that the gap between them is 1.5 um
at every point. When the 3500-A-thick YBaCuO film is fabricated on the comb-shaped
electrodes under 2% O, sputtering atmosphere, the bolometer resistance is 82 kQ at 300
K. Figure 5 shows the temperature change of the resistance under these conditions. The
slope of InR vs 1/T, where R is resistance and T is temperature, is almost constant from 300
K to 333 K. Hence, the constant B derived from the equation R = Reexp(B/T ) equals 2835
K. Since the TCR is derived from the expression —B/7%, the TCR at 300 K is -3.2%/K,
which is larger than the —2.0%/K of the typically reported value of VO,.

Figure 6 shows the voltage noise spectral density Sv of the YBaCuO film measured at
room temperature with a bias voltage of 3.5 V (or a bias current of 44 pA). The peaks at
40 Hz and 60 Hz correspond to environmental pickup by the measuring apparatus. We

observed 1/f noise in the low-frequency region: for example, V“r Sv~500 nV/ Vﬁ Hz at 10
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Fig. 6. Voltage noise spectrum of YBaCuO bolometer film; the dotted line shows the theoretical
Johnson noise.

Hz against the theoretical Johnson noise of 40 nV/ \/> Hz. When this 1/f noise is estimated

by a quantitative comparison under conditions of a constant operating power, the YBaCuO
bolometer shows the same level as VO, bolometers.(®® The total rms noise of the
bolometer within 200 kHz is 21 xVrms; therefore, the YBaCuO film is an excellent low
noise resistor for microbolometers.

3.2 Properties of YBaCuO bolometer detector
Figure 7 shows the SEM micrograph of a finished bolometer array. The bolometer
film is patterned within the center squares which appear as if they are drawn with white
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Fig. 7. SEM micrograph of microbolometer array.

outlines. The comb-shaped electrodes are faintly visible underneath the bolometer. The
area of the square which immediately surrounds the bolometer square is identical to the
detector base. The square outside the detector base is the IR absorbing membrane, the
periphery of which covers the support legs. The fill factor of the pixel is 90% with the IR
absorbing membrane. The support legs are L-shaped with a total length of 49 um and a
width of 1.5 um. The thermal conductance of the detector achieves a value of 1.3 x 10~
WI/K with the support legs. It is considered that the IR absorbing ability is mainly due to
the area of the absorbing membrane except on the electrodes, because the metal of the
electrodes has a high IR reflectance. The main absorbing area is divided into two areas:
the detector base, except on the bolometer, and the periphery of the absorbing membrane.
The results of the measurement of IR absorptance of these areas were derived from a
method of optical thin film calculations and are shown in Fig. 8. In this calculation, we
assumed that the air gaps in the detector base and the periphery of the absorbing
membrane equal the thickness of these sacrificial layers; thatis, 0.8 pm for the detector
base and 1.6 um for the periphery of the absorbing membrane. The cavity absorbing
structures of the two areas are almost optimized by the presence of the insulating films
under the IR absorbing film, even if the air gaps are 0.8 um and 1.6 um, respectively.
Consequently, the absorbing areas show a high average absorptance of over 80% between
8 and 12 um as shown in Fig. 8.

3.3 Performance of YBaCuO Microbolometer FPA

To measure the responsivity of the detector, the 320 X 240 pixel microbolometer FPA
was set in the vacuum chamber and electrically connected to the camera circuit. The
bolometer of the FPA was fabricated under the conditions already mentioned. The FPA
was operated at a TV standard frame rate with 15.73 kHz vertical scanning rate and 6.1
MHz horizontal scanning rate. The bias current of the bolometer in each pixel was
controlled at about 40 1A, and the mean output voltage was 4 V in the circuit.
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Fig. 8. Absorptance of detector: detector base excluding electodes (solid curve) and periphery of
absorbing membrane (dashed curve).

The voltage responsivity was 5.9 x 10° V/W when the IR power was irradiated from
the black body at 323 K. The responsivity Rv is expressed by the equation

eav
Rv= e (VIW) )]

where €is the effective IR absorptance of the detector, o is the TCR, V is the bias voltage
and G is the thermal conductance. We may estimate an effective IR absorptance of 69%
from the measured values. It can be considered that the absorptance lower than the
detector base excluding the electrodes (~80%) or the periphery of the absorbing mem-
brane (~85%) which is shown in Fig. 8 result from the area of the bolometer electrodes.

Finally, the microbolometer FPA was integrated into the vacuum package and placed
at the focal plane of the IR camera. This camera includes an f/1.0 optical lens and
correction circuits for nonuniformity in bolometer resistance and responsivity. The FPA
was operated under the conditions mentioned above. An example of the resulting images
is shown in Fig. 9, for which the NETD of the FPA was 0.08 K.

The main properties of the YBaCuO microbolometer FPA are summarized in Table 1.

4. Conclusions
We have developed an uncooled IRFPA with YBaCuO microbolometers. The YBaCuO

microbolometer films were deposited by RF magnetron sputtering at ambient temperature
in an atmosphere of 2% O, and 98% Ar. The YBaCuO films developed showed a TCR of
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Fig. 9. Infrared image obtained from 320x240 YBaCuO microbolometer FPA.

Table 1
Summary of YBaCuO microbolometer FPA.

Detecting method YBaCuO Bolometer

Number of pixels 320 [H] x 240 [V]
Pixel size 40 pm x 40 pum
Fill factor 90%

Thermal conductance 1.3x 107 W/K
Heat capacity 2.2x107°J/K
TCR -3.2%/K

IR absorption (estimation) 69%
Responsivity 5.9 x 105 V/IW
NETD (1/1.0) 0.08 K

-3.2%/K and a resistivity of 90 Qcm. To decrease the resistance of the bolometers, the
bolometer films were combined with comb-shaped electrodes resulting in a resistance of
82 kQ at 300 K. The YBaCuO bolometer detector, which includes an infrared absorbing
membrane, is characterized by a fill factor of 90% and an infrared absorption of 69%. The
readout circuit of the FPA includes sample-hold circuits in each column, which make
possible a single outlet. The 320 x 240 pixel FPA operated with a prototype camera
showed a responsivity of 5.9 x 105 V/W and an NETD of 0.08K with f/1.0 optics in a
vacuum.
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