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1. Objectives

Uncooled infrared detection has attracted considerable attention in recent years due to its
potential to provide high quality infrared imaging with reduced cost, weight, and system size.
This research project will investigate the fabrication and integration of low thermal mass, self-
supporting Y BaCuO microbolometers with a CMOS readout circuit to produce two-dimensional
focal plane arrays. Low thermal mass microbolometers can provide a faster thermal time
constant for the same degree of thermal isolation. This provides the potential for faster frame rate
imaging that is advantageous in a variety of applications where the camera or objects in the scene
are in motion. Alternatively, the lower thermal mass can be used to achieve increased thermal
isolation while maintaining the same thermal time constant and frame rate. The increased
thermal isolation can be translated into higher responsivity and sensitivity. The performance of
microbolometer imaging arrays is also determined by the interface and properties of the readout
circuit. This research will investigate the integration of low thermal; mass microbolometers with
a CMOS readout circuit that will be designed to interface with the YBaCuO microbolometers.
The thermal isolation of the microbolometers will be varied by designing two different electrode
arm geometries. One geometry will be design to obtain the goal of a relatively fast 200 Hz frame
rate while maintaining a detectivity of 10® cmHz"%/W. The second electrode arm geometry will
be designed to maximize the responsivity while maintaining a traditional 30 Hz frame rate. The
goal is to achieve a detectivity of 10° cmHz"”/W. The research will help improve the
performance of uncooled infrared cameras by the investigation of higher frame rate imaging and
improvements in microbolometer sensitivity while simultaneously investigating the important
issue of integration with a CMOS readout integrated circuit.

The readout circuit will be designed using the computer-aided engineering facilities of
the Electrical Engineering Dept. at the University of Texas at Arlington. The CMOS readout
circuit will be fabricated using the MOSIS foundry service. The microbolometers will be
fabricated on the readout die using the NanoFab Center at the University of Texas at Arlington.
The photolithography masks for the microbolometer fabrication will be designed at UTA and the
masks will be fabricated at the Cornell Nanofabrication Facility. The resulting devices will be
characterized in the Microsensor Laboratory at UTA. A comprehensive investigation of the
noise, electrical, and optical characteristics of the focal plane arrays and test structures will be
performed.

2. Status of the Effort (200 Words)

The goal of the research project is to investigate the integration of semiconducting Y-Ba-
Cu-O microbolometers with a readout integrated circuit fabricated using the MOSIS foundry
service. Work 1s progressing towards this goal. Four readout configurations were designed using
capacitive transimpedance amplifiers (CTIA) and constant current buffered direct injection
(CCBDI) schemes. The readout circuit has been designed and largely successfully fabricated
using the MOSIS foundry service. Microbolometers have been designed with two thermal time
constants to permit responses at 30 Hz and 200 Hz respectively. Microbolometers have been
fabricated on the readout circuit die. Test transistors and test circuits show electrical
characteristics close to those expected through circuit simulation. A CMOS substrate compatible
fabrication process for the microbolometers has been developed. CMOS test devices show
similar characteristics before and after the fabrication of the microbolometers on the CMOS
substrates. This demonstrates Y-Ba-Cu-O microbolometers can be successfully integrated with
CMOS readout circuitry. Microfabrication of the bolometers on a single readout die is



challenging. The CMOS readout circuit has not been planarized. This combined with the
formation of the sacrificial polyimide mesas makes lithographic patterning a challenge. Device
features have been successfully patterned using a combination of sputter deposition and lift-off
patterning. The threshold voltages and the current constants of the fabricated die correspond
relatively closely to the parameters used in the design. Several problems were encountered with
using MOSIS. These problems were remedied with the third readout circuit fabrication.

3. Accomplishments/New Findings

The research has developed a readout circuit design, microbolometer designs, fabricated
the readout circuits utilizing the MOSIS foundry service, tested the readout circuits, integrated
microbolometers onto the readout circuit and tested microbolometers fabricated on the readout
circuits. The readout circuit was designed according to the MOSIS AMI 1.6 um low noise analog
CMOS design rules. The readout circuits were designed using capacitive transimpedance
amplifiers (CTIA) and constant current buffered direct injection (CCBDI) schemes.
Microbolometers were designed to have a detectivity of 10® cmHz"*/W with a 200 Hz cutoff and
10° emHz"*/W with a 30 Hz cutoff. This was accomplished with the substitution of only one
different mask during the microbolometer fabrication thereby varying the length of the electrode
arms. The operational readout circuits were fabricated in a third job submission to MOSIS. The
fabrication of microbolometers on the readout circuit does not affect the electrical characteristics
of the readout circuit indicating a post-CMOS compatible fabrication process. Test bolometers
fabricated on a readout circuit were tested and have displayed responsivity of

3.1 Tasks

Task #1 Design Readout Circuit

A readout circuit will be designed that includes multiplexing circuitry to address the microbolometer array,
transimpedance amplifiers to integrate the current flowing through the microbolometer and preamplifier. The
readout circuit will be fabricated at a commercial foundry such as MOSIS using a low noise analog CMOS
technology. Nominally the readout would be for a 64x32 pixel array with a SO-micron pitch to maintain a relatively
low foundry cost.

This task is completed. The largest array design was a 32x32 with a 65-micron pitch. Three circuits based on
capacitive transimpedance amplifiers were design and one readout based on constant current buffered direct
injection was designed.

Task #2 Microbolometer Design

Microbolometers will be designed to interface with the readout circuit. The electrode arm mask will be varied to
achieve two different goals in detector design. One design will utilize a moderately low thermal conductance and the
low thermal mass of the self-supporting geometry to obtain a relatively fast thermal detector, thermal time constant
< | msec, while maintaining a detectivity D* ~ 10* cmHz'?/W. The second electrode microbolometer design will
be aimed at maximizing the detectivity while maintaining approximately a 5 msec thermal time constant. The use of
a thin metal film absorber to increase the absorption will be investigated as a trade off with the increase in thermal
mass. The masks for the microbolometers will be fabricated at either the Cornell Nanofabrication Facility or a
commercial facility.

This task has been completed. Two microbolometer designs have been implemented. One design is intended
to provide a detectivity D* ~ 10* cmHz"*/W with a modulation rate of 200 Hz, while the other is designed to
achieved a detectivity of ~ 10° cmHz"*/W with a modulation frequency of 30 Hz. The two different designs are
accomplished by varying the length of the supporting thereby changing the thermal conductance from the
bolometer to the substrate. The high detectivity design will require the implementation of an additional



absorber. A thin metal film absorber is planned to increase the absorption of the microbolometer and provide
higher responsivity.

Task #3 Readout I1C Fabrication

The CMOS readout IC’s will be fabricated at MOSIS or a similar foundry using a low noise analog technology such
as the AMI 1.5 micron process, which provides 15 dic at $4,400 cost. The turn around time is approximately 8-10
weeks. Three runs have been budgeted to allow for iteration in the design.

This task has been completed. It required 3 fabrication runs to obtain functional readout circuits.

Task#4 Integration of Microbolometers with Readout IC

The read-out circuit die received from the Si foundry will serve as the substrates for the fabrication of the
microbolometer arrays. The 2-D microbolometer arrays will be fabricated on top of the readout circuit using a
polyimide sacrificial layer. The microbolometer integration will be performed at the NanoFab Center at the
University of Texas at Arlington, which contains comprehensive fabrication facilities.

We have fabricated some microbolometer arrays on the readout circuits, though this task is still on going.
Test microbolometers on the CMOS substrate have been characterized. The integration process has
demonstrated that the electrical characteristics of the CMOS readout circuits are not changed through
microbolometer fabrication. This demonstrates that the microbolometer fabrication process is CMOS
compatible. It is challenging to fabricate the microbolometers on a single die. The use of polyimide sacrificial
mesas presents some challenges to lithography on two different levels of the die. Functional microbolometers
are obtained on the readout circuits.

Task#5 Focal plane array test

The resulting focal plane arrays will be tested for their detectivity and responsivity characteristics as a function of
optical modulation frequency and frame rate. Extensive noise characterization of the readout circuits and
microbolometers will be performed.

Test microbolometers have been characterized on the readout circuits. A 295 K temperature coefficient of
resistance of -2.8 %/K was measured. The bolometer pixel resistance had a batch-to-batch variation ranging

from 20 kQ to 20 MQ with most bolometers having a resistance of 3 — 4 MQ. The bolometers showed a
responsivity of approximately 250 V/W.

3.1 MICROBOLOMETER FABRICATION ON READOUT CIRCUIT

The microbolometers were fabricated on top of the readout circuit using the following
procedure. All the layers were deposited by rf magnetron sputtering and patterned by
conventional photolithography and lift-off except for the polyimide sacrificial layer, which was
spin, coated. The microbolometer fabrication started by bonding the readout circuit die to a 4-
inch carrier wafer with HD Microsystems PI-2555. Next the 400-nm-thick aluminum mirror
layer was deposited and patterned. (Fig. 1, 2, 3)
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Fig. 1: Cross-sectional view of patterned aluminum mirror.



Fig. 3: Aluminum mirror and pads in a
pixel on the 32x32 array. pixel forming a test bolometer.

The HD Microsystems P12737 sacrificial layer was then deposited by spin coating was the
deposited by spin coating, patterned by negative lithography, and cured at 275°C for 4 hours.
The measured thickness of the polyimide mesas was ~1.95 um to 2.2 um. (Fig. 4, 5,6)

Fig. 5: P1-2737 mesas on test bolometer. Fig. 6: P1-2737 mesa in 32x32 array.



The titanium electrode arms were then deposited and patterned. (Fig. 7)

Fig. 7: Cross-sectional view showing the titanium electrode arms.

The gold contacts were deposited and patterned to provide a good contact to the YBaCuO
thermometer. (Fig. 8, 9)
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Fig. 8: Cross-sectional view of small gold contacts.

Fig. 9: Small gold contacts on a pixel in the 32x32 array.

The 400-nm-thick semiconducting yttrium barium copper oxide, referred to as YBaCuO,
thermometer was then deposited and patterned on top of the polyimide mesa. (Fig. 10, 11) The
Y-Ba-Cu-O in Fig. 29 and 30 appears rough because the readout circuit is not planar and the
sputter deposited is conformal, following the topological features of the die.



Illll.ll ! -
LT T T T 1T 11 ) R |

[1Read-Out Circuit L1 Aluminum P1-2737 & Titanium ~ Gold ¥Z YBCO

Fig. 10: Cross-sectional view of patterned YBaCuO after P1-2737 ashing.

The microbolometer fabrication was completed by ashing the polyimide sacrificial layer for 8
to 10 hours. Scanning electron microscopy as shown in Fig. 12 inspected the completed
microbolometers.



3.2 DEMONSTRATION of CMOS COMPATIBILITY of the MICROBOLOMETER
FABRICATION PROCESS

To investigate the process compatibility of the microbolometer fabrication process with
the CMOS readout circuit, the test transistors (Fig. 13), inverter, and CTIA amplifier were
characterized on one die after fabrication and another die before microbolometer fabrication. The
characteristics of 3 devices were measured in each case. The following graph compares the
representative device performance before and after fabrication.
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Fig. 13 NMOS drain current versus the drain-source voltage for a gate-source voltage of 1.5 V.
Three NMOS transistors were tested before and after microbolometer fabrication.



The drain to source current versus drain-source voltage characteristics (Fig. 13) are a measure of
both the threshold voltage and the channel mobility since in the saturation region the drain
_ A, Lo BV

current varies as [/, (V ~ Py ) where L, is the n-channel mobility, Vr is the

threshold voltage, Cy 1S the gate capacitance per unit area, W is the channel width, and L is the
channel length. The NMOS and PMOS test transistors show very little variation from the die
tested before microbolometer fabrication and after microbolometer fabrication. The PMOS
transistors showed the greatest variation. This result also shows the foundry has very little
variation in their transistors from die to die. The switching characteristics of the CMOS inverter
also show little variation between the inverter tested before microbolometer fabrication and the
inverter tested after microbolometer fabrication. The switching characteristic is asymmetric
between the pull-up and pull-down because the p- and n-channel transistors had the same area.
The asymmetry reflects the difference in the p- and n-channel mobility. Before microbolometer

T ; e ; r : ; ; ;
fabrication the ratio of the risetime-to-falltime was 7 = 3.25 where tr is the rise time and //'is the
/
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fall time, while after microbolometer fabrication the ratio is 7= 3.14. The ratios are similar. The
!
de transfer characteristic of the CTIA amplifier was also measured before microbolometer
fabrication and after microbolometer fabrication and the transfer characteristics are very similar.

3.3 MICROBOLOMETER CHARACTERIZATION

The microbolometers were characterized by measuring their resistance versus temperature
characteristic in a closed cycle refrigerator to calculate the TCR (Fig. 14). The room temperature
TCR was found to be approximately —2.8 %/K. The thermal conductance of the thermal isolation
structure was measured by Joule heating and found to be 107 W/K.
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Fig. 14 Resistance versus temperature and TCR plot of test bolometer of resistance 20M
ohms



Plotting an Arrhenius relationship for the resistance versus temperature shows a linear
relationship (Fig. 15) with activation energy of 0.22 eV.
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Fig. 15 Arrhenius plot of the resistance versus temperature of a test bolometer of
resistance 20M ohms at room temperature

The responsivity of the microbolometer was measured using an infrared blackbody with a
temperature of 900 °C. The microbolometer was mounted in an evacuated cryostat with a
ZnSe window. A chopper was used to modulate the radiation. The electrical signal was
amplified with a preamplifier before measuring it with an HP 3562A dynamic signal
analyzer. The 16.6 M2 bolometer was biased with 17.1V from batteries and a 15.3M(2 series
resistor. The response was calibrated versus a calibrated Oriel pyroelectric detector. The
responsivity versus chopper frequency is plotted in Fig. 16.
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Fig. 16 Responsivity versus chopper frequency of a 16.6 MQ test bolometer in vacuum
with S50nA of biasing current.

3.3 Conclusion

Four different readout circuits were designed, three based on capacitive transimpedance
amplifiers (CTIA) and one readout circuit based on constant current buffered direct injection
(CCBDI). The readout circuits were successfully fabricated using the MOSIS foundry service.
Problems with the MOSIS foundry were resolved in the third fabrication run. Microbolometers
were designed to operate a modulation of 200 Hz and 30 Hz by varying the length of the
electrode arm. The microbolometers were fabricated on the readout die using a polyimide
sacrificial layer. The metal films and the Y-Ba-Cu-O were deposited by rf magnetron sputtering
and patterned by liftoff. The highest temperature employed was the 300-°C cure of the polyimide
sacrificial layer. The electrical characteristics of the circuits on the readout die were similar
before and after the microbolometer fabrication process demonstrating process compatibility for
the post-CMOS microbolometer fabrication. The microbolometer fabrication may benefit from
the utilization of a post geometry for the electrode arm, rather than the current mesa geometry.

This project would benefit from continued support for a one-year period. An additional year
of support would permit us to use the lessons learned from dealing with MOSIS to fabricate
readout die with greater functionality. The post geometry could be adapted for the



microbolometer fabrication. In addition, we are working on another program that is investigating
SixGerx and Si,Ge; Oy microbolometers, which have similar pixel resistances and utilize a
similar fabrication process. It would be interesting to investigate their integration with a readout
circuit in addition to Y-Ba-Cu-O.

4. Personnel Supported

Professors Donald Butler and Zeynep Celik-Butler are professors in the electrical engineering
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from the DFW metroplex. This program provides presentations and hands-on experience on cutting edge
technology. This year’s program featured a presentation on “Uncooled Infrared Detection”, which included the work
sponsored by this research grant. The goal is to provide teachers with an experience they can take back to their high
schools and build into their curricula. Donald Butler also participated in an Upward Bound activity to talk to high
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school seniors and juniors about electrical engineering as a career choice and the entrance requirements for typical
engineering schools. Zeynep Celik-Butler gave two presentations to 5" graders on Nanotechnology at OC Taylor
Elementary in Grapevine Colleyville Independent School District, April 2005.

b. Consultative and advisory functions to other laboratories and agencies, especially Air
Force and other DoD laboratories. Provide factual information about the subject matter,
institutions, locations, dates, and name(s) of principal individuals involved.

-noneg

c. Transitions. Describe cases where knowledge resulting from your effort is used, or will be
used, in a technology application. Transitions can be to entities in the DoD, other federal
agencies, or industry. Briefly list the enabling research, the laboratory or company, and an
individual in that organization who made use of your research.

-none

8. New Discoveries

-none to date

9. Honors and Awards
-none this reporting period



