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" Abstract: We report on the performance of a flat-panel thermal display technology, prototype developed at NIST in

collaboration with Simon Fraser University and Optical E. T. C., for dynamic thermal scene simulation (DTSS). The pixel

" elements of the display are composed of thermally-isolated resistive heaters. The main innovation is the fabrication method

‘which uses commercial CMOS integrated circuit (IC) foundries. This method produces a low-manufacturing-cost, high-yield,
thermal display technology. - Circuits for drive and control are monolithically integrated on the display. The microheating
element has a thermal time constant of a few milliseconds and a temperature range of operation from ambient to over 1000
°C. A 16x16 pixel array with a 0.2-mm pixel pitch is presented as a demonstration of the concept; however, the circuit design
supports larger sizes (e.g. 256x256). This display technology is compatible with DTSS requirements for laboratory and fieldable

__ built-in test/built-in test equipment (BIT/BITE) applications.

Introduction

The continuing improvements in infrared (IR) imaging technology and its use in weapons and surveillance systems, and more

recently, in industrial applications require new technology and procedures for testing and calibration. For example, an IR
imager may be used as a component for the lock-in and guidance of a complex and costly weapons system. Traditional testing
techniques using blackbody radiation from static thermal targets is not sufficient. Thermal displays that can generate temporal
thermal scenes are also needed [1]. .

For the present, laboratory testing of "hardware in the loop" simulations requires these displays for characterization not only
of the imaging system, but also for testing the software and hardware components that make up the entire guidance system.
These tests expose the imaging and guidance system to real-time scenarios, and the response of the system can be evaluated.

Similar tests will be needed in the field. Furthermore, a field test that will give a simple pass/fail criterion may not be enough.
Performance data measured over time may be necessary as a means for the prediction of failures and for maintenance
scheduling. Since these tests can be quite complicated, the cost of logistics support can be lessened if the test can be automated
and carried out quickly, and if the test target can be built into the system to provide a self-test/self-calibration function. In some
cases, e.g., the deployment of an IR imaging system in space, the test must be built into the system since access will not be
feasible. DTSS for field testing will only be possible if the cost of manufacturing thermal displays is cheap enough, and if the
display is small, light, and consumes little power.

" Thermal displays Consisting of microheating elements that are fabricated using an IC-based manufacturing process have been

identified as the best solution for thermal scene simulation requirements [2]. In general, an IC-based microheating element can
be fabricated by surface micromachining techniques either by bulk silicon micromachining [3,4,5] or by the removal of a

- sacrificial layer [6,7]. The purpose of the micromachining step is to provide the necessary thermal isolation by forming a

suspended heating element. We refer to the prevalent methods for fabricating micromechanical elements as full custom
fabrication; i.e., the fabrication process sequence deviates from a standard IC foundry process.

'Contribution of the National Institute of Standards and Technology; not subject to copyright. In this report, commercial
equipment, instruments, and computer programs may be identified to specify the procedure adequately. This does not imply
recommendation or endorsement by NIST, nor does it imply that the equipment or program is the best available for the purpose.
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Devices that can be fabricated using a commercial IC foundry
as compared to full custom fabrication can be expected to be
less expensive because of the economies of scale. In this
paper we report on the performance of microheating elements
for thermal displays fabricated by using a commercial CMOS
foundry and a post-CMOS-fabrication, or post-fabrication,
etch process. We refer to this fabrication method as the
CMOS-compatible micromachining technique.

p ~

CMOS-Compatible Microheaters

The CMOS-compatible micromachining technique [8] is
based a computer-aided design (CAD) procedure that utilizes
a newly defined layer that we call open [9]. The open layer
in the CAD layout represents an opening in the SiO,
passivation layers of a IC that exposes the silicon surface.
The opening is formed with no additional photolithography
steps; it is the combination-of all the contact cuts in a
standard CMOS process (substrate contact, polysilicon
" contact, metal contact, and glass cut for the bonding pad).
This opening allows the anisotropic etchant used in the post-
fabrication process step, EDP [10], to create a pit by etching
the silicon substrate. The SiO, passivation layers, present
over the-entire surface except over the open areas and over
the bond pads, act as the mask for the etchant. By a proper
choice of the layout pattern, a suspended membrane
consisting of SiO,, polysilicon, and aluminum can be created. | = =« , = ...
Recently, the open layer was incorporated in the technology Figure 1 SEM micrograph of microheating element (thermal
file for MAGIC [11], a popular public-domain design pixel).
software. This implementation has now been added to the
. MOSIS [12] SCMOS technology file [13].

Figure 1 shows a scanning electron microscope (SEM)
micrograph of a microheater element fabricated using this
technique. This device was first reported in [14] for the

application as an IR point source for DTSS. The heater is 450
' formed over a 150x150-pm pit. The microheater is composed
of a polysilicon layer for the heating element, aluminum lines €
for electrical contact, and glass passivation that encapsulates s 350 -
the heater and provides the mechanical support. The pit 5 300
4 forms an inverted pyramid cavity, and the heating element is °
‘ shaped like a trampoline with four support beams. The four o 250
surfaces of the pit are defined by <111> planes of the silicon & 200
crystal lattice and form an angle of 54.7° from the top ~ " - Stops = 37.5%/my
surface. For a review of silicon micromachining technology, i 150
one can refer to [‘15]'; = 100
Figure 2 is a plot of the temperature of the microheating 50
element as a function of input power. The temperature of the
element is shown to vary from ambient to 500 °C with a 0.001 O‘UO;owero(}:\% 0.010

* thermal efficiency of 37.5 °C/mW. The temperature is
«calculated by using the resistance of the heating element and  Figure 10 Plot of thermal pixel temperature vs. power
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Figure 2 Plot of heater resistance vs. temperature of heater.

The TCR is defined as (R-R,)/R, where R, is the resistance at Figure 4 Plot of transient current of microheating element.
room temperature.

c coefficient of resistance is measured to be 0. 003/°C as shown
in figure 3. This parameter is used to exprapolate the temperature at higher power dissipations. Earlier work used this effect
of temperature on resistance as a means to sense gas flow [17].

Figure 4 is a photograph of the device operating in incandescence demonstrating the temperature range of operation of the
heating element form ambient to over 1000 °C. Figure 5 is a plot of the transient response of the heater current to a voltage
i pulse. As can be seen, the current starts at a higher level (resistor temperature is initally at ambient), and increases to an
i ‘ equrhbrrum value as the temperature reaches a steady state. The figure also demonstrates that the thermal time constant is on
: g i : the order of 1 ms. This type of pulse testing was used to
measure the stability of the microheating elements. A 100-Hz
pulse frequency was chosen so that the heating elements
underwent a complete thermal cycle from ambient to
operating temperature. Figure 6 shows the results of the
stress -test where the heating element was cycled 1 billion
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Figure 3 Photomicrograph of the microheating element Time (e)
operating in incandescence. The device is supplying its own Figure 5 Plot of the resistance of the heating element over

illumination. ‘ time for pulsed stress testing.
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‘" Figure 6 Two-dimensional plot of radiance of an array of Figure7 A 2-dimensional plot of microheater temperature
microheating elements. calculated using radiance measurements.

N

times. This test was carried out under conditions where the on-state voltage was constant during the experiment. Other stress
tests carried out under constant current and constant power conditions are still underway.. Some noise in the data is attributed

to thunderstorms and other interruptions because of the time that the experiment took to complete (an entire summer). As can
be seen in the figure, the resistance increases logarithmically over time. This resistance increase is acceptable. After a burn-in,
the resistance change over time can be stabilized. The display can also be calibrated for temperature uniformity in the
presence of some resistance variations. Some new designs for the heater elements are in progress that further increase the
stability of the heating elements.

s

Spectral Response Measurements : , :

An initial evaluation of the spectral emissivity of a typical thermal pixel element has been made. The emitted flux from the
pixel was medsured over six different spectral ranges within the 2- to 14-pm spectrum. The infrared detector-filter assembly ?
S was calibrated against a known blackbody source. By utilizing dual spectral-band radiometric techniques [18], the emissivity
o within several bands was calculated from the measured data. When the pixel’s apparent temperature was about 300 °C, the
relative emissivities were 1.00, 0.56, and 0.70 in the 2.5- to 4.0-ym, 4- to 6-ym, and 6- to 14-pm spectral bands, respectively.
Since the temperature was not uniform over the heater element, the absolute emissivity could not be exactly measured with the
experimental arrangement used. Based on these considerations, the emissivity in the 2- to 4-pm spectral band is thought to be
about 0.8. Consequently, the emissivity of the thermal pixel is in a practical range.
Measurements of radiance and temperature were also carried out. Figure 7 shows two-dimensional plot of radiance of an array
of heating elements. Radiance measurements were used to estimate the temperature contours of the microheater. Figure 8
shows a two-dimensional plot of temperature of a single microbeating element.
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/ Figixre 8 Photomicrograph of a small section of the CMOS Figure 9 Photograph of the IC chip containig the 16x16 pixel
~ foundry-fabricated 16x16 thermal display. CMOS-foundry-fabricated thermal display.

Thermal Display Demonstration

.~ Figure 9 shows a photograph of a section of a 16x16 pixel thermal display with thermal pixel elements integrated with control

" circuitry (pixel pitch is 0.2 mm). The display is fabricated using a standard 2-um CMOS foundry process available through
the MOSIS service. It has already been demonstrated that circuits fabricated in the CMOS process are, in general, not degraded
by the post-fabrication procedure [19]. Circuit integration with micromachined thermal heating elements has been reported in
[20,21]. Figure 10 shows a photograph of the IC chip containing the 16x16 pixel thermal display. Each pixel has circuitry
for row and column select, enable, analog pass gate, and drive transistor. The pass gate can hold the analog signal for many
seconds, even when the microheating element temperature is hundreds of °C.

Measurements of array uniformity show a 1% standard deviation from the mean heater resistance. Yield of the micromachined
elements is also high. Virtually all the devices work; nonfunctional devices have for the most part been traced to a design error.
Simple computer controlled scenes such as single lighted pixels moving in random directions have been demonstrated with the
16x16 array. Demonstration of sophisticated scene simulation awaits the 256x256 pixel displays.

Conclusions

A display technology was presented that is manufacturable using commercial CMOS IC foundries. Silicon micromachining
realizes tiny thermally isolated micro-heaters that are integrated with CMOS electronics for drive and control of the display.
The manufacturing technique leads to low-cost foundry-independent technology. This display technology is appropriate for
laboratory testing and for built-in test/built-in test equipment (BIT/BITE) logistics support for field testing of IR-based tracking,
guidance, and surveillance systems.
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‘Results were reported on thermal pixel design, fabrication, thermal measurements, reliability studies, pixel uniformity, spectral

 response, and comparisons to black body radiators. The pixel elements are 150 pm in size. Pixel temperature can be varied
_from ambient to 1000 °C with 24-mW power and a thermal response time of 1 ms. These results show that this display
technology will satisfy thermal scene simulation requirements. ’

Circuitry for array operation using digital and analog control of pixel temperature has been designed and tested. A thermal
display with a 16x16 pixel array has been fabricated, and the operation of the 16x16 array was discussed. All circuitry is
modular and current designs are easily expandable to 256x256 arrays.
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