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Uncooled IR focal plane arrays employ thermal detection mechanisms including the resistive bolometric, .
pyroelectric, and thermoelectric effects. Readout electronics are incorporated at each pixel. Two thermal isolation
structures are possible: hybrid and monolithic. The ultimate limit to the performance is set by temperature fluctu-
ation noise, which depends upon the structure. The state-of-the-art of the approaches employing the three mecha-

nisms is reviewed,
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1. Introduction

Uncooled infrared focal plane arrays are linear or
two-dimensional assemblies of picture elements (pix-
els) which respond to infrared radiation without re-
quiring cryogenic operation. The focal plane arrays of
most interest are employed in thermal imaging of am-
bient temperature objects. For most applications, this
requires that the arrays must respond to radiation in
the 3-5 pm or 8-12 pm atmospheric windows.

Infrared detection mechanisms fall into three
broad classes: photon, thermal and wave interaction.
In the evolution of modern thermal imaging systems,
it was the photon detectors which played the major
role. The earliest systems employed two-dimensional
scanning mechanisms. Thus a single detector scanned
the entire image in one frame time, which in the U.S.
was usually 1/30 s. Thus very fast detector response,
typically in the microsecond range, was required.
Photon detectors alone offered both broad spectral
bandwidth and fast response. (Hg,Cd)Te was the pre-
ferred material, operating at 77 K. Later approaches
employed linear arrays with a one-dimensional scan
in 1/30 second, such as employed in the U.S. common
modular FLIR. Although the speed of response re-
quirement was thereby reduced, nevertheless only
photon detectors such as (Hg,Cd)Te could meet both
the sensitivity and speed of response requirement for
applications requiring 1/30 s frame time. Thus, cryo-
genic operation was still required.

With the advent of two-dimensional arrays,
howver, the frame time and the pixel response time
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became the same, i.e., 1/30 s for most U.S. systems.
Thus, it became possible to consider approaches other
than those employing photon detectors such as
(Hg,Cd)Te, InSb, PbSe, AlGaAs/GaAs and PtSi, all
of which require cryogenic operation. It is relatively
straightforward to design a pixel employing a thermal
detection mechanism which combines high sensitivity
with 1/30 s response time but it is extremely difficult
to design one with high sensitivity and a response
time in, say, the microsecond range. Thus it was the
advent of two-dimensional focal plane array technol-
ogy which brought about the employment of thermal
detection mechanisms.

2. Thermal detection mechanisms

Thermal detection mechanisms are those which
depend upon the change in some property of a mate-
rial due to a change in temperature of the material
which accompanies the absorption of electromagnetic
radiation. They do not depend upon the photon nature
of the radiation. As a result, there is no long wave-
length limit associated with an energy gap or do-
nor/acceptor ionization energy such as is true for pho-
ton detectors. It is the optical absorption properties of
the thermal detection mechanism and the pixel struc-
ture which determines the spectral response.

Many thermal detection mechanisms exist. When
they are considered in light of the requirement for in-
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tegration in large arrays, three emerge as the principal
candidates: resistive bolometers, pyroelectric detec-
tors and thermoelectric detectors. Each is discussed
below.

2.1. Resistive bolometers [1]

The operation of a resistive bolometer is based
upon the change in electrical resistance of a material
which is caused by a change in temperature of that
material due to absorbed radiant energy. The res-
ponsivity R of a resistive bolometer sensitive element
is given by

R= / baRe n , (1)
Gl+w?t*)?
where I, is the electrical bias current, R, is the electri-
cal resistance of the sensitive element, 1 is the ab-
sorptance of the material, G is the thermal conduc-
tance between the sensitive element and its support
structure, @ is the angular modulation frequency of
the incident radiation, ¢ is the temperature coefficient
of resistance and 7 is the thermal response time. Here

o and 7T are given by

1 dR,
R, dT

. (2

o=

and

C
T—E, (3)

where C is the heat capacity of the sensitive element.
The value of o is positive for metals and negative for
semiconductors at room temperature. Typical values
of o at room temperature are

metals: 0.002 K-';

semiconductors: —0.02 K1

2.2. Pyroelectric detectors [2]

The pyroelectric effect is found in certain ferro-
electric crystals which exhibit spontaneous electric
polarization, measured as a voltage between elec-
trodes attached to the sample. In contrast to resistive
bolometers and thermoelectric detectors, pyroelectric
detectors show no dc response. If modulated radiation
is absorbed by the crystal, a photocurrent is developed
which is proportional to the time rate of change of
temperature, given by
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where I is the photocurrent, p is the pyroelectric coef-
ficient, which is a function of the chosen material, Ap,
is the crystal area and dT/dt is the rate of change of
the crystal temperature T with time t.

The responsivity R of a pyroelectric detector is
given by

nwpApr
R 2 Lo
Gl+w2t2) 2 1+w?7?)"?

where 1 is the parallel resistance of the sensitive ele-
ment and the readout electronics input, T, is the elec-
trical time constant and the other symbols have been
previously defined. The values of r and T, are given

by

1
. — s 6
! wC, tand ©
and
t, =1C,. )

Here tand is the loss tangent of the pyroelectric
material and C, is the pixel capacitance.

2.3. Thermoelectric detectors [3]

A thermoelectric detector, also known as a radia-
tion thermocouple, includes two junctions between
two differing electrical conductors. One junction is
exposed to the incident radiation and is thereby
heated; the other (shielded) junction is not. If one con-
ductor is cut open, a voltage difference will be found
between the exposed ends. The responsivity R of a
thermoelectric detector is

n NSn
R“G(l+a)2‘:2)”2 ’ ®

where S is the Seebeck coefficient of the junction
between the materials. By series connecting pairs of
exposed and shielded detectors, the voltage can be
increased; this is known as a radiation thermopile.
The responsivity is proportional to N, the number
of thermocouples in electrical series.
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Note that the responsivity of the radiation thermo-
couple is inversely proportional to the thermal con-
ductance G, as is also true for that of the resistive
bolometer and the pyroelectric detector.

3. Fundamental performance limits

The fundamental limit to the performance of any
infrared detector based upon thermal detection princi-
ples is set by temperature fluctuation noise [4]. The

% . . 2
value of Dyg, the temperature fluctuation noise lim-

ited D, is
2 V2
A
D}F=[” ;’J ; ©
4KTEG

where Ap, is the detector area, equal to the pixel area
. in an array, k is the Boltzmann’s constant, and Tp, is
the detector temperature. If the dominant method of
exchanging heat between the pixel and its surround-
ings is radiative, then the temperature fluctuation
noise limit converts to the background fluctuation
noise limit, given by [4]

1/2
. n
D =|—m————| » (10)
4 [Ska(Tg +T] )}

where © is the Stefan-Boltzmann constant and Tg is
the background temperature.

The expression for the noise equivalent tempera-
ture difference, NETD, of an imaging array is

(4F% +1)Vy
ApToR(AP/AT); 5,

NETD = (1)

where F is the f/# of the optics, Vy is the electrical
noise within the system bandwidth, 7 is the transmit-
tance of the optics and (AP/AT), _, is the rate of
change with temperature of the radiated power per
unit area of a blackbody of temperature T, measured
within the spectral interval from A; — A,. The value of
(AP/ATy); _ 5, for T of 300 K and A; — A, between
8 ym and 14 pm is 2.62x10~* W/cm?K.

Combining Egs. (9) and (11) gives rise to the ex-
pression for NETDqg, the NETD of a temperature
fluctuation noise limited detector

2(4F?* +1)T(kGB)"?
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where the defining relationship between D* and R

5 A 1/2
b - (AoB2R
Vy

(13)
has been employed. Here B is the electrical bandwidth.

Similarly, combining Egs. (10) and (11) and (13)
gives rise to the background fluctuation noise limited
NETD, i.e., NETDBF

4F? 41 8deB(T5+T5)UZ
NETDgp =—F_ +D { b B} (14)

To(AP/AT); - ), MAp

Figure 1 illustrates Egs. (12) and (14) for the pa-
rameters assumed in the figure. All thermal infrared
detectors fall on or above the limits shown. A detector
structure with a given value of G cannot have an
NETD better than (i.e., lower than) that point on the
sloping line. Real detectors usually lie above the cor-
responding point because of noise greater than tem-
perature fluctuation noise. No detector having the pa-
rameters shown can have an NETD better than (i.e.,
lower than) the background limit shown.

100 Assumptions:

Pixel = 50x50 pm?

Pixel absorption = 50%

Pixel fill factor = 50%

Optics transmission = 90%
Optics ff# =1.0

Frame rate = 30 Hz
Background = 300 K, 2r FOV,
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Fig. 1. Temperature fluctuation noise limit and background
fluctuation noise limit of uncooled thermal imaging arrays
employing thermal detection mechanisms.

4. State-of-the-art

The state-of-the-art of each of the principal detec-
tion mechanisms as of ca. 1995 can be found in Kruse
and Skatrud. [5] The discussion below summarizes

NETD;p = , (12) the early work and includes advances reported as late
MApTo(AP/AT) )y, as 1999.
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Y-metal

X-metal
Fig. 2. Microbolometer pixel structure (after Ref. 7).

4.1. Resistive bolometer array

In 1992 and 1993, Wood and his colleagues [6,7],
at Honeywell described the construction and perfor-
mance of an 80,640 pixel uncooled bolometer array
operating in the 8-12 pm spectral interval. Organized
into 240 rows and 336 columns with 50x50 pm pix-
els, it operated at 30 Hz frame rate. The arrays em-
ployed silicon microstructure technology in which a
silicon nitride membrane formed the thermal isolation
structure, see Fig. 2. The pixel thermal conductance
was 8x10-8 W/K, whereas the pixel heat capacity was
8x101% J/K. A film of vanadium oxide deposited
upon the silicon nitride was the bolometric film; its
thickness was much less than 1 pm. Each pixel in-
cluded a transistor embedded in the silicon substrate
to act as a self-closing switch. When operated at
30 frames per second with f/1 optics, the NETD was
0.040°C. There was no measurable optical crosstalk.
No chopper was required. The thermal imagery was
superior to that of cryogenic one-dimensional scanned
(Hg,Cd)Te arrays and approached that of cryogenic
two-dimensional (Hg,Cd)Te arrays.

Rather than continuing the development and enter-
ing into production of arrays, Honeywell chose to li-
cense them to three U.S. companies, Raytheon, Boe-
ing and Lockheed-Martin. Each redesigned the read-
-out integrated circuit (ROIC) which underlay the sili-
con microstructure vanadium oxide bolometer array
S0 as to improve the overall performance. At first they
made little or no modifications of the vanadium oxide
bolometric array; that is now changing. Recent devel-
opments are summarized below.
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Radford and colleagues [8] at Raytheon have re-
ported a 240x320 pixel array with 50 pm square vana-
dium oxide pixels, for which the average pixel NETD
(f/1 optics) was 8.6 mK. However, the pixel response
time was 29 ms, which is greater than optimum for
30 Hz frame rate. They also reported a 240x320 pixel
array with 25 pm square vanadium oxide pixels with an
average NETD (f/1 optics) of 52 mK.

Altman and colleagues [9] at Lockheed-Martin
have reported development of a 640x480 pixel array
with 28 pm square pixels with an average NETD (f/1
optics) of about 60 mK. However, this measurement
was made on a “small pixel test lot,” not on a full ar-
ray.

Efforts are underway at Infrared Solutions, Inc.
[10] and a joint program at Indigo and Boeing [11] to
reduce the cost, size and power of uncooled bolo-
metric thermal imagers by reducing the number of
pixels to 160x120 (Infrared Solutions, Inc.) or
160x128 (Indigo/Boeing), while maintaining the pixel
size at 50 pm square. The impact of reducing the
number of pixels is found not only in reducing the ar-
ray processing cost (more arrays per wafer, greater ar-
ray yield) but also in simplifying, and thereby reduc-
ing the cost of the off-chip electronics.

Investigations are also underway to attempt to in-
crease array performance by replacing vanadium ox-
ide with a material having a higher temperature coef-
ficient of resistance. The most promising material ap-
pears to be amorphous silicon under development at
Raytheon by Brady and colleagues [12], but it is too
early to tell whether it or any other material will re-
place vanadium oxide in the near term.
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Fig. 3. Pyroelectric detector device structure (after Ref. 13).

4.2. Pyroelectric array

Hanson and his colleagues [13,14] at Texas Instru-
ments (now Raytheon) have described the construc-
tion and performance of an uncooled pyroelectric ar-
ray in which an electrical bias is employed to improve
the performance. It is referred to as a field-enhanced
pyroelectric array or a ferroelectric bolometer array.
This is a hybrid structure in which infrared detection
occurs in the ferroelectric material barium strontium
titanate (BST) and bandpass amplification occurs in a
silicon multiplexer bump-bonded at each pixel, see
Fig. 3. The pixel thermal conductance is 2x106 W/K.
With 245x328 pixels, each 50x50 pm, the measured
NETD with f/1 optics at 30 frames per second is
0.05°C. A very small amount of optical crosstalk is
detectable in the image. The array employs a radiation
chopper.

Although many applications for this hybrid array
technology have been identified, and imagers em-
ploying these arrays are in mass production, no hybrid
technology advances are foreseen. The reason is that
the thermal conductance of the bump bonds is so high
that the array NETD (f/1 optics) is limited to about
50 mK.

Pyroelectric array technology therefore is moving
toward monolithic silicon microstructure technology
at Raytheon, as reported by Belcher and colleagues
[15]. Furthermore, barium strontium titanate, which is
not a good pyroelectric material in thin film form, is
being replaced by lead titanate. Because the tempera-
ture at which ferroelectric materials such as barium
strontium titanate and lead titanate lose their ferro-
electric properties, known as the “Curie point” is far
above room temperature for lead titanate, it turns out
that uncooled lead titanate operates in only the
pyroelectric mode. This possible disadvantage turns
out to be an advantage, in that a temperature stabilizer
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Fig. 4. Pixel structure for thermopile infrared focal plane
array (after Ref. 16). :

is not required. Furthermore, electrical bias is not re-
quired, so that there is no excess, 1/f power law,
noise.

4.3. Thermoelectric array

Kanno [16] and his colleagues have described the
construction and performance of an uncooled mono-
lithic silicon array incorporating 128x128 pixels, each
100x100 pm. Detection occurs in a 32 element ther-
mopile, consisting of p-type and n-type polysilicon
thermocouples, deposited upon a silicon dioxide
membrane at each pixel, see Fig. 4. The frame rate is
120 Hz. The NETD is 0.5°C with an f/1 lens. No
chopper is required.

McManus and Mickelson [17] of Infrared Solu-
tions, Inc., have described a family of imaging radio-
meters which employ silicon microstructure linear
thermoelectric arrays using chromel-constantan thin
film thermocouples. One example employs a
120 pixel linear array which is mechanically scanned
across the focal plane of an f/0.7 germanium lens in
1.44 s. The NETD is 0.35°C. Because it is a radiom-
eter, temperature measurement accuracy is an impor-
tant parameter; the value is 2°C or 2% of full scale
over the range from 0°C to 350°C. The primary ap-
plication is in industrial predictive and preventive
maintenance. Another example is a linescanner,
which measures the temperature profiles of railcar
wheels moving at railcar speeds of up to 80 miles per
hour. Computation within the linescanner of the tem-
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perature distribution is employed to identify incipi-
ent failure of the railcar axles (“hotbox™ problem) or
wheel rims.
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