Chapter 1

Introduction

1.1 General Remarks

Sensors that are used to detect optical radiation are usually confined to use in
two types of detectors: thermal detectors and photon detectors. Thermal detectors
sense the heat generated by the absorbed radiation, so their operation is a two-
step process: conversion of the radiation energy into heat, followed by conversion
of the heat energy into the energy of an electrical signal. The incident radiation
is absorbed to change the material temperature, and the resultant change in some
physical property is used to generate an electrical output.

Despite this two-step operation, thermal detectors are relatively simple devices
(see Fig. 1.1) that operate primarily at ambient temperature. In general, a thermal
detector is suspended on lags that are connected to a heat sink. The signal does not
depend upon the photonic nature of the incident radiation. Thus, thermal effects
are generally wavelength independent; the signal depends on the radiant power
(or its rate of change) but not on its spectral content, assuming that the mechanism
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Figure 1.1 The simplest representation of the thermal detector. The detector is represented
by a thermal capacitance Cy, coupled via a thermal conductance Gy, to a heat sink at a
constant temperature T. AT is the temperature difference due to the optical signal.
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responsible for the absorption of the radiation is itself wavelength independent (see
Fig. 1.2).

Three approaches have found the greatest utility in infrared (IR) technology,
namely bolometers, pyroelectric effects, and thermoelectric effects. In pyroelectric
detectors, a change in the internal electrical polarization is measured, whereas in
the case of thermistor bolometers, a change in the electrical resistance is measured.
Because they are not selective, thermal detectors can be used in an extremely wide
range of the electromagnetic spectrum, from x ray to ultraviolet (UV), visible, IR,
and microwave. This is the case for any radiation in which the energy can be read-
ily converted to heat. They have found widespread use in low-cost applications
that do not require superior performance and high speed. Their room- temperature
operation makes them lightweight, rugged, reliable, and convenient to use. How-
ever, they are characterized by modest sensitivity and suffer from a slow response
(because heating and cooling of a detector element is a relatively slow process).

Until the 1990s, thermal detectors were considerably less exploited in commer-
cial and military systems in comparison with photon detectors. The reason for this
disparity is that thermal detectors were popularly believed to be rather slow and
insensitive compared to photon detectors, and useless in scanned thermal imagers.
As aresult, the worldwide effort to develop thermal detectors was extremely small
relative to that of photon detectors. However, during the last decade there has been
a revolutionary emergence of focal plane arrays based on thermal detectors.! The
slow speed of response is no limitation for a staring system covering the whole
field of view without mechanical scanning, and thermal detectors’ moderate sensi-
tivity can be compensated by a large number of elements in two-dimensional (2D)
electronically scanned arrays. With large arrays of thermal detectors, the best val-
ues of temperature resolution below 0.05 K can be reached because effective noise
bandwidths less than 100 Hz can be achieved. A high sensitivity is also expected
by imagers based on superconductor high-temperature bolometers and mechanical
cantilever “bimaterial” detectors. Mid-range 108 cm Hz!/>/W detectivity is typical
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Figure 1.2 Relative spectral response for a photon detector and a thermal detector.
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Figure 1.3 Fundamental optical excitation processes in semiconductors: (a) intrinsic ab-
sorption, (b) extrinsic absorption, and (c) free-carrier absorption.

for the present microbolometer arrays, while the theoretical limit for radiation heat
transfer noise is 1.8 x 10'© cm Hz!/2/W at room temperature.

With the second class of IR detectors, photon detectors (photodetectors), the ra-
diation is absorbed within the material by interaction with electrons (see Fig. 1.3)
that are either bound to lattice or impurity atoms or are free electrons. The ob-
served electrical output signal results from the changed electronic energy distrib-
ution. Photon detectors show a selective wavelength dependence of response per
unit of incident radiation power (Fig. 1.2). They exhibit both perfect signal-to-
noise performance and a very fast response. But to achieve this, the present photon
detectors require cryogenic cooling.

The class of photon detectors is further subdivided into different types based
on the nature of the detector’s interaction, as shown in Table 1.1. The most impor-
tant types are intrinsic detectors, extrinsic detectors, photoemissive (metal silicide
Schottky barriers) detectors, and quantum well detectors. Depending on how the
electric or magnetic fields are developed, there are various modes of operation
such as photoconductive, photovoltaic, photoelectromagnetic (PEM), and photoe-
missive. Each material system can be used for different modes of operation.

A common belief is that an IR photodetector must be cooled to achieve a high
sensitivity. The detection of long-wave infrared (LWIR) radiation, which is char-
acterized by low photon energy, requires the electron transitions to be free-charge
carriers of energy lower than the photon energy. Therefore, at near room temper-
atures, the thermal energy k7T is comparable to the transition energy. The direct
consequence of this is a very high rate of thermal generation by the charge carri-
ers. The statistical nature of this process generates signal noise. As a result, long-
wavelength detectors become very noisy when operated at near room temperature.
Cooling is a direct, straightforward, and very efficient way to suppress the ther-
mal generation of charge carriers, while at the same time being a very impractical
method because it adds considerably to the cost, weight, power consumption, and
inconvenience of an IR system. The need for cooling is a major limitation of pho-
todetectors and inhibits the more widespread application of IR technology. Afford-
able high-performance IR imaging cameras require cost-effective IR detectors that
operate without cooling, or at least at temperatures compatible with long-life, low-
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power, and low-cost coolers. Thus, it is highly desirable to eliminate or reduce the
cooling requirements in an IR system.

Can thermal detectors replace photon detectors in most applications where un-
cooled operation is essential? The answer is simply—no! Thermal detectors seem
to be less suitable for the next generation of IR thermal imaging systems, which
are moving toward faster frame rates and multispectral operation; they are com-
pletely useless for many imaging and nonimaging applications that require nano-
and subnano-second responses.

Photodetectors make it possible to achieve both high sensitivity and fast re-
sponse (see, e.g., Refs. 2, 3). They are devices that detect radiation by direct inter-
action of photons with electrons in the detector material. This interaction generates
free-charge carriers in intrinsic or extrinsic detectors, or delivers the necessary en-
ergy to charge carriers confined within a potential well to overcome the barrier.

A number of concepts to improve performance of photodetectors operating at
near room temperatures have been proposed.*® Recent results show that, in prin-
ciple, the ultimate limits of sensitivity, even for wavelengths exceeding 10 pm, can
be achieved without the need for cryogenic cooling.”

1.2 Detector Figures of Merit

It is difficult to measure the performance characteristics of IR detectors because of
the large number of experimental variables involved. A variety of environmental,
electrical, and radiometric parameters must be taken into account and carefully
controlled. With the advent of large 2D detector arrays, detector testing has become
even more complex and demanding. Numerous texts and journals cover this issue,
including: Infrared System Engineering by R. D. Hudson;’ The Infrared Handbook
edited by W. L. Wolfe and G. J. Zissis;'? The Infrared and Electro-Optical Systems
Handbook edited by J. S. Accetta and D. L. Shumaker;'! and Fundamentals of
Infrared Detector Operation and Testing by J. D. Vincent.'? In this volume we
have restricted our consideration to detectors whose output consists of an electrical
signal that is proportional to the radiant signal power.

The measured data described in this text are sufficient to characterize a detector.
However, to provide ease of comparison between detectors, certain figures of merit,
computed from the measured data, will be defined in this section.

1.2.1 Responsivity

The responsivity of an IR detector is defined as the ratio of the root mean square

(rms) value of the fundamental component of the electrical output signal of the de-

tector to the rms value of the fundamental component of the input radiation power.

The units of responsivity are volts per watt (V/W) or amperes per watt (amp/W).
The voltage (or analogous current) spectral responsivity is given by

Vi
Ry(A, f):m, (1.1)
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where Vj is the signal voltage due to ®., and ®,.(A) is the spectral radiant incident
power (in W/m).

An alternative to the above monochromatic quality, the blackbody responsivity,
is defined by the equation

Vs Vs
Ry(T, f)=—=

o0 ’
Debh / ®,(\)dA
0

(1.2)

where the incident radiant power is the integral over all wavelengths of the spectral
density of power distribution ®,(A) from a blackbody. The responsivity is usually
a function of the bias voltage Vj;, the operating electrical frequency f, and the
wavelength A.

1.2.2 Noise equivalent power

The noise equivalent power (NEP) is the incident power on the detector generating
a signal output equal to the rms noise output. Stated another way, the NEP is the
signal level that produces a signal-to-noise ratio (SNR) of 1. It can be written in
terms of responsivity as

Vo 1
NEP =~ =12, (1.3)
R, R

v i

The unit of NEP is the watt.

The NEP is also quoted for a fixed reference bandwidth, which is often assumed
to be 1 Hz. This “NEP per unit bandwidth” has a unit of watts per square root hertz
(W/Hz').

1.2.3 Detectivity

The detectivity D is the reciprocal of NEP:

1

D= NEP" (1.4)

It was found by Jones!3 that for many detectors, the NEP is proportional to the
square root of the detector signal that is proportional to the detector area, A4. This
means that both NEP and detectivity are functions of the electrical bandwidth and
detector area, so a normalized detectivity D* (or “D-star”) suggested by Jones' 14
is defined as

(AgAf)'/?

D* = D(A;Af)Y? =
(AadAf) NEP

(1.5)
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The importance of D* is that this figure of merit permits a comparison of de-
tectors that have different areas. Either a spectral or blackbody D* can be defined
in terms of the corresponding type of NEP.

Useful equivalent expressions to Eq. (1.5) include:

172 1/2 1/2
=<AdAVf> RUZ(AdAIf) Ri=(Adif YT SNR),  (16)

D*

where D* is defined as the rms SNR in a 1-Hz bandwidth per unit rms inci-
dent radiant power per square root of detector area. D* is expressed by the unit
cm Hz!2 W1, which also has been called a “Jones.”

Spectral detectivity curves for a number of commercially available IR detec-
tors are shown in Fig. 1.4. Interest has centered mainly on the wavelengths of
the two atmospheric windows 3-5 um (middle wavelength infrared or MWIR) and
8—14 pum (the LWIR region). Atmospheric transmission is the highest in the MWIR
and LWIR bands, and the emissivity maximum of the objects at 7 ~ 300 K is at the
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Figure 1.4 Comparison of the D* of various commercially available IR detectors when op-
erated at the indicated temperature. Chopping frequency is 1000 Hz for all detectors except
the thermopile (10 Hz), thermocouple (10 Hz), thermistor bolometer (10 Hz), Golay cell
(10 Hz), and pyroelectric detector (10 Hz). Each detector is assumed to view a hemispheri-
cal surrounding at a temperature of 300 K. Theoretical curves for the background-limited D*
(dashed lines) for the ideal photovoltaic and photoconductive detectors and for thermal de-
tectors are also shown. Key: PC = photoconductive detector, PV = photovoltaic detector,
PE = photoemissive detector, and PEM = photoelectromagnetic detector.
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wavelength A &~ 10 um. However, in recent years space applications have increased
the interest in longer wavelengths.
The blackbody D*(T, f) may be found from spectral detectivity:

o0

/OO D*(A, f)D.(T, N)d\ / D*(A\, f)E.(T,N)dA\
0 _J0

D*(T, f)= , (1.7

o0 - o0
/ D, (T, N)dA / E.(T,N)dA
0 0

where ®,(T,\) = E.(T,A) Ay is the incident blackbody radiant flux (in W), and
E (T, M) is the blackbody irradiance (in W/m?).

The ultimate performance of IR detectors is reached when the detector and
amplifier noise are low compared to the photon noise. The photon noise is funda-
mental in the sense that it arises not from any imperfection in the detector or its
associated electronics, but rather from the detection process itself as a result of the
discrete nature of the radiation field.

1.3 Detectivity Requirements for Thermal Imagers

For focal plane arrays (FPAs), the relevant figure of merit is the noise equivalent
temperature difference (NEDT), the temperature change of a scene required to pro-
duce a signal equal to the rms noise. The configuration of a basic thermal imager
system is shown in Fig. 1.5.

It can be shown that the NETD of an IR imager is

AFFAf'?

NETD = ,
A M

(1.8)

where Fu is the optics f-number, Af is the frequency band, Ay is the detector
area, and M* is the thermal figure of merit, which is dependent on the detectivity of

Backg round

r ~F

Figure 1.5 Thermal imager system configuration.
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detector D*(A) and spectral blackbody exitance R(A, T'), described by the Planck
law between two wavelengths A; and A, as

A AR, T
M* = D*(?\)¥d7\, (1.9)
A 3T
27 hc? he -1
RANT)= —— — =1 , 1.10
o =" [exp(m) ] (1.10)

where ¢ = 2.998 x 108 m/s is the light velocity, & = 6.6256 x 10734 Js is the
Planck’s constant, and k = 1.38054 x 10~23 J/K is the Boltzmann’s constant.! 13
For nonselective detectors,

MORAN, T
M*:D*/ ¥d7\. (1.11)
A oT

Infrared imaging systems with staring arrays demand less bandwidth when com-
pared to scanning systems. Reducing pixel size is important for lightweight im-
agers, but a higher D* would be necessary to compensate for NETD deterioration
with smaller pixel size [see Egs. (1.8) and (1.11)].

Table 1.2 shows the f;‘l“’ A/A)ORN, T)/0T]1dN and D* required for
NETD = 0.1 K as a function of spectral range for a staring IR imager with rel-
atively fast optics (F4 = 1), operating with a standard frame rate (50 frames/sec).

The detectivity required for a thermal detector operating over the entire spectral
range is 0.65 x 108 cm Hz!"2/W. Reducing the spectral range to the 8—14 um at-
mospheric window increases this detectivity by a factor of & 2.3. Operation in the
3-5 um atmospheric window would require a significant increase of detectivity—
by more than one order of magnitude. This makes thermal detectors not very useful
for operation outside the LWIR atmospheric window.

Table 1.2 The f;‘l"" A/Aco)[OR(A, T)/dT1dA and detectivity required for NETD = 0.1 K (Fy =
1, T =300 K, detector size 50 x 50 pm).

Ao A RN, T
Spectral / — L)d)\ D*
range (um) A Ao AT (cm Hz!2/W)
(W/m2K)
O-infinity 6.12 0.65 x 108
0-14 4.25 0.94 x 108
8-14 2.63 1.52 x 108

3-5 0.186 2.15 x 10°
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Figure 1.6 Dependence of k = fOM’ (A/Aco)[OR(N, T)/dT1dA on wavelength; T =300 K.

Consider an ideal photon counter detector with cutoff wavelength of A, In this
case,

*=D* O\max)/ ’ )\ 8R()\ T) A. (1.12)

Figure 1.6 shows fo)\"" A/Aco)[OR(A, T)/0T]dA as a function of wavelength.
This function initially increases with wavelength, achieving its maximum just
above the 8—14 um spectral range band.

Let’s consider NETD = 0.1 K as a minimal requirement for thermal im-
agers. As Fig. 1.7 shows, detectivity measures of 1.9 x 108 cm Hz!/2/W, 2.3 x
108 cm Hz2/W, and 2 x 10° cm Hz!/2/W are necessary for an NETD of 0.1 K for,
respectively, the 10 um, 9 um, and 5 um cutoff wavelength photon counter detec-
tors. Very good thermal imaging will require an NETD by a factor 3 to 10 less.
Can this be achieved at near room temperature using photodetectors? The answer
to this question is given in Chapter 4.

1.4 Cooling of IR Detectors

The method of cooling varies according to the operating temperature and the sys-
tem’s logistical requirements.'® 17 Various types of cooling systems have been de-
veloped including dewars with cryogenic liquids or solids, Joule-Thompson open
cycle, Stirling closed cycle, and thermoelectric coolers (see Fig. 1.8). These sys-
tems are discussed briefly below.



