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BROAD BAND INFRARED THERMAL DETECTOR
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Abstract

A broad band thermal detector based on pyroelectric materials with
temperature-dependent electrical conductivity i1s described This detector
combines the properties, notably the frequency response, of a thermistor
bolometer and a pyroelectric detector Sutable choice of the detector
parameters provides a uniform frequency response above and below the
thermal relaxation frequency

Introduction

Infrared thermal detectors are used 1n a wide variety of applications
which require room temperature operation and unmiform sensitivity over a
wide spectral range [1, 2] The two most popular types of thermal detectors,
the thermistor bolometer and the pyroelectric detector, show a marked
difference 1n frequency response, as shown in Fig 1 The response of the
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Fig 1 A log-log plot of the frequency response of a thermistor bolometer, pyroelectric
detector and tuned pyroelectric—-thermistor bolometer
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thermistor bolometer rapidly falls off above 1ts thermal relaxation frequen-
cy, wy, which typically lies between 1 and 100 Hz Pyroelectric detectors are
generally most sensitive above these frequencies [3] In this paper we show
that a pyroelectric detector and a thermistor bolometer can be combined 1n
a single detector possessing a uniform frequency response above and below
W

The sensing element of this pyroelectric—thermistor bolometer (PTB) 1s
a pyroelectric material whose electrical conductivity 1s temperature depen-
dent, e g, boracites [4, 5], sodium mtrite (NaNO,) [6], tin-hypothiodi-
phosphate (Sn,P,Sg) [7], lead germanate (PbsGe30,;) or hithium ammonium
sulfate (LiNH4SO,4) [8] When heated by incident radiation, both the elec-
trical polarization and electrical resistance of the element show a change
The change m resistance provides the low-frequency thermistor response,
while the change in polarization provides the high-frequency pyroelectric
response By suitable choice of the circuit parameters, the thermistor and
pyroelectric components of the response can be adjusted to yield a uniform
frequency response (see Fig 1) from w = 0 to a high frequency, w,, deter-
mined by the electronic time constant for the PTB-lcad circuit

Device description

The construction of the PTB resembles that of the standard pyroelec-
tric detector It consists of a thin slice of a pyroelectric material whose
resistivity 1s temperature dependent The two opposite faces of the shice are
perpendicular to the polar axis and coated with conducting electrodes A
voltage source, V,, and a load resistor, R, are connected to the electrodes as
shown 1n Fig 2 The bias voltage provides a steady current through R, and
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Fig 2 A pyroelecti-nc thermistor bolometer
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the sample resistance required for the thermistor response The polarity of
the bias voltage must be chosen so that the pyroelectric component and the
thermistor component of the PTB signal, due to a given change in temper-
ature, are of the same sign For example, 1n a situation where an increase in
temperature decreases both the spontaneous polarization and the resistance
of the PTB element, the bias field direction across the element should be
opposite to the spontaneous polarization With small bias fields and matenals
having high coercive fields, there 1s little danger of depoling the material

In order to produce a uniform frequency response, both above and
below the thermal relaxation frequency, the bias voltage and the load resis-
tor have to be adjusted so that the PTB constant, & (defined below), 1s
approximately unity

Analysis of operation

We assume that the absorbed radiation causes a spatially uniform small
temperature nse AT of the PTB element Hence, 1ts heating 1s described by

d(AT)/dt + AT/1¢ = W(t)/Cr, (1)

where 7y and C; are the thermal time constant and the thermal capacity
of the element, respectively, and W(t) 1s the instantaneous radiation power
absorbed 1n the element [1] The nse in temperature causes a change in the
polarization, AP = —pAT, and a change in resistance, AR = aRyAT, of the
element, where p 1s the pyroelectric coefficient, o the temperature coeffi-
cient of resistance and R, the resistance of the sample at equilibrium These
variations 1n the polarization and resistance change the current through the
element and load, causing a voltage signal, AV, across the load The current,
Al = AV/R,, flowing through the element to the load consists of a conduc-
tion current

—[AV + VoAR/(Ro + Ry)]1/R,,
and a displacement current
—[C d(AV)/dt — A d(AP)/dt],

where C 1s the capacitance and A 1s the area of the element Hence, we
obtamn

d(av) +AV(_1._ + ,1_)=-—pA

Ry R,

dAT) oV,
dt Ro+ Ry,

c

This equation can be written in the form
d(AV)/dt + AV/T, = —(pA/C)[d(AT)/dt + AT/7], (2)

where 7, = (1/Ry, + 1/R,)"! C 1s the electronic time constant of the circuit
and
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T =pA(Ry + Rp)/(aV,) (3)

Equations (1) and (2) can be solved using the Laplace transform
method Assuming mitial conditions AT(0) = 0 and AV(0) = 0, the Laplace
transforms of eqns (1) and (2) are

(s + 1/1p)t(s) = w(s)/Cr, (1a)
(s +1/7)v(5) = —(PA/C)(s + 1/7)i(s), (2a)

where t(s), w(s) and v(s) are the Laplace transforms of AT(t), W(¢) and
AV(T), respectively Substitution of t(s) from eqn (1a) into eqn (2a) yields
a direct relationship between the excitation w(s) and the response v(s)

v(s) = H(s)w(s) (4)
where the transfer function, H(s), 1s
H(s) = —(pA/CCr){(s +1/7)/[(s + 1/7e)(s + 1/7Tr)]} (5)

Using this relationship, the response AV(¢) to any excitation function W(t)
can be obtained by taking the inverse Laplace transform of v(s)

As seen from eqn (5), the response of the PTB 1s characterized by three
time constants 7y, 7, and 7 The thermal time constant, 7, characterizes the
response of any thermal detector Pyroelectric detectors are additionally
characterized by the electronic time constant, 7, The third time constant, 7,
which appears in the response of the PTB 1s given 1n egn (3) as the charge
per degree, due to change 1n polarization, divided by the current per degree,
due to a change 1n resistance Thus, 7 reflects the relative contributions to
the output signal of the pyroelectric effect and the thermistor effect

From eqn (5) 1s follows that when 7 = 7 the PTB 1s characterized only
by the electronic time constant, 7. In this case the PTB acts as a fast re-
sponse thermistor or as a pyroelectric detector with a d ¢ response This 1s
1llustrated 1n the following examples

Response to a step function
For step wradiation, W(t) =0 1if ¢t< 0 and W(t) =W, 1if t> 0, one
obtains,

AV(t) = [EWgr20/(1 — 0)1(1 — k) exp(—t/T3) — (1 — kO) exp(—t/7,)
+ k(1 —6)], (6)

where £ =—pA/CCyr, 0 = 71./7¢ and k = 7¢/T The response as a function of
time 1s plotted in Fig 3 together with the separate contribution of the pyro-
electric and thermistor components The curves shown are calculated for
6 =001 and k=1 While the thermistor component of the response rises
slowly with time constant 7, to a steady value, the pyroelectric component
rises quickly with time constant, about 7., to a peak value and then decays
slowly with time constant 7. When the load resistor and the bias voltage
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Fig 3 Responses of a thermistor bolometer, a pyroelectric detector and a tuned pyro-
electric—thermistor bolometer to a step function

Vo are chosen so that B =1, the slow decay of the pyroelectric response 1s
compensated by the slow rise of the thermistor response, so that the com-
bmed response rises quickly to a steady value The fast rise of the step
response to a steady value 1s an outstanding trait of the PTB among thermal
detectors

Frequency response

The steady-state response of the PTB to a smmusoidal mnput of frequency
w, 1s also a sinusoidal with frequency «w The ratio of the amphitude of the
response to that of the nput 1s the magnitude of the transfer function H(s)
when jw 18 substituted for s Hence, the responsivity, r(w), of the PTB 1s
given by

r(w) = H(w)| = £re(k? + 0?71 2[(1 + w71 + )72 (7)

Figure 4 shows r(w) as a function of w for 6 = 001 When k € 1, the PTB
acts as a pyroelectric detector and maximum responsivity 1s obtained at
frequencies lower than 1/7, and higher than 1/ For & > 1, the PTB acts
as a thermistor and maximum response 1s obtained at frequencies lower than
1/7p When k =1, the low-frequency response of the thermistor component
and the high-frequency response of the pyroelectric component are com-
bmmed to yield a flat frequency response from w =0 to a high frequency
determined by T,

Expermmental results

Experimental results were obtamned for a PTB made of a thin shice of
Cu3B,0,5Cl crystal (thickness 60 um, area 0 04 cm?) The faces of this shice
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Fig 4 Frequency response of a pyroelectric—-thermistor bolometer for 6 = 0 01 and
different values of &
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Fig 5 Oscillograms of the output voltage of a Cu3B-,0,3Cl PTB 1n response to a step
illumination for different bias voltages

were perpendicular to the pyroelectric axis and covered with evaporated
gold electrodes Attached to the electrodes were 75 um silver leads from
which the sample was suspended The voltage response to a step illumination
was measured across a 50 M §2 load resistor for different bias voltages Oscil-
logram (a) in Fig 5 shows the response 1n the absence of a bias voltage This
pure pyroelectric response rises fast initially and then decays slowly with the
thermal time constant 7. =1 85 s When a bias voltage 1s applied the ther-
mistor component contributes a slowly rising voltage to the response and as
a result, the decay 1s suppressed (oscillograms (b) and (c)) At a bias voltage
of 0 2V, the decay of the pyroelectric component of the response i1s com-
pensated by the nise of the thermistor component and an approximately
flat response 1s obtained (oscillogram (d)) The bias voltage V' necessary to
obtain this compensation (a value of 2 = 1) can be calculated from eqn (3)
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Fig 6 Temperature dependence of the bias voltage required for a umform frequency
response 1n a Cu3B-,0;3C1 PTB

Vo = PA(Rq+ Ry)/(ar) (8)

For Cu3;B,0,5Cl at room temperature, p =4 5X 107° C/cm? K, o = 8 8%/K
and the measured resistance of this sample1s Ry =1 5 X 10% ohm Using this
formula with R =5 X 107 ohm, A =0 04 cm? and 7, =1 85 s, we obtan
Vo =022 V, which closely agrees with the observation in Fig 5 When a
higher voltage 1s appled (e g, 0 33 V), the slowly rising response of the
thermistor component overcomes the pyroelectric decay and as a result the
total response continues to rise slowly after the mnitial fast rise (oscillogram
(e)) The mportance of the polarity of the bias voltage 1s illustrated in
oscillogram (f) where the bias voltage was reversed The pyroelectric com-
ponent and the thermistor component now have opposite signs, and as a
result the response quickly decays and crosses the zero line

The bias voltage V' (eqn (8)) required to achieve a flat frequency
response (k = 1) may vary with temperature since the sample resistance, R,
as well as the coefficients « and p are temperature dependent Figure 6
shows the temperature dependence of V' for the demonstrated example of
Cu3B;,0,3Cl The curve shown was calculated from eqn (8) using experi-
mental data for the temperature dependence of the resistivity [5] and pyro-
electric coefficient in Cu;B;0,5Cl [9] The temperature dependence of 7y
was not taken into account because 1t 1s very weak compared to that of p,
and R, far from the transition temperature It s noted that in the range 25 -
60 °C V, varies between 018 V and 0 22 V Consequently, for a constant
bias voltage, eg, V,=02 V, the PTB constant k& = 7¢/7 = V/V,' (see eqn
(3)) can vary between 1 1 and 0 9 Such variations can cause deviations from
a flat response of +10% as indicated by eqn (7) and Fig 4

Temperature stability of the PTB can be a problem at elevated temper-
atures approaching the ferroelectric—paraelectric transition pomt (about
93 °C in Cu3B,0,5Cl) where V' varies strongly with temperature However,
even without this, a PTB cannot be operated close to the transition temper-
ature because of the depoling effect of the bias field
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Discussion and conclusions

Acting siumultaneously as a thermistor and as a pyroelectric detector,
the PTB combines the advantages of both detectors Specifically, in the PTB
the thermistor component provides the low-frequency response while the
pyroelectric component provides the high-frequency response As a result, a
flat frequency response can be obtained over a broad band The bandwidth
of the PTB 1s limited only at the high-frequency side by the electrical time
constant of the detector-load circuit The bandwidth can be increased by
decreasing the ioad resistance R;, with a corresponding loss of responsivity

In the arrangement described in Fig 2, changes in the ambient temper-
ature can cause false signals This problem is conventionally solved by em-
ploying two identical elements 1n a bridge circuit [1}] One of these elements
1s exposed to the radiation while the other, shielded from radiation, serves to
compensate for changes 1n the ambient temperature The bridge is balanced
when no excess radiation 1s incident on the exposed element

Large changes 1n the ambient temperature can also affect the balance
between the thermistor and pyroelectric components of the PTB response,
simnce the former depends on the temperature, T, and the latter depends on
dT/dt Consequently, the bias voltage V, has to be re-adjusted to achieve k =
1 as required for a flat frequency response However, fine adjustment 1s not
cruclal for obtaining a broad frequency response As shown mn Fig 4, a broad
frequency response, though not perfectly flat, can be obtained with a wide
range of k values between 0 5 and 2

This paper has focused on an outstanding trait of the PTB among
thermal detectors — 1its broad frequency response This characteristic was
demonstrated with a PTB made of a Cu;3;B,0,3Cl crystal With such a stable
crystal, reproducibility and time stability are ensured However, other less
expensive materials in the form of ceramics or thin films can also be con-
sidered [7, 8] Full characterization of the PTB requires further study of
noise characteristics and optimization of materials and circuit parameters
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