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A thermopyroelectric infra-red detector
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Abstract—A new type of thermal infra-red detector is described which combines a thermoelectric and a
pyroelectric detector in a single element and which has a uniform frequency response in the range from
zero to high frequencies determined by the detector electric time constant. An equivalent circuit of the
detector is proposed, the frequency and transient responses are analysed and the results of the analysis are
checked experimentally. Calculation of the frequency and practically attainable noise characteristics of the
detector with most effective thermoelectric and pyroelectric materials is carried out. The detector noise
equivalent power and detectivity constitute 107° W Hz ™" and 10° cm Hz™® W™, respectively, at the time
constant of 36 ms, A decrease in the time constant by a factor of 100 causes deterioration of the noise
equivalent power and of the detectivity to 2 x 10~ W Hz®° and 15 x 10° cm Hz™® W~, respectively.

INTRODUCTION

ONE OF the main tasks facing heat sensing is the design
of dynamically perfect heat flow detectors char-
acterized by broad band and high signal-to-noise
ratios. The use of such instruments is the essential
prerequisite to obtain reliable information about the
thermal state of the object under study. Most of indus-
trial technological processes are characterized by vari-
able heat generations with frequencies from hun-
dredths of one hertz to hundreds of kilohertz and
over. For example, in radiative heat transfer in the
furnaces of steam generators, high-rate slowly varying
radiation fluxes are accompanied by weak rather
quickly changing (with frequencies above 1 Hz) ther-
mal fluctuations—the so-called “fire twinkling’. The
frequency of twinkling depends on the quality and
stability of burners and therefore is an important
characteristic of the process.

Investigations of radiative heat transfer make
imperative a search for infra-red detectors, thermal
ones in particular, which have uniform frequencies
and spectral responsivities within wide ranges [1-6].
Among thermal infra-red devices the greatest interest
is being shown in thermoelectric (TD) and pyro-
electric (PD) detectors which are generator-type instru-
ments needing no additional power sources [7, 8].

Usually, the sensing element of a PD is a spon-
taneously polarizable crystal with metal electrodes
attached to its opposite faces. If the temperature of
the sensing element is constant, the internal charge of
the crystal-electrodes system is balanced out by the
surface charges. On variation of temperature, when,
for example, the detector is exposed to a modulated
radiation flux, unbalanced charges appear on the sens-
ing element electrodes and a pyroelectric current
passes across the load resistor. The current strength
is proportional to the derivative of the temperature
increment in time. Therefore, a PD is insensitive to
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constant or slowly varying radiation fluxes and its
responsivity in the infralow frequency range is pro-
portional to the modulation frequency. The response
time of a PD is determined by the speed of the attain-
ment of spontaneous polarization the theoretical limit
of which is about 10~'% s [8].

Generally a TD is an inertial detector with the
response time determined by the thermal time
constant. Special constructions of a TD with a low
heat capacity and forced heat removal permit one to
attain a time constant of 107 s [9], but at the cost of
a sharp decrease in the detectivity. Therefore, when
used separately, PD and TD cannot measure radiation
fluxes over wide ranges—from zero to high fre-
quencies—with a fairly good detectivity. Electric cor-
rection of the TD and PD frequency responses, for
example, by means of operational amplifiers, is of
little value at a correction factor of more than 100
{10].

The possibility of creating a thermopyroelectric
infra-red detector (TPD) which combines, in a single
element, the advantages of the TD and PD was first
demonstrated in ref. [1], and its realization, cali-
bration and application for studying continuous radi-
ation power fluctuations were described in refs. {4, 5].

The aim of this paper is to give a theoretical analysis
of the frequency response of a TPD, to verify theor-
etical results experimentally and to calculate the prac-
tically attainable noise characteristics of this device.

DETECTOR DESIGN

A TPD (Fig. 1) consists of a pyroactive lithium
niobate plate (1) (c-cut crystal of 16 mm in diameter
and 0.2 mm thick) with an NiCr electrode (2)
deposited on the irradiated face and a constantan
electrode on the non-radiated face of the crystal placed
on a massive copper ring (3). The central part of
the constantan electrode is connected to a 0.1 mm
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A, receiving area [cm’]

Cy, C,, C. total, pyroelectric crystal and
input circuit capacitance, respectively
{F]

c heat capacity of sensor element [JK ']

¢, heat capacity of sensor unit volume
DK 'm™ 7

D*  normalized detectivity [cm Hz> W]

d sensor thickness [m]

V(&%) equivalent generator of scheme noise
voltages reduced to the inlet

f frequency [Hz]

Af equivalent noise bandwidth [Hz]

G total coefficient of heat losses [W K ']

VT3, JThe),J(TE)  equivalent
generators of noise currents caused by
detector Johnson noise, input circuit
Johnson noise and scheme current
reduced to the inlet

iy equivalent noise current reduced to the
inlet

N gain coefficient of d.c. amplifier

Re, Ry, Ri, Ry, input resistance, load

resistance, resistance of thermoelectric
detector, and total resistance,
respectively [Q]

equivalent resistance of detector losses
for pyroelectric detector [Q]

S, voltage responsivity [VW ™'}

T sensor temperature [K]

t time [s]

R

P

NOMENCLATURE

Ve Vor, Vi, Vor  signal and Johnson noise
voltage of pyroelectric and
thermoelectric detectors [V]

v, equivalent noise voltage reduced to the
inlet [VHz %],

Greek symbols
o thermoelectric power [VK ']
y pyroelectric coefficient [Cm >K ']
é dielectric loss angle [dimensionless}
€ electrical permittivity [dimensionless]
€0 permittivity of free space,

8.854x 107*Fm™'

£1,€, emissivity of the sensor front and rear
faces [dimensionless]

0 average temperature increment in the
sensor [K}

o Stefan—Boltzmann constant,
5.6697x 107 8Jm=2s 'K*

1., Tr  electrical and thermal time constant of
the detectors [s]

T time [s]

@ radiant flux [W]

W angular frequency [rads ']

Subscripts

0 thermopyroelectric detector

1 pyroelectric detector

2 thermoelectric detector

z sum.

diameter copper wire (5). The constantan electrode
(4), together with the copper ring (3) and the copper
wire (5) form a Gardon type thermoelectric detector
[11] which is also the ground electrode of a PD. On
irradiation of the detector, a pyroelectric output signal
from electrode 2 bears information about a rapidly
varying radiation flux, while a thermoelectric output

FiG. 1. Arrangement of the thermopyroelectric detector
design.

from electrode 5 bears information about a constant,
or a slowly varying, radiation flux.

HEAT-ELECTRIC EQUIVALENT CIRCUIT

The heat balance equation for a TPD as a system
with lumped parameters can be written as
do )
c—d~;+G9=£.(I)(t). hH
If an average temperature increment of the detector
is far smaller than the ambient temperature, then,
under zero initial conditions (f = 0; ¢ = 0), the solu-
tion of equation (1) can be presented as [12]

g =" j e’ (1) de ]

4 0

where

I=6.

The thermoelectric equivalent circuit is presented in
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F1G. 2. Heat-electric equivalent circuit of the TPD.

Fig. 2 [6]. To the left of the dashed line, the equivalents
of the thermal quantities of equation (1) are plotted,
to the right the equivalents of the electric quantities
(indices 1 and 2 correspond to PD and TD, respec-
tively). Blocks 1 and 2 ‘simulate’ the processes of
radiation flux transformation into pyroelectric and
thermoelectric signals. The transition coefficient for
block 1 is Ayy/c, for block 2 it is a.

From the equivalent circuit for PD and TD one can
write the following equations:

d(¥,Co) _ ¥,
dt R, =k 3)
Vi=oab @

where V, is the voltage signal measured across the

load resistor
de
Ip = Ao'})a‘t

is the pyroelectric current [11]
C0=Cp+Ccs R0=Rp+RL+Rc'

Taking into account equation (2), equations (3)
and (4) will take on the forms

d(VpCO) Vp _ & d —ifip ‘ /1y
Ta TR T Avg e | e ds
)

Vo= g2 (e"/‘T f e’ d(17) d‘c). 6
0

c

ANALYSIS OF FREQUENCY AND TRANSIENT
CHARACTERISTICS OF A TPD

Frequency and transient characteristics of a TPD
can be analysed by solving equations (5) and (6) for
two cases :

(a) for a sinusoidally modulated radiation flux
®(1) = Q(1 +¢) where ®, is the amplitude of the
radiation flux;

(b) forstepirradiation ofa TPD at ®(z) = 0(z < 0)
and ®(z) = Oy(r = 0).

For the steady-state conditions in case (a), the solu-
tions of equations (5) and (6) can be written as

HMT 32:3-H

g AgyRoi0®y e’
» = G +iot) (1 +ior,)

gD, e g,ad,
Gl+iwn T G

M

Ve= ®

where
Te = R()Co.

In case (b) the solutions of equations (5) and (6)
will be

R
Vo) = y 0 TTT Qe "1—e

T te

I C))

VT(I)—— o(1—e™"m). (10)

In accordance with the scheme of Fig. 2, the output

signal of the ideal summing element without any noise
and distortions for case (a) is

V(o) = V(@) + V(o)
0?R,
[+

[1io e+
1+iw| 7. +

&

TG (1+iwt)(d +iet,)

Do(1+e*) (11)

and for case (b) is
V() = V() + V2 (D)

31“ AgyRy  tp

bl et
G D, Pa— (1—e ). (12)
In equations (11) and (21)
_ax
So = G
and
_ AR,
To=—""".
o

Physically S, is the volt-watt responsivity of a TPD
to a non-modulated radiation flux. Taking equations
(5) and (6) into account 7, is the ratio of temperature
increase of the TPD element to the derivative of this
value in the case of small 7, and equal voltage signals
of a PD and a TD.

The volt-watt responsivity of a TPD in the cases of
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sinusoidally modulated and step-wise irradiation are
determined, respectively, as

_ Vi(w)
SO = o1 ren)
B 1+w?t.+19)% |*°
=5 [(—szr%)(l +w%3)] (13)
V, o )
5.0 =50 =5, e, a4

Letting 74/t = m and 1./t; = n equations (13) and
(14) can be written, respectively, as

1+o’i(m+n)’ |*°
S, (w)/S, = [W] -

SU(B)/Se = — (I
-

1 _e-—//an)‘

(16)

It follows from equations (15) and (16) that when
n« 1 and m> 1 a TPD operates as a pyroelectric
detector and when n « 1 and m « 1 it operates as a
thermoelectric detector with the time constant tq.
When #n « 1, m = 1, a TPD has a uniform frequency
response in the range from ultralow to high fre-
quencies bounded by the speed of spontaneous polar-
ization establishment and, virtually, by the electric
time constant 7, of the detector. Figures 3 and 4 show
S, (w)/S, and S,(2)/S, for different values of m and ».

EXPERIMENTAL DATA

The transient characteristics of the TPD specimen
under study were taken on application of step-wise
illumination. The light from a reflector lamp was
formed by an optical system with a mechanical shutter
placed in the first focus to produce a 2 ms radiation
leading edge and with the TPD placed at the second
focus. The other input was connected with the ref-

Fic. 3. TPD frequency response: curve 1 (n=10"7,

m=0.1); curve 2 (n = 107> m = 0.5); curve 3 (n = 1077,

m=1); curve 4 (n=10"% m=10); curve 5 (n=10"7,

m=10); curve 6 (n=10"', m=1); curve 7 (n=10"",
m = 100).

/ ~ 3
~ /
/ ~
| | i
! 2 3
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F1G. 4. Transient characteristics of the TPD : curve | (n « 1,
m=1);curve2 (n« 1,m=0.1); curve 3 (n « 1, m = 100).

erence Si photodiode irradiated simultaneously with
the TPD.

In Figs. 5(a)-(c) the oscillograms of the transient
characteristics of the TPD, PD, TD and of the Si
photodiode (upper curve on each oscillogram) are
presented. For the TPD specimen studies (Fig. 1)
7o = 0.13 ms, 7, = 2.5 s. It is seen from Figs. 5(a) and
(b) that the transient characteristics of the TD and
PD rise and fall together with the thermal time con-
stant 71. The transient characteristics of the TPD at
m = 1 (Fig. 5(c)) and of a quantum detector are simi-
lar, thus confirming the uniformity of the TPD fre-
quency response.

NOISE CHARACTERISTICS

The consideration in the paper is confined to the
case m = |. The limiting noise characteristics of a
TPD are determined for the best thermoelectric and
pyroelectric materials. Since the Johnson noise in all
of the known thermal detectors exceeds the tem-
perature fluctuation noise by about two orders of
magnitude, it is assumed that only the Johnson noise
limits the noise equivalent power of the TPD.

The r.m.s. of the Johnson noise voltage for the TPD
is

I7%1)1) = I7131) + Vf"n- (17)

Taking into account the Nyquist generalized equa-
tion for a PD, equation (17) can be written as

I7‘r1>D = [4kTAf (Ro/(1 +(UZT§)+RT)]O'S-

Then the noise equivalent power normalized to a
1 Hz bandwidth is

I7TPD
o, = 3
1 '4kT[RT(1+w2r§)+Ro](1+w%@]°~‘ as)
B S ]+w2(fc+1’0)2 ’

The detectivity is D* = A5°/®,.



A thermopyroelectric infra-red detector

l
4

|

1

|

+4 410

(b)

F1G. 5. Oscillograms of the transient characteristics: (a) of
the TD; (b) of the PD; (c) of the PTD and of the Si photo-
diode (upper ray on each photograph).

The analysis of equation (18) for the frequency
range 0<w<rt, ' and for R, <R, Rr<Ry,
To = Tr = Aoy R,y /o yields
G c(4kTR.,)"*

®. = (4 0.5 7
n = (4kTR.1) g1 &1 4oYRy,

_cd <4kT)°'5
&1y \ Ry, ’
With a very high Ry,, R, = R, = (wC,tand)~ ' and

Co = egoA4,/d. Then, when 11 > 7., the relationship of
the noise equivalent power is

(19)
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o, = :—lv (4kTA qweeqd tan §)°5 (20
1

and the detectivity is
&1y —-0.5
D* = c—(4kTwsaodtan6) .
1
Using equation (18) it is possible to obtain relation-

ships for the noise equivalent power of a PD at low
frequencies and for a TD at high frequencies

_ (4kTRy)**G(1 + 1)

(I)np Cl)ale'yRo (21)
_ (4kTR;)*Swc
Our = PR (22)

Comparison of equations (19)—(22) shows that at
ultralow frequencies the TPD has an advantage in @,
over the PD, since the responsivity of the latter over
this range is proportional to @. On the other hand, at
high frequencies the @, of the PD is better than that
of the TD, because at high frequencies the @, of the
PD falls proportionally to »®, while the ®, of the TD
falls proportionally to w. The physical explanation of
this fact is as follows. The PD is a capacitive element
and therefore when w > (R,C,)~ ' a decrease in the
responsivity is accompanied by noise reduction
according to the Nyquist generalized equation. The
volt-watt responsivity of the TD at high frequencies
also falls proportionally to w, but the Johnson noise
is ‘white’, i.e. it is independent of frequency within a
wide band.

Determine D * for the hybrid TPD having a uniform
frequency response within the range 0 < w < 7.7
Among thermoelectric and pyroelectric detectors the
most sensitive are the Schwarz thermopiles, used in
spectral devices, and pyroactive elements based on
triglycine sulphate or lithium tantalate crystals. Con-
sider a hypothetical model based on the Schwarz ther-
mopile with the receiver made from a lithium tantalate
plate with electrodes applied to both its sides. One of
the electrodes is blackened and the detector is placed
in vacuum. The values of @, and D* of the TPD will
be determined at the following parameters of thermo-
and pyroelectric materials: « = 0.5 mV K-, d=
10 um, 4,=0.01 ¢cm? y=25x10"* C m~2 K-},
€, =443x10°Im3> K~ !, ¢ = 46, tand = 0.01.

From the condition m = 1 determine the load resist-
ance of the TPD

aty  ocd

R Ay Y6

As the volume is evacuated it is assumed that the
coefficient of heat loss G is mainly controlled by radi-
ation from the receiver surface. With this assumption
and taking into account that the receiver temperature
increase is much smaller than its absolute value, it is
possible to write

G 4(6[ +82)A00'T3.
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The electric constant time of the TPD is given
by the formula t, = geqd R, /d. At R, = 15 MQ,
17.=3.6x10"* s and, consequently, the upper
boundary frequency is f, s = 770 Hz. Assuming, that
sy+e,~ 1, one obtains S,=77.5 V W', For
T =295 K the noise equivalent power and the detec-
tivity of the TPD under study are, respectively

O, =2x 107 VHz" "
and
D*=5x10°cmHzZ" W ',

The above relations are valid for a TPD operating
under the conditions of ideal summing.

The TPD noise characteristics can be considerably
improved by increasing the signal of the TD by a
factor of N and at the same time by increasing the
load resistance of the PD (R ) but this, however, will
cause a decrease of f, . In this case it is necessary to
allow for the noise of the d.c. amplifier and of the PD
matching circuit, for instance, of the source follower.
Then, taking into account the additional noise, the
expression for the ®, of TPD for frequencies
® < 17 ' can be written as

1 e
O, = 5 [N*4kT(Ry+ R )+ NV + Vi, +4kTRy,
0

+":n§1ﬂRu +N2§(RT+RU N,

Due to the fact that ultralow frequency noise has
been virtually little studied, the calculation was carried
out for the frequencies higher than 1 Hz. At these
frequencies, the equivalent noise voltages and currents
of operational amplifiers do not exceed the values
JOVL) =10"8VHz ", /(i) = 5x 107 AHz™**
[14] and for low noise FET transistors, /(V2)
=10"*VHz " and /(i) = 107" AHz"*"

Therefore, at N = 100, R, = 1.5 GQ, one obtains
1, =36 ms, fos=7.7 Hz and ®, = 10~° W Hz™ %%,
D* = 10° cm Hz™® W~'. The calculation shows that
a further increase in the magnifying power (¥ > 100)
and a simultaneous growth in R, do not lead to
the gain in D* because of the growing effect of the
amplifier and FET transistor noises. Figure 6 shows
the frequency characteristics of the responsivity and
the detectivity of the TPD for different values of N
and R, ;.

CONCLUSIONS

The analytical and experimental studies of the pro-
posed detector show that the TPD has a frequency
response similar to that of a quantum infra-red detec-
tor, but at the same time it preserves the main advan-
tage of a thermal detector—its flat spectral response.
As a generator-type device the TPD does not need
any additional power sources which is of great import-
ance in practice. The design relationships obtained
make it possible to determine the TPD volt-watt
responsivity under sinusoidally modulated and step-
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FiG. 6. Frequency response and detectivity of the TPD

model: curve 1 (R, =[S MQ, N =1); curve 2 (R, = 1.5

GQ, N=100); curve 3 (R, = 15 GQ, N = 10%); curve 4
(R, = 1.5GQ, N = 100).
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wise radiation of the detector as well as its detectivity.

Though the existing methods of the PD low-fre-
quency and the TD high-frequency corrections can be
used for obtaining the uniform frequency response of
each of these detectors, sharp deterioration of noise
characteristics at the boundaries of the frequency
bands decreases their detectivity., At the same time,
the detectivity of the TPD with the uniform frequency

response within the range 0 € o < ¢, varies com-

paratively little at the boundaries of this band.
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UN DETECTEUR THERMOPYROELECTRIQUE D’'INFRAROUGE

Résumé—On décrit un nouveau type de détecteur d’infrarouge qui combine deux détecteurs, 'un ther-
motlectrique et 'autre pyroélectrique, dans un seul élément et qui a une réponse en fréquence uniforme
depuis zéro jusqu’aux hautes fréquences, avec une constante de temps. Un circuit équivalent du détecteur
est proposé, les réponses en fréquence et transitoires sont analysées et les résultats de ’analyse sont vérifiés
expérimentalement. On calcule la fréquence et le bruit de fond caractéristique du détecteur pour différents
matériaux thermoélectriques et pyroélectriques. La puissance équivalente du bruit du détecteur et la
détectivité sont respectivement de 10-° W Hz~%* et 10® cm Hz"* W', avec une constante de temps de 36
ms. Une diminution de la constante de temps par un facteur 100 provoque une détérioration de la puissance
équivalente du bruit et de la détectivité, respectivement 2 x 107* W Hz=>% et 15 x 10® cm Hz** W'

EIN THERMO- UND PYROELEKTRISCHER INFRAROTDETEKTOR

Zusammenfassung—Es wird ein neuer Typ eines thermischen Infrarotdetektors beschrieben, welcher einen
thermoelektrischen und einen pyroelektrischen Detektor in einem einzigen Element kombiniert. Der Detek-
tor hat ein einheitliches Frequenzverhalten im Bereich von Null bis zu hohen Frequenzen. Dies wurde aus
der elektrischen Zeitkonstante des Detektors ermittelt. Es wird ein Ersatzschaltbild fiir den Detektor
vorgeschlagen und das Frequenz- und Zeitverhalten analysiert. Die Ergebnisse werden durch Experimente
iberpriift. Berechnungen zur Frequenzcharakteristik und praktisch erreichbarem Rauschverhalten werden
fiir die effektivsten thermo- und pyroelektrischen Materialien durchgefiihrt. Die dquivalente Rauschleistung
betrigt 10~° W Hz~*° und die Detektierbarkeit 10° cm Hz>® W~ bei einer Zeitkonstanten von 36 ms. Eine
Verkleinerung der Zeitkonstante um den Faktor 100 bewirkt eine Verschlechterung der dquivalenten
Rauschleistung auf 2 x 10-8 W Hz~%° und der Detektierbarkeit auf 15 x 10 cm Hz* W,

TEPMOITUPOSJIEKTPMYECKHIA NMPUEMHUK H3JTYUEHUSA

Ammorams—IIpencTasieHo ycTpOHACTBO TEMIOBOrO NPHEMHHKA H3MYYEHHS HOBOTO THIIA, COYETAOLIErO
B €/IAHOM 3JIEMEHTE TEPMOJIEKTPHYCCKHH H MHPOIICKTPHYECKHN NPHEMHRKH A WMEIOMIH PABHOMED-
HYIO YaCTOTHYIO XapaKTEPECTHKY YYBCTBHTC/ILHOCTH B JHANIA30HE OT HyJA [0 BHCOKHX YaCTOT MORYJIA-
IHH, ONPEIENEMBIX MEKTPHYECKOH MOCTOAHHON BpeMeHH mpHMemHMEA. IIpemioxena 3KBHBAJICHTHAS
CxeMa 3aMemIeHAs IPHEMHHKA, IPOBE/ICH AHANIN3 YACTOTHAIX M NEPEXOAHBIX XaPaKTEPHCTHK MPHEMHHKA,
a Taxke KCTIEPUMEHTANILHAS MPOBEPKA PE3y/IbTATOB aHANK3a. [IpOBEAeH PACTeT YaCTOTHHIX M HPAKTH-
9ECKH HOCTHAMMBIX NpeAELHEIX TOPOTOBBIX X3pAKTEPHCTHK IPHEMHEKA DM YCJIOBHH HCIIONb30BAHUS
HauGonee 3¢HEXTHBHBIX TEPMOIIEKTPHIECKHX H MPOIEKTPHIECKHX MaTepHanos, [Toporopnii moTok u
ofmapysHTeNbRAS CIOCOGHOCTS IPHEMHMKA COCTaBHAA cooTBeTcTReEHO 102 Bt Iy ~%% 1 10° oM 'n®S
Bt~ ! npu nocTosHHO# BpemeHH 36 MC. YMeHLIIeHHe OCTOSHHOR BpeMenu B 100 pas BiedeT 3a coboii
yXyZllleHne NOPOroBoro noroka mo 2 x 10~% Br 'y~ 3 n106ﬂapyxmem,ﬂoﬁ cnocobHocTr 1o 15 x 10°
em %3 Br~t,
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