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OPTIMIZATION OF A PYROELECTRIC DETECTOR

1975-2015: 40 years ago the company

"Eltec Instruments”, the U.S.A., manufactured
the world's first pyroelectric detector based
on a single crystal such as lithium tantalate.

A new thermal capacity equation for obtaining the thickness of a crystal in the voltage mode is given. A new
boundary condition for the equation is given as well. Geometry of the crystal in both voltage and current mode is

compared.
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Introduction

Pyroelectrics are the subclass of thermal detectors.
These can detect pulses of electromagnetic radiation in
the range between ultraviolet and terahertz. The princi-
ple of operation is to generate electrical charges in re-
sponse to the heat flux pulsed or permanent being
chopped.

Pyroelectric detectors are used in many fields. The
widest applications are flame and motion detectors.
These detectors are not designed to be applied to in-
strumentation. However, gas analyzers, optical pyrome-
ters, optical radiometers, electrically calibrated radiome-
ters, or the like, are related to the instruments. Each ap-
plication requires that a detector to be used, be opti-
mized.

At least, three major criteria for thermal detectors
of optimization, have been postulated [1]:

— maximum thermal isolation;

— minimum thickness of the sensor element;

— maximum area of the sensor element.

The three criteria should be considered in details.
The first criterion meets the requirement that the sensi-
tive element should be used in vacuum, with thermal
losses occuring due to radiation. In this case, a thermal
contact between the sensitive element and a mounting
should be minimal. In practice, pyroelectric detectors as
vacuum sensors are not widely produced. A problem is
that the detector may collect air, moisture, dust, or other
contaminants that may result in bad. For example, if the
sensitive element of an open detector is observed with a
microscope, one can see some parts of dust attracted by
the former. These parts of dust are, at least, one more
source of noise. Moisture decreases the electrical resis-
tance of the high-ohm circuit. Air and other contami-
nants absorb the infrared radiation that results in false
measurement [2]. In order to avoid said problems, py-
roelectric detectors are filled with gas preferably opti-
cally transparent in infrared. Such a gas is found to be
nitrogen [1]. This gas relates to a group of inertia gases.

Other gases from the group can be used as well [3]. As a
result, it is hardly possible to meet the first criterion.

The second criterion is limited with mechanical
performance. Also, it is not possible to provide the
thickness of a crystal close to some layers of molecules,
probably, theoretically, due to the pyroelectric effect
itself may have a strange behavior. Besides, the thinner
the crystal, the higher the electrical capacitance which is
not always desirable. As a result, to meet the second
criterion is pretty hard.

The third criterion is limited with manufacturing
feasibility. It is hard enough to manufacture a single
crystal of a large area. Another problem is to make the
domains be uniform. This problem seems to be major
and is near-impossible to control. As a result, the third
criterion is not assumed to be met.

The three criteria are postulated to provide the
highest output. The latter is observed at a special mo-
ment of time, hereinafter called t,, , that depends on

time constants. The time constants determine the tran-
sient process of a detector. However, it has been noted
that the detector absorbs the energy of electromagnetic
radiation pulsed, or being chopped. It is clear that when
the pulse width, so-called tp ., equals t,, , the out-

put is the highest. Otherwise, it is not.
It is an object of the paper to provide a pyroelec-
tric detector with a predetermined t,,,, , with the output

being maximum.

Thermal model of a detector

A pyroelectric detector shown on Fig.1, includes a
sensitive element 1 preferably a thin wafer made of a
single crystal such as lithium tantalate. The sensitive
element 1 through thermal contact 2 is installed on, at
least, one (or more) mounting 3. The mounting 3 is in
contact with a flat supporting surface 4. Above and be-
low the sensitive element 1 is gas.

The principal symbols used in this paper, are given
in Table 1.
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Fig. 1. A pyroelectric detector

Table 1
The principal symbols
Unit of
Num -
ber Parameter | measure- Description
ment
) t Time at which the peak output
max s is provided
2 pulse s Time of pulse
3 o unitless |Absorbance of a detector
4 Tw unitless |Transmission of a window
5 @ W |Heat flux
6 Rpias Ohm  |Bias resistor (voltage mode)
Feedback resistor (current
7 Ry Ohm mode)
Capacitance of feedback re-
8 Cry F sistor (current mode)
Capacitance of pyroelectric
? Ce —pyro F element
3 Volume heat capacity of a
10| Cr _pyro VoK getector
11 Ppyro C/m’K  [Pyroelectric coefficient
12 d Thickness of a sensitive ele-
pyro ™ |ment
13 TT s Thermal time constant
14 3 ] Electrical time constant
15 - Electrical time constant (volt-
E_VM s age mode)
16 T Electrical time constant (cur-
E_CM s rent mode)
) Contact area between the
17 A‘rg’(;{mt m? sensitive element and a
mounting
18 A 2 Full area between the sensi-
mount m tive element and a mounting
3 Volume heat capacity of a
19| C1_mount | I/m'K mounting
20 dount m Height of a mounting
Thermal conductivity of a
21 Mmount WimK mounting
22 € F/m  |Dielectric constant
. Dielectri tant of a detec-
23 € pyro unitless tOlre ectric constant of a detec
24 Cr _gas J/m’K  [Volume heat capacity of gas
25 dgas_ top m Gas layer above a detector
26 dgas _btm m Gas layer below a detector
27 c W/m’K® [Stefan-Boltzman constant
28 Ty K Ambient temperature
29 kgas W/m K |Thermal conductivity of gas
JFET input electrical capaci-
30 Cirer F tance
31 t S Time
32 | Upyro (t) A\ Output voltage of a detector

The thermal time constant t1 is known to be an

important parameter that defines the thermal transient
process of a detector. It can be described as
Tt 7= Cr / Gt where Cq being thermal capacitance of

the detector; Gt being thermal loss of that. Thermal
capacitance Cp is the sum of thermal capacitances of

the detector element Cr .., g, gas layers above
Cr_gas top and below Cr 456 gy the detector, and
thermal capacitance of the mounting Ct qun - Ther-

mal loss Gt is the sum of thermal losses of radiation

GRrad. gas layers above Gy g4 op and below

GT gas bum the detector, and thermal conductivity of

the mounting G ,ount - Thermal capacitance Cp
Cr= CT_gasA dgas_top +

pyro
+CT_gasApyrod Apyrod

(1)

gas _btm + CT _ pyro pyro +
+CT _ mountAmountdmount >

and thermal losses Gt

A A

per
+ A
gas d

pyro

GT = )Lgas +

d

gas _ top gas_btm

)

A
mount
mount " +4cA

3
+A perTO
mount

are equal to correspondingly [1,4].

Electrical model of a detector

Voltage mode. A pyroelectric detector connected
to a JFET, is called a detector working in voltage mode.
In the voltage mode, the electrical time constant
T yMm is determined as a product of electrical resis-

tance Rg vy and electrical capacitance Cg v . The

former is the inversed sum of electrical resistance of the

crystal Ry, bias resistor Ry;,q, and the input resis-

yro >
tance of a JFET Rypgr. The latter is that of electrical

capacitance of the crystal bias resistor

CE_pyro’
CR bpias» and the input capacitance of the JFET

Cg jpeT - In principle, the values R and Rjgpt are

pyro
too high and can be neglected. The value Cg ;s 1S

low enough and can be done as well. Therefore, the
electrical time constant in the voltage mode equals

TE VM = Ryjas (CE_pyro + CJFET)a 3)
where
A
pyro
CE_pyro = €0€pyro d “4)
pyro

Current mode. If a detector is connected to an op-
erational amplifier (current mode), then the electrical
time constant is a product of electrical resistance of a
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feedback resistor Ry, and its capacitance Cg,. In the
current mode, the electrical time constant is [1]:
T oM = RpCpp - (5)

Solution
Voltage mode. The output is described as [5]:
Upyro (1) = oty PRy X

6
y Ppyro 1 (e—l/rE _ e—l/‘rT ) 6)
Cr_pyro dpyro
The output reaches its maximum at the point
-1

T 1 1
tmax = ln_T[_ - _J (7

TE\TE Tr

of time [6].

From here, new criteria of optimization can be
postulated:
— the time t,,, should be equal to the pulse

width t

pulse >

— the output should be maximum.

It is seen from the equation (7) that t,,, depends
on two variables and, therefore, has a set of solutions.
Let t;,.« be a predetermined value. The time constants
tr and tg are set in the range {ar;by} and
{ag;bg} correspondingly. Step may be chosen indi-
vidually. Let t,, = x [s]. Then, one should select the
couples of t1 and tg which give the smallest differ-

ence between x and the result. If necessary, the step can
be decreased.
The thermal capacity equation found by the author,
give the solution for the thickness of a crystal
Az +Bz+C =0, (®)
where
A= P2N1 )
B =P (MN; - M;N,);

— mount | .
C= Amount (CT_mountdmount -1 d js
mount
1
P] = ,
Sogpyro
P2 = P]

Cr_pyros

M, = CT_gas (dgas_top + dgas_btm) >

1 1
M2 = TT 40T3 + }Lgas d + d N
gas _top gas _btm

“E

N, = - CyrETS
Rbias

“E
N; = + CypEr -

bias

The equation (8) has two roots. One root is nega-
tive and should be given up. Another root is positive
and can be taken into account. Therefore

_ —B++B? —4AC

z= dpyro = N ) )
under a boundary condition
d kmount 1 O
mount <, |TT C . ( )
T _mount

If the boundary condition (10) is not satisfied, then
the root (9) of the equation (8) has no real value.

Current mode. In the current mode, the detector is
connected to an operational amplifier. The electrical
time constant is the product of resistance of a feedback
resistor and its capacitance. Here, the equation (7) has
the only solution relatively to the thermal time constant.
It means that in contrast to the voltage mode, the current
mode provides the only couple of the time constants that
satisfy the optimization. Therefore, geometry for a de-
tector have to be chosen according to thermal properties
of the detector only. It is necessary to determine the
thickness of the crystal that is

dpyro = x X
pyro
% TTkmountAmount _ CT_mountAmount dmount +
CT _pyro dmount CT _pyro

(11)

1 1
4T {k a{ + J+4GT3J—
C £1d d
T _pyro gas_top gas_btm

Cr
_gas
- (dgas _top dgas _btm )

CT_ pyro

Discussion

Current mode. The equation (11) shows that the
best solution can be obtained if the crystal has infi-
nite area and zero thickness. This does correspond to
the second criterion of optimization given in [1], but
differs from the one used in the voltage mode. The
crystal area can be chosen depending on the market
requirements and is limited by technological options.
The ratio between the thickness and the area should
satisfy mechanical performance of the crystal. The
parameters other than the thickness and the area, are
discrete and, therefore, can't be changed widely.
Therefore, it is not necessary to plot graphs or draw
tables for them.

Voltage mode. It is obvious that in order to satisfy
the equation (7), the root (9) is influenced by other pa-
rameters. These influences are given in the Table 2. The
top line shows the parameters to be, here, for instance,
increased. The bottom line shows if the crystal should
be thicker or thinner.
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Table 2
Influences by other parameters
T Rbias d gas _btm dgas _top Cmount kmount C gas A gas CJ FET Amount
zZ= dpyro ) \2 \2 \2 ) \2 ) ) )

The parameters given in the Table 2, are discrete.
It means that it is impossible to set a range of each of
them separately. It is not necessary to plot graphs as
well.

The bias resistor is chosen from the list. The gas
layers above dg,g op and below dgug by the crystal

are characterized by the field of view that is dictated by
the market. The height of a mounting d,,, in this

paper equals the gas layer dgas btm Delow the crystal.

The parameters, thermal capacitance of a mounting
Ct_ mount » thermal capacitance of gas Ct 4, , thermal

conductivity of the mounting A thermal conduc-

mount >

tivity of gas Ag,q, are set depending on material used

for the mounting, and gas correspondingly. The input
electrical capacitance Cjpgr is considered to be con-

stant and is taken from the specification.
The last parameter is the area of thermal contact
A

parameter is not discrete. It determines how much en-
ergy is lost due to thermal conductance through the
mounting,

However, probably, it is not possible to provide

mount D€tween the crystal and the mounting. This

A ount too low due to technological restrictions.

moun

. unit
Let the unit area for the thermal contact A, be

y [mm?]. Let the number of mountings be n . Then, the

unit

value A une €quals the sum of n mountings A it

ie. Apount =1 [mm?].
The couples T and tg , which have already been

found, in combination with the other parameters are put
in the equation (6). The maximum output will be ob-

tained at the only couple of T and tg that satisfies

the new criteria of optimization.

Conclusion

It has been shown that for a pyroelectric detector
with the predetermined t,, in the voltage mode, the

highest output may be achieved when the crystal is as
small as possible. In contrast, in the current mode, the
large area is preferable. The thickness of the crystal is
known to be as small as possible.
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ONTUMISALUIA NIPOENEKTPUYHOIO AETEKTOPA
0O.10. bonnapenko

Hasooumucs nose pisHAHHA MeNioeEMHOCMEN Ols BUSHAYEHHA GENUYUHY MOGWUHY KPUCTANA 8 PeXCUMi pobomu no Hanpy-
3i. Taxooic 0ns 0ano2o pigHAHHA HABOOUMbCA epanudna ymoea. IlopisHiolomucs eeomempuyni akmopu Kpucmanie 8 pelcumi
pobomu no nanpysi i cmpymy. Ilokazano, wjo 015 NipoeneKmpuiHo20 0emeKmopa i3 3a0aHuM 4acom 00CAeHeHHS, MAKCUMATbHOO
CucHany, 2eomMempudHi po3mipu NOGUHHI OYMU MIHIMATLHO MOJICTUBUMU, d 8 PedCUMi poOOmMU NO CMPYMY NEPEBAICHO GUKOPUC-
MAHHA KPUCMATIE 8ENTUKOI NIOWI.

Knrouogi cnosa: nipoenexmpuunuii Oemexmop, onmumizayis, Cmani 4acy, menioguii NOmix.

OonTUMU3ALUA NMAPOIINEKTPUYECKOIO AETEKTOPA
A.1O. bonnapeHnko

TIpusooumcs Hogoe ypagHeHue menioemMKkocmell 0 ONpedeleHls BeTUYUHbL MOTUWUHBL KPUCMANLA 8 pedcume padombl no
nanpsicenuto. Taxowce Ona 0aHHO20 ypasHenus npueooumcs epanuynoe yciosue. CpasHueaiomes 2eomempuyeckue Gakmopvl
KpUCmAnnos 6 pedxcume pabomvl no Hanpaxcenuio u moky. Ilokasano, umo 01 nupod1eKmpuieckoeo 0emeKmopa ¢ 3a0aHHbIM
epemenemM 0OCMUNCEHUS, MAKCUMATLHO20 CUSHAA, 2eOMEMPUYECKUe pasmepsbl O0INHCHbL OblMb MUHUMANLHO BO3MOICHLIMY, a4 6
pedicume pabomul O MOKY NpeonoumumensHo UCNOIb3068aHIe KPUCIANI08 OOTbULOU NIOWAOU.

Knroueswie cnosa: nuposnekmpuueckuii 0emexmop, OnmuMuzayus, nOCMOosHHble 8peMeH, Menio6ol NOMOK.
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