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TECHNICAL MEMORANDUM

THE PYROELECTRIC PROPERTIES OF TGS FOR APPLICATION
IN INFRARED DETECTION

INTRODUCTION

There arc two methods by which infrared radiation can be detected.
These are (1) the direct detection of incident photons and (2) the detec-
tion of the increase in temperature of a material resulting from the absorp-
tion of radiation. In this report we will direct our attention to infrared
radiation detection utilizing the pyroclectric property of triglycine sulfate
(NH2CH2000H)3 (H2804). usually abbreviated TGS [1]. But, first, as

a means of comparison, we will give a brief general description of infrared
detectors.

Photon detectors arc classified according to their mode of operation
as either photovoltaic or photoresistive. In these detectors made of semi-
conductor material. incident photons which are of sufficient energy interact
with the material to excite charge carriers between valence and conduction
bands (intrinsic detectors) or between impurity states and one of the bands
(extrinsic detectors). The major effort in developing these detectors over
the past scveral decades has been to extend their long wavelength thres-
hold so that they would respond in the 3 to 5 micron and 8 to 14 micron
atmospheric windows (Fig. 1) {2,3]. One property of these detectors to
keep in mind is that for optimum operation they need to be cryogenically
cooled. In some applications this can be a serious disadvantage.

Thermal detectors are based on a variety of temperature-dependent
properties, such as: the voltage gencrated when a junction between unlike
metals is heated (thermocouple). the change in resistance of a metal or
semiconductor (bolometer), the change in pressure of an enclosed gas
(Golay cell), or the change in polarization of certain dielectric materials
(pyroelectric detector) [4]. One advantage these detectors have over
photon detectors is that they respond uniformly over a wide spectral region
if they possess a surface absorption layer which is wavelength invariant.
On the other hand, they are generally iess sensitive (Fig. 2).
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Figure 1. Speetral transmittance of 2000 yards of sea-level
atmosphere at low humidity and low haziness [3]}.

PYROELECTRIC MATERIALS

Crystals are commonly classified according to their geometric struc-
ture into seven systcus:  triclinic, monoclinic, orthorhombic, tetragonal,
trigonal, hexagonal, and cubic. These seven systems can be subdivided
into 32 crystal point groups according to their symmetry with respect to
a point {5]. Of these 32 crystul point groups, 11 are centrosymme _ic
(possessing a center of symmetry) and are not electrically polarized when
subjected to a uniform stress. The remaining 21 crystal classes are non-
centrosymmetric. and 20 of these become clectrically polarized when sub-
jected to an applied stress. This property is called the piezoelectric

cffectl. Piczoelectricity is determined solely by the crystal symmetry.
Thus, if a crystal belongs to one of the preceding 20 noncentrosymmetric
classes, it will be piezoelectric,

The pyroelectric materials form a subgroup (containing 10 crystal
classes) of the piczoelectries (see Appendix A) [7, 8]. They possess a
spontancous cleetrical polarization.  This polarization is usually masked
by stray charges from the atmosphere which collect on the surface and
tend to neutralize it. However, when the temperature of such a crystal
is altered, the polarization changes; this change can be observed, hence

1. Piczoelectricity is the elecetrie polarization produced by an applied
stress.  This effect was discovered by J. Curie and P. Curie in 1880
when they realized that the differcnce between the charge developed
upon uniform and nonuniform heating was due to the thermal stress
created in the pyroeleetric sample [6].
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Figure 2. The area-normalized detectivity ws a function of frequency
for various types of thermal detectors: the pyroelectric element
(PE), the Golay cell (G), the thermopile (T), and an
immersed thermistor (I''). The dashed line
represents the limiting case of the ideal
thermal detector.

the name pyroelectric. Pyroelectricity. like piezoelectricity, is solely a
property of crystal symmetry. Hence, any crystal belonging to one of
the 10 pyroelectric crystal classes will have the pyroelectric property.
It has been found that most of the pyroelectrics which possess the largest
pyroclectric coefficients also belong to the relatively small class of mate-
rials called ferroclectries.  These materials typically have a pyroelectric
cocfficicnt 10 to 100 times greater than nonferroelectric pyroelectrics.

The ferroelectrics form a subgroup of the pyrecelectrics [9]. They
possess spontancous electrical polarization, like the pyroelectrics, but
have the additional property that their polarization ean be reversed by
an applied electric field. They exhibit an electric hysteresis analogous
to the magnetic hysteresis exhibited by ferromagnets (Fig. 3). This
additional property cannot be predicted from erystal structure alone but
must be determined on an experimental basis. Associated with each

(2



1 4

e it St

Figure 3. JYerroclectric hysteresis.

ferroelectric is a critical temperature called the Curie temperature. Above
this temperature the ferroelectric property disappears. Below the Churie
temperature, a ferroelectric usually consists of a number of oppositely
polarized domains. To give the crystal a unique sense of polarization, an
external electric field must be applied to align all the domains. This is
known as "poling" the crystal [10]. When the external field is removed,
as is required to achieve low noise performance for infrared detection,
new domains of opposite polarization may appear at a later time, resulting
in a reduction of detector signal.

TGS is a ferroclecetric with a Curic temperature of 49°C. 1t has a
monoclinic crystal structure with a space group of P2 below the Curie
temperature. Its pyrocleetric cocfficient goes to zero as the Curie temper-
ature is reached; therefore, as an infrared dciector it must be used below
49°C. VFigure 4 shows the temperature dependence of its polarization,
pyroelectric coefficient and dielectric constant [11]. The best compromise
between performance, resistance to depoling, and reasonable temperature
range of operation is achieved when TGS is used at or near room tempera-
ture. TGS is water soluble, and single crystals can readily be grown
from an aqucous solution. It bns a single cleavage uxis perpendicular to
its pyroelectric axis and is sometimes grown from a deuterated solution or
onc containing %-alanine [12, 13].
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Figure 4. The temperature dependence of the polarization P, the
pyroelectric coefficient \ and the dielectric constant ¢ for a
crystal of pure TGS (A = dP/dT).
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PYROELECTRIC INFRARED DETECTION

A pyroelectric infrared detector may be made by applying electrodes
to those surfaces of a plate of pyroelectric material normal to the axis of
polarization. Infrared radiation incident on the detector is absorbed and
changed to heat, causing the temperature of the plate to rise. A change
in the spontaneous polarization (P) of the plate proportional to the change
in temperature (T) is produced:

dP = \dT . (1)

The constant, ), is called the pyroclectric coefficient. If the electrodes
are connccted through an external circuit, a current will flow until the

polarization surface charge o = P - nis compensated by free charges
flowing in the circuit. This current is given by

(lx\
oA B dP o dl dT drT
1= A 7 AGtTAGT at T A (2)

where A is the area of the clectroded crystal surface. The current is a
measure of the rate of change of the temperature of the detector and is,
therefore, a measure of the incident radiation.

Because the current is proportional to the time rate of change of
detector teinperature, a constant infrared radiation input to the detectou
will generate no signal once the detector hus reached thermal equilibrium.

Therefore, an optical chopper must be used ahead of the detector.2 If

the incident radiation is chopped at a frequency ., the detector will
respond as shown qualitatively in Figure 5.

To obtain a quantitative result we will use the method illustrated in
rigure 6.

If the detector is originally at the temperature of its surroundings
theat sink). T. the absorption of the incident radiation will raise it to a
temperature T + 0. It will then lose heat to its surroundings at a rate
G, The heat rate balance equation can then be written as:

do

W = H at + Gu (3)

7. Pyrocloctric detectors may also be used without choppers to detect
transient signals, such as laser pulses. In this mode they can mea-
sure the total cnergy of the transient by storing the total electrical
surface charge liberated by the signal [8].

g e o S
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Figure 5. Thermal and clectrical response of a pyroelectric detector
to chopped infrared radiation.
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Figure 6. Equivalent thermal circuit of a pyroelectric detector.



where:
n is the emissivity of the detector surface
W is the incident radiation power
H is the thermal mass of the detector
G is the thermal conductance between the detector and its heat sink

6="T d- T is the difference in temperature between the detector
(Td) and the heat sink (T).

The limiting value of G is the radiative conductance for each radiating
surface

Gr=4onA03 (4)

where o is the Stefan-Boltzmann constant, n is the emissivity of the sur-
face, and A is the area of the surface. In an actual detector there will
usually be other significant contributions to the conductance. The power
incident on a thin slab of pyroelectric material from a beam of infrared
radiatic1 chopped at a frequency w can be expressed as:

w=wou-ew5 . (5)

If equation (5) is substituted into equation (3) and the differential equa-
tion solved for 6, we get a transicnt term plus a steady state solution
consisting of an average tempcrature change of

Oy = N W,/G (8)

and oscillating componcent

0 =1[n wO/(GZ + (.\2 Hz)l/z] ci("'t + ) N

(V]

where the phase angle is ¢ = tan 1 (wH/G) (see Appendix B). This is
the phase difference between the incident radiation and the temperature
response., For maximum thermal response to a given incident radiation
it is clear from equation (7) that the value of G should be as small as



possible and » sufficiently amall so that wH << G. That is to say, we
want to maximize the interaction of the thermal detector with regard to
the incident radiation (H small) while minimizing as far as possible all
other thermal contacts of the detector with its surroundings (G small).

It is also clear that as w nireases, the term mznz will eventually become
greater than Gz. When this happens, the temperature response ew will
atart to decrease inversely as w. This defines a characteristic thermal
time constant Tp= H/G. Generally Tp will have a value in the range of

tens of milliseconds to seconds. It is a measure of how quickly the detec-
tor responds thermally to the onsct of incident radiation [14]. These
general characteristics are shown in Figure 7. The calculations in equa-
tions (3) through (7) assum. that the in..dent radiation is absorbed uni-
formly throughout the sample. This may not be cntirely correct if the
material has a large absorption coefficient or if it is conted with a thin
absorbing layer.

Onre way of clectrically describing a pyroclectric detector is shown
in Figure 8. Hcere the detector is represented by a current source in
parallel with the detector's capacitive (CE) and resistive (RE) output

impedance. The output from this dctector is fed into an amplifier whose
input impeduance is also shown schematically in Figure 8. The voltage

applied to the amplifier is the voltage neross the combined impedances of
the detcctor and the amplifier {15, 16].

V=i|z|=iR@+a B 12 (8)
where

1 1 1

2 = 4+ and C =C,, +C .

R RE ﬁA E A

Here Tg = RC is the clectrical time constant of the combined impedances,
and

i=AAdodt= AW . (9)
Therefore,
V=0lAOR(1+ ol o vz (10)

o rmm—w
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Figure 7. 'The therml iesponsce (ﬁm) and the voltage (Rv) and
current (R].) responsivities of a pyroelectric detector as
a function of froquency. Tp and 1,. are the thermal
and electrical time constants of the detector.
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Figure 8. Equivalent circuits for a pyroelectric detector. (a)
Equivalent circuits of a pyroelectric element and an amplifier.
(b) Equivalent circuit showing the combined impedance of
the detector el:ment and the amplifier.
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_ 2, .2,.2- 12 _ 2 . 2- 12 !
o,=nW @2+ P ud V2w o) (e W? Tph ; |

(1)

hence,
V=ulAR W /6 (1 +wd 1 B M2 e l? B V2

(12) :

The voltage responsivity is defined as the output voltage/input radiant
power:

Ry =VMW = (0 wd A%/ (1 + 0 o )" 2 s 0 B 112
E
(13)

Similarly, the current responsivity is defined as output current/input
radiant power:

R, =iM = (nwh A/G) (1 +u? 1. B)7 12 (14)

The responsivity reaches its greatest value at chopping frequencies greater
than the thermal relaxation frequency, G/H, which falls typically within
the range 0.1 to 10 Hz, depending on the thickness of the crystal plate
and the method of mounting. A typical detector made from a TGS plate

1 mm square and 20 um thick will have a thermal relaxation frequency

fT = 0.8 Hz [7]. Chopping frequencies greater than 10 Hz are used in

the majority of applications; therefore, the high frequency approximations
of equations (11) through (13) may be used.

bm:n W/wH (15)

Ry, =n A A/wHC . (16)

\'

In terms of material parameters,

RV z (llweo) (n )\/ECp) (1/A) (17D

11



where € is the permittivity of free space, ¢ is the dielectric constant,

and cp is the volume specific heat.

PERFORMANCE OF PYROELECTRIC DETECTORS

One of the important performance parameters for any infrared
detector is its ultimate sensitivity. For a pyroelectric detector this ulti-
mate sensitivity is expressed by the noise equivalent power (NEP), which
is defined as the minimum detectable power per unit frequency bandwidth
at a given operating frequency and radiation wavelength. The more sensi-

tive the detector, the lower its NEP. The units for NEP are W/Hzllz.

The ultimate limit of the sensitivity for the detector is determined
by the presence of noise signals generated within the detector element
and its associated electronics [18-20]). The principal noise sources are:
(1) temperature or radiation noise, (2) Johnson noise, (3) amplifier cur-
rent noise, and (4) amplifier voltage noise.

Temperature or Radiation Noise

When thermal equilibrium has been established between a small body
of thermal capacity H and a heat sink at temperature T through a thermal
conductance G, there will be no mean power flow between the body and
the sink. However, there will still exist power fluctuations whose rms
value is given by

(4 kx 762 (an)t’?

AWT = (18)
where

AWT = thermal energy fluctuation

k = 1.38 x 10°23 Jk”! Boltzmann's constant

T (°K) = temperature
G = thermal conductance

Af = the frequency bandwidth,

12



S

These power fluctuations will be minimal when G is a minimum. This
occurs when the only thermal coupling between the detector and its heat
sink is via radiative exchange. Applying the Stefan-Boltzxmann radiation
law, the radiative thermal conductance is

GR=4AnoT3 (19)

where

A = area of the detector

]

n = emissivity
o = Stefan-Boltzmann's constant

T = temperature,

for a single radiating surface of area A. For a thin plate with both sides
at the same temperature, T, the value of GR will be doubled.

Johnson Noise

In a resistor the random thermal motion of free electrons will ¢ use
random positive and neguative voltages to appear. This is the origin of
Johnson noise in a resistor, and the resultant rms noise voltage so gen-
erated is given by:

1/2

AVJ =[4k TR (AD] (20)

where k is the Boltzmann constant, T is the temperature, R is the resis-
tance, and Af is the frequency bandwidth.

To understand the origin of Johnson noise in the pyroelectric detec-
tor element one must first realize that it is not a perfect or ideal capacitor.
An ideal capacitor is one in which no energy is irreversibly dissipated
during a complete charge-discharge cycle. There are two mechanisms for
irreversible energy dissipation in real capacitors:

1) The dielectric is not a perfect insulator, and some free charge
carriers will move through the dielectric from one plate to the other under
an applied field. The random thermal motion of these free charge carriers
causes a Johnson noise voltage to appear across the element.

2) Some energy is irreversibly lost in the polarization reversal
process. The measure of this loss is given by the dielectric loss tangent,

13



Because of these properties, the dielectric element is represented
by the electrically equivalent circuit of a capacitor CE and a resistor RB

in parallel, Also note that the input impedance of the amplifier is also
represented by a resistor R A and a capacitor C A in parallel as in

Figure 8.

1’ we use the preceding description of the detector plus the amplifier
inj:ut i.pedance, then in calculating the Johnson noise generated by it
wu m vt replace R in equation (20) by the impedance of the circuit shown

in Fig.wre 8. This gives

v = /2 _ R 1/2
aVy =14k T |2] (D) -[nc'r“m2 73 L\.f] .

R* C
(21)
For fraquencies such that W R2 C2 > 1 we get
. 1/2 -1/2
av, =QUkTAD_ R (22)
Recall that the voltage responsivity is
R.. = . n (wA AR/G) ‘ . DAA (23)
\Y (1 mz R2 C2)1/2 (1 + mz HZIGZ)ITZ wH C

p 2
for frequencies such that mRz 02 > 1 and m2 H2/G“ > 1. Then the
incident power required to generate a signal voltage equal to the Johnson
noise voltage is given by

P = Av, _ kT apl/2 g1/ -
V nAA/oHC ’
whicin becomes
v 1/2 '
p = AET D] C (aa)l/2 172 (25)

na p

14



where

= _1la

One must understand that the conductivity o in equation (25)
should include both the dc conductivity and the dielectric loss we" of the

material.
Amplifier Current Noise

This type of noise is caused by fluctuations in the current arising
from the discrete nature of charge carriers. In bipolar transistors the
noise originates in the base current. In JFET's the gate leakage current,
which is very small, is the source of current noise. The rms noise cur-
rent for a 1 Hz bandwidth is

by = (2 ey 1/2 -26)

where i is the current and e is the eclectronic charge. The equivalent
noise voltage is

_ . 2 2.-1/2
AVi = RAlA (1 +uw TE ) . 27
At high frequencies this becomes
AV, = iy fuC = (2 e)2r0c . (28)

Anmplifier Voltage Noise, VA

This is a noise voltage produced by the amplifier, which may be
observed when the amplifier input is short-circuited. It is independent
of the impedance of the circuit connected to the input of the amplifier.
It has been measured on several amplifiers and has been observed to

decrease as l/f” 4 until becoming independent of frequency in the range
of 500 to 5000 Hz [17].

15
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The four noise voltages can be i'eplaced by an equivalent noise
voltage

_ 2 2 2 2,1/2
AVN = (AV.r + AVJ + AVi + AVA ) . (29)

A minimum detectable incident power, PN , can now be defined in the
following manner: consider an incident (rms) power signal, PN’ which

produces a (rms) signal voltage, VS' which is just equal to AVN, with
an amplifier bandwidth Af. Then
PyRy = Vg = AV (30)
S0
AV :
N
P, = —— . (31)
N Rv

Similarly, one can define the NEP as the minirium detectable power per
unit frequency bandwidth at a given operating frequency and incident
radiation wavelength,

P AV
NE?» = —N__ = N wHz 172

(M)Uz (M)l/z Ry

(32)

The minimum power of a detector is often described by the detectivity,
which is the reciprocal of the NEP;

/12 -1

D = 1/NEP Hz'/2 w . (33)

Since the intensities of some of the noise sources are proportional to the
square root of the detector area, a figure of marit often used to compare
the performances of detectors is the area normalized detectivity

1/2 -1

p* = AY2/NEP em HZ'/2 W . (34)

16



The wavelength or black body temperature of radiation used, the chopping

frequency, and the amplifier bandwidth are normally specified with the
detectivities.

In discussions about the ultimate sensitivity of thermal detectors,
one often comes acruss the term "ideal thermal detector." By this is
meant one in which the NEP is limited solely by the temperature noise and
in which the Johnson noise, amplifier current, and voltage noises are
assumed to be zero. In this limiting case the NEP is just equal to the
thermal noise. Thus, from equation (18) we have

NEP = [4xkT2G]Y/2 |, (35)

and for a minimal value,

G=GR=8AnoT3

where it is assumed that both sides of the detector are radiating. Hence,

NEP = [32 A n o kT91/2 (36) -

12 4

where 0 = 5.67 x 1002 J em™2 K ¥ and k = 1.38 » 1023 7 k™1, setting

A=1 cm2, T = 300°K and 1 = 1; completing the calculation gives

NEP = 7.8 ~ 1071w n 12 (37)
or

p*r = AVZ/NEP = 1.3 x 1010 em Wl HZY/2 . (38)

In the case of real pvroelectric detectors the Johnson noise, amplifier
current, and amplifier voltage noises cannot be ignored and, in fact, are
the real limiting factors in determining the total NEP. This car be illus-
trated by the following expressions for the NEP due to each of the noise
sources when using the high frequency approximation:

17
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- _ 1/2 ,1/2
PN Temperature = 2Vr/Ry = [16 n o kT]"'7 A (39)

PN Johnson = AVy/Ry = [cakr) M2 o112 <, (aa)}/2
- 1/2 1/2 1/2
= 4kT "
taxn’%mi ) @t’? wen?
= “4kT)l/2/ﬂH Cp @a)1/? (ue tan 8)1/2
(41)
PN Amp. Current = AVj/Ry = Ad C, a/n\ (42)
PN Amp. Voltage = "\VA/RV = -\VA W Cp AL/H'\ . (43)

These expressions lead to the general character log-loe plot of NEP ver-
sus frequency shown in Figure 9 [21].

LOG (NEP)
~

777 LOG FREQUENCY
Figure 9. Variation of noise equivalent power with frequency.
The dominant noise source for cach frequency region is as follows:
1) Region 1 due to amplifier current noise (NEP independent of w)
2) Region 2 due to Johnson noise (NEP o 3)
3) Region 3 duc to amplifier voltage noise (NEP a w).
It should be noted that the NEP duc to temperature noise is not shown in
Figure 9 because it is of smaller magnitude than the others, and it is also

independent of frequency.

The effect of the arca of the detector on the NEP can also be seen
in Figure 10,
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Figure 10. Noise equivalent power NEP versus frequency F for three
values of the electrode area A.

To express the properties required to minimize the NEP, some
attempts have been made to define a figure of merit for pyroelectric detec-
tors. Unfortunately, no single combination of parameters will suffice for
all operating circumstances; thus, the following three figures of merit are
sometimes used [11]: (1) ,\/Cp for low frequencies and small areas, (2)
kpllzlcp for intermediate frequencies and areas, and (3) ,‘a/Cps for high

frequencies and large areas.

To illustrate the effects of detector configuration on detectivity,
we can consider a detector using a single TGS element with & voltage mode
FET amplifier. The FET is a 2N4861 JFET which has been selected for the
lowest noise levels. The material properties of TGS and the pertinent
parameters of the JFET are given in Table 1. (A wide range of values
for some of these parameters is found in the literature; these are typical
values.)

TABLE 1

Properties of TGS at 25° C [17]

r=40x1008Ccem k!

Dielectric constant : = 35

Volume resistivity p = 1.7 x 1010 lem
Volume heat capacity ¢' = 2.5 J em 3 71
Emissivity n = 1 (assumed)

JFET Characteristics (Selected 2N4861) [22]

Voltage noise at 25° C, 100 Hz, e, - 3 nv//Hz

Gate leakage current at 25° C, I, - 1 p A

G
Voltage noise at -100° C, 100 Hz, e, 1.5 nV/, Hz

Gate leakage current at -100° C, 1, . 0.01 p A

G
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This detector will use a chopper frequency of 100 Hz. The thick-
ness of the TGS element will be 20 um, Using equations (39) through
(43) we can calculate the NEP of each noise source.

For this detector, the values of NEP at T = 25° C are

_ -11 -1/2
NEPAvi =rx1w0Mlwh
NEP,, =3.65 x 107! A w Hz1/2
A
NEP,, = 7.67 X 101 A2 gtz
T
NEP,., =2.75 ~x 109 A2 wn V2 |
AV,

where A is detector area, and assuming load resistance R, = 10! @,

L

The values of NEP as a function of area are shown in Figure 11,
The dependence of the NEP on area shows that detector geometry will
determine which noise source is dominant. This provides a method of
optimizing detector performance. There are two possible configurations
for a pyroelectric detector: the face electrode, in which the pyroelectric
axis is normal to the receiving area and a transparent or absorbing elec-
trode is applied to the front surface of the detector, and the edge elec-
trode, in which the pyroelectric axis is parallel to the receiving area and
the electrodes are applied to the edges of the plate. These configurations
are shown in Figure 12.

The values of NEP calculated previously were for the face electrode
configuration. In calculating NEP for the edge electrode configuration the
area of the receiving surface and the area of the electrodes are not the
same. In calculating the temperature noise the receiving area Ar is used,
while the electrode area Ac is used for Johnson and amplifier voltage noise.
NEPAWT is the same for both configurations. NEPAVj involves the value
Ad. d is the distunce between clectrodes, which is the plate thickness in
the face configuration and the length of a side in the edge configuration.
Therefore, Ad is the same value for both configurations, so Johnson
noise does not depend on geometry. However, the responsivity depends
on A, so the relative importance of amplifier noise is affected by geometry.
For the edge electrode, NEI’{\Vi will be larger and NEPAVA will be smaller

than for the face electrode configuration [14].
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Figure 11. Noise equivalent power of a TGS-based pyroelectric
detector as a function of detector area. Amplifier noise is
shown for a JFET operated at room temperature and a
JFET with cryogenic cooling.
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Figure 12. Two possible configurations for a pyroelectric
detector element,

SUMMARY

Although photon detectors are the most sensitive infrared detectors
available, thermal detectors utilizing the pyroclectric effect have a number
of advantages, including broad spectral response, simplicity of construc-
tion, ruggedness, and room-temperature operation. Thése detectors may
be optimized for various applications by appropriate choice of element size
and shape, absorbing coating, amplifier characteristics and chopping fre-
quency. For example, a simple infrared detector may utilize a small ele-
ment area, while an infrared imaging system requires a large area. Maxi-
mum sensitivity is achieved by maximizing the thermal response of the
detector element and by reducing the noise generated in the detector and
associated electronics. Maximum thermal response requires a thermal con-
ductance, G, between the detector elecment and its surroundings approacn-
ing the radiative value, a large pyroclectric ccefficient A, and an element
emissivity 1 close to unity. This may be achievable, at least for large
area detectors, by improved mechanical design, proper choice of materials,
and evacuation of the detector housing. Countinuing improvements in JFET
characteristics have reduced amplifier noise to such low levels that detector
Johnson noise is the primary limitation on detector sensitivity over a wide
range of chopping frequencies and element areas. The conductivity of
the crystal, which governs the generation of Johnson noise, dependc on
the concentration and mobility of free charge carriers in the crystal. Since
these parameters are probably influenced by the number of defects intro-
duced into the crystal during ihe growth process, it is reasonable to
expect that improvements in the method of growth of TGS crystals will
yield crystals with the low conductivities needed to reduce Johnson noise
to a value approaching the radiative thermal noise limit.
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APPENDIX A

THE 32 CRYSTALLOGRAPHIC POINT GROUPS ARRANGED BY
CRYSTAL SYSTEMS (8]

—. Symbol
Crystal Inter- Schoen- Pyro- Piezo- Centro-
system National Qlies electric  electrie symmetric

Triclinie 1 Cl ' '

1 < '
Tetragom\l 4 C% ’ ‘

‘ S‘ 1Y

d/m C i ’

a9

422 D 3 N

jlmm Cov N N

12m D, d .

3/mmm D ih \
Hexagonal 6 < 6 ' v

6 ¢ 3h )

6/m C 6h . .

622 D N .

(’)ﬂlm C 6v ) Ny

6m?2 D 3h .

6/mmm D 6h .
Monoclinic 2 C, v N

m C . v »

S

2/m ¢ m ’
Orthorhombic 222 D, v

mm?2 C ay N f

mmn D M v
Trigonal 3 Cy N .

o Se )

b

32 b, N

:‘,ﬂ\ C v ) [y

Im D 3 \
Cubic 23 T v

m3 Th ’

132 0

43m T d N

mam oh ’

A tick (') indicates that the point group is pyroelectric, piezoeleetric, or
centrosymmetric, us the case may be.



APPENDIX B

To determine the thermal response of a pyroelectric crystal to a

given incident infrared radiation, the following energy balance equation
must be solved,

du
nw = Ht at + GO (B-1)

where

1 is the emissivity of the erystal detector surface
W is the incvident radiation intensity
H is the thermal mass ol the crystal detector

G is the thermal conductance between the erystal detector and its
heat sink

o 'l‘d T is the difference in temperature between the erystal de-

tector ('l‘d) and the heat sink (1)

Because the crystal is a pyroelectrie and responds to changes in
temperature rather than to a steady state temperature, a mechanieal
chopper is usually placed in the path of the radiation before it strikes
the crystal.

With a chopper of frequency £ W/2 | the form of the radiation
which reaches the crystal is

] it .
W= W0 (1 ¢ ) . (B D)

The energy balainee equation is then written as

pood d. .
WL e G ) (B 3)



This is a linear differential equation of order one. ‘The general
form of such equations is

AE+Bm@y=Ccw (B-4)

where A, B, and C are functions of x.

To arrive at a solution for this type equation we rearrange terms
to get the form

dy + P (x) y dx = Q (x) dx

(B-5)
where
P (x) = B(x)/A(x)
Q (x) = C(x)/A(x)
Next we multiply equation (B-5) by e'rP dx
edex dy + P e‘“’dx y dx = eJ‘de Q dx (B-6)
We now show that the left side of equation (B-86) is an exact
differential,
4 (yefpdx) =y d (edex) + o/Pdx dy (B-T)
and
d (efpd") = £ updx) /P ax = p P gx | (B-8)
Then
d (yefpd") = p /PIX y gy + PIX 4y (B-9)
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We can now rewrite equation (6) as

d (y J'de\ dex

Q dx . (B-10)
and solve by direct integration
oJPAxX ]Q JPAX (B-11)
[}
We now apply the preceding meth~d to equation (3). First, we
rearrange lerms to give
. nw
_ _--_-() ]ut 19
do + it O dt = M (1 ) dt (B-12)
vg dt
Next, we multiply cquation (12) by the integrating factor o
5 at e DRI -
e dv + ¢ Todt s e —- (1 e ) dt . {(B-13)
H ll
We then integrate equation (13)
"w :: iot
o ol i f et h (B-14)
"W ;t ]({;n)t
¢m e dt - Je dt (B-15)
, K G G \
Von ‘-“ e it L (”t b m("+l)t+c (B -16)
H G/H G/H +10)
G
W nw . t
Yoo .-_(_),. - ..A...,.Q oo \l"‘t AL H T
CTET @Ay ¢ e (B-17)
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The initial conditions are 6 -- 0 when t = 0. Solve (17) for the
constant of integration c'

_ Vo _ o
0=4 " Tam *C

-nW, W,
' - M ———— -
C= g *G+i.m - (B-18)

Substituting for ¢' in equation (17) gives

G G
o= w0 [y BY). mn% dot _ B (B-19)
G + 1 :

This is the solution to equation (B-1), However, it is instructive
to put this solution in a somewhat different form. Consider the term

“wo eimt _ ”wo G - iwH eimt - nwo (G - iwH) ein
G + iwH -G +iwH G - iwH - Gﬁ . w? Hi
(B-20)
Now
(G - iwH) e“! = (G - iuH) (cos wt + i sin wt) (B-21)
=G cos wt - iwH cos wt +i G sin ot + wH sin wt (B-22)
= [G cos wt + wH sin wt] +1i [G sin wt - wH cos wt] . (B-23)
Let

G = cos ¢ amduwH = sin ¢ . (B-24)
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then

(G -1 H) et = [cos wt cos ¢ + sin wt sin ¢]

+1i [sin wt cos ¢ - cos wt sin ¢]
= ¢c08 (wt - ¢) +1s1n (wt - $) (B-26)
= (U179 ynere tan ¢ = WL (B-27)

Equation (19) can then be written in the following form:

G
nw -=t nw . _
o=—=2(1-cH7)- 7 2«2“‘*2 T (B-29)
(G + o” D

where the terms on the right-hand side are the steady state, transient
and oscillatory terms, respectively.
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