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FOREWORD

This investigation was conducted from April 1, 1973 to
March 31, 1974 by the Department of Electrical Engineering, University
of Minnesota, under Contract DAAK 02-72-C-0398 monitored by Dr.
P. Stickley, Advanced Research Projects Agency. The contracting
officers representative is Mr. F. Pepito, Night Vison laboratory,
Fort Belvoir, Virginia. This work was performed by A. van der
Ziel, J. H. Judy, V. Singh, H. D. Park and S. J. Lee of the Electrical
Engineering Department, and J. F. Wertz, F. Dravnieks, K. Mosuro

of the Chemistry Department.

A. van der Ziel
Principal Investigator
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SUMMARY
— A full discussion is given of Mr. V. Singh's capacitive

bolometer work,which-was submitted in partial fulfillment of the
requirements for the Ph.D. degreeiﬁ Capacitive bolometer detectors
using TGS, and operating in the paraelectric region close to the
Curie point, are shown to be comparable in performance for infrared
detection with the best thermal detectors. An excess polarization
noise was observed that adversely influences the NER.

A full discussion is given of ghe theoretical work performed
under the contract. Most of éhis-wérkrdeals with the molecular field
model, developed under the contract.. This model gives the right order

of magnitude of p/t~:]"/2

. Wwhich is the figure of merit of the pyro-
electric detector; a more refined calculation for TGS gives agreement
between theory and experiment within 10%. The three level model,

if realized experimentally, might give better performance near the
Curie temperature. The other hope for improvement of pyroelectric
detectors lies in decreasing tan 5. Procedures for making contacts

and synthesizing ceramic samples are outlined. Au-Cr contacts give

reproducible and reliable performance.

-
-
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Part I

Capacitive Bolometer Work




The Capacitive Bolometer Effect in TGS*
V. P. Singh and A. van der Ziel
Department of Electrical Engineering
University of Minnesota

Minneapolis, Minnesota 55455

Summary

Capacitive bolometer detectors using ferroelectric material
and operating in the paraelectric region are shown to be sensitive,
low noise, rugged and easy to make devices for infra-red

detection. Sensitivity of 110 volts/watt at 15 Hz and specific

/2

1
detectivity D*=1.6 x lO8 E%ﬁ%%L at modulation frequency of 100 Hz

were obtained.

*Supported by ARPA contract.




1. Theory

Consider a capacitive element consisting of a thin film of
a ferroelectric material like TGS with metal electrodes on
both sides. Also assume that it can be maintained at any
steadv temperature T within a wide range including the Curie
temperature. Now let this device be exposed through a small window
i to an infra-red radiation of intensity AW Sin ¢t watts. This would
lead to a change in the device temperature.

1.1 Thermal Response

To determine the device temperature accurately one should

solve the one-dimensional heat flow equation.l However, 1t can be
shown2 that the detector response to modulated radiation obtained L
from this equation differs insignificantly from the results obtained |
for the uniformly heated lumped model. Thermal response may
therefore by given by

Cq g%{'+ GH AT =mn AW Sin wt {(L.1a)
where vy is the absorption efficiency; Cy =P CpAd is the heat

capacity of detector;'p is its density, Cp its specific heat, A its

area and d is the thickness; GH is the equivalent heat conductance

of the device.

Steady state solution of Eq. (l.la) is




1

AT = Sin (wt-gp) (1.1b)

Q>
|z

H (l + kL\ZTf{) 1/2

where 1y = Cy/Gy and tan @ = w1 .

1.2 d.c. Capacitive Bolometer

The schematic diagram is shown in Fig. 1. We will consider
the operation in paraelectric phase and also the device will be
assumed to behave as a perfect capacitive element (tan § = 0). Thus

the whole of d.c. voltage drop V is across the detector. Let R

L

be very large so that deRL >> 0, where C. isthe d.c. capacitance

4
of the device. Then if v is the voltage across the capacitor and g
the charge on electrode surface

Agq = CdAv + VACd (1.2a)

Letting Ag = 0 because we have an effective open circuit.

Av = -v[}_c_:_d_

3¢ aC

v d d

vy = - Cd(BT AT + v Av) (1.2b)
oC
In the linear dielectric region g;— = 0, so that
C .

v = - v_ 5 d nAWSin (wt=g) (1.2¢)
o Cd aT GH(1«u212)1/2

3 . . . . .
One can also express vO in terms of the induced polarization P. 1f

E be the device field, then

AE -AP/eO

AE.4d = - g‘ AP

o

<
I
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d oP aP ‘

= - — T + — j
. 2P

— >

Assuming ~E RO
Vo = 7@ ai/ag ﬂAWSlnéwg_?}z (1.2d)
GH(lﬁp TH)

This is a more general expression for d.c. bolometer response.
In linear dielectric region Eq. (1.2d) reduces to (l.2c) so that
the capacitive bolometer effect is essentially an inducea
pyroelectric effect. At large fields when the material no }
longer behaves like a linear dielectric, one must stick to
Eg. (l1.2d). Usiag thermodynamic theory of ferroelectrics one

may write

E = 2A(T—TC)P + 41393 + 6CP5 + ... (1.2e)
substituting in (1.24)
\W Sin (Wt~
v_ = a(2ap) DLW Sinf(wt-p) (1.2f)
o G (lﬁszz)l/z
H H
technical sensitivity § is therefore given as
v
o
S = !EW, = kP {l1.29)

where the constant k is,

2dAa

(l1.2h)
2 2.1/2 i
GH(lﬁm TH)

X =




1.3 a.c. Capacitive Bolometer

Figure 2 shows the schematic diagram of an a.c. bolometer with

resonant circuit and suppressed carrier. If ‘e be made equal to
the series resistance representing device losses, then the
circuit is completely balanced except for the variation in the
capacitance of device due to incident radiation. At the tuning

frequenCyml

2
w LCO =1 (1.3a)

where CO is the detector capacitance in the linear dielectric

region, one can easily show that the demodulator output v, is

given as
\Y oC .
v = 1 2 1 ~“ "o n AW Sin(wt-g) (1.3b)
o 2 CO 3T GH(1411\’21_12{)1/2

where Q is the quality factor of the resonant circuit. This
expression is identical to the d.c. bolometer response given by
Eq. (l1.2c) except for Q; Vl is the amplitude of a.c. carrier
voltage while V was the d.c. voltage; factor 2 in the denominator

reflects the loading due to the balancing circuit.

2. Noise Equivalent Power (NEP)

2.1 NEP due to Temperature Fluctuations

Noise due to spontaneous fluctuations in device temperature
is essential to all thermal detectors and therefore to the
ferroelectric detector whether operating in pyroclectric mode

or in d.c. or a.c. capacitive bolometer mode. If Pl be the




6

r.m.s. incident power, then the r.m.s. value of temperature

variation is, from Eg. (l.1lb)
vy P

1/2
(G?ﬁuzcz /

H H)

1

Thermal Sensitivity a(f), therefore is,

AT n

alf) = |z = (2.1a)
P 2, 2.2.1/2

(GH«» CH)

The spectral intensity of noise is

4kT2GH
= .1b
ST(f) (G2«b2C2)1/2 (2.1b)
H H
The NEP, Peq is therefore given as
1/2 !
[S,,(F)]
T 1 2 1/2
= —————— = = (4kT .
(Peq)temp a (F) ; ( GH) (2.1c)
Letting G = 2(4 T3)A
ing Th Og
where A it the area and 9y is Stephen-Boltzmann's constant
1 5.1/2 /—
= = T .
(Peq)temp ; (32 k S )  :\ (2.14)

2.2 NEP of d.c. Capacitive Bolometer

The sensitivity may be obtained from Eq. (l1.2c). Substituting

in the linear dielectric region above Curie

2
H

c.= b
4~ T-T
c

. 2
temperature and assuming w Cé >> G




2
\Y
o) nV 1 o
a(f) = || = (2.2a)
dw -T
Pl ﬁCpA T c
Spectral intensity of noise due to dielectric losses is
4KT tan §
= 2.2b
SV (£) wC ( )
Therefore
4kt P jtans A )
(P )., . = e T G (2.2¢)
eq’ diel €g 7 e v/d c
From Eq. (2.1d) and (2.2c)
YA 4KT pICPp tans d 2 5
= 2 == & (T- +3 .
(Peq)d.c. bolo s e 3 . /32 - (T-T_) 2kT
(2.24)
2.3 NEP of a.c. Capacitive Bolometer
. . B2 2 2 2
From Eg. (1.3b) again letting C = ?:E and v CH >> GH’ we got
c
for sensitivity
_ O lv/d) 1
alf) = 2pC A T (2.3a)
p c
By inspection of the circuit one sees immediately that
A
( = — +
S, € ) — 4kt (v tvy, (2.3Db)
«/2
Assumin <- y _ and substitutin _ tan g where v, is th
9 YL ‘o 9 Yo T W, € Cre €
carrier frequency
—— C -
axt PSp jtans ¥ Ad 0
(Peq)diel - € ” e V/d (T—TC) '___. (2.3C)

o )
O

1

Comparing this to Eq. (2.2¢) we see that it is smaller by

w : . . C s .
a factor JJT- if certain material characteristics remain frequency
1

independent over the audio range which is indeed the case. From

Egs. (2.1d4) and (2.3c)




8
/A jaxT p2cg tans d w2 2 -
(Pog) bolo ~ Ve V3 2 @, (TTTL) A32KTTN,
eq a.c. bolo 7 o n € (v/d) “
(2.34)
2.4 NEP of Pyroelectric Detector
dAP .
Ige =B Tgp = J0pART
where p is the pyroelectric co-efficient
v = Isc _ pA nPl
o jwC ¢ 2. 22.1/2
(Gt CH)
. 22 2 s . .
Letting w CH >> GH' the sensitivity is given as
. -ne
p
4KT tand
SV (f)-—'—jza————' (2.4b)
Je tand [———
(Peq)diel = J4kTeo Pn AC, v wad (2.4c)
From Eq. (2.1d) and (2.4c)
N
P ) _-.——A—AAkTe gLagg_PZCZ wAd+32kT5~ (2.44)
eq’ pyro Y o p> p B _

As for the choice of material to minimize NEP, is expected
to be constant (within a factor of 2). Therefore tant{ is the main

parameter to play with in addition to density and specific heat.

2.5 A Numerical Calculation for TGS

Let the area of device be 1 mm2 and its thickness 50 microns;

loss factor tan$y = .02; modulation frequency of radiation intensity




f = 10 Hz; for the pyroelectric detecoftr we would assume room

temperature to be the operating temperature, T = 300°K and

¢ = 40; the pyroelectric coefficient of TGS at room tempcrature
. -4 coul s
is p = 2 x 10 iy pag For capacitive bolometers we take the

operating temperature to be 50°C so that T-—TC = 1°C. Since the
Curie Weiss law is followed by TGS, ¢ = {3 = 3200 at this temperature,

Bias field of 10 %ﬁ-will be used; for a.c. bolometer a carrier

frequency of 1 kHz is taken. We take n = l,‘P = 1.69 x 103 g%,

3 Joules
Cp = 0.97 x 10 °K Kg for TGS.
Then (P ) = 9.4 x 10772 —Y 4t 7 = 323K
eq temp —_
JHZ
-1
(® ) = 6.5 x 10072 Y— 4t T = 300°K
eq’ temp ,
v Hz
-12 w
(Pog)a.c.polo = 15+5 * 10 r—
VHz
-12 w
(Peq)a.c. bolo - 2> X 10 —
JHZ
® ) =16 x 10 12
eq’ pyro —
JHz
(p ) is of course the lowest NEP obtainable from a ferrocloctric
eq’ temp

detector. It is seen that it can be realized only in the a.c.
capacitive bolometer mode. Noise due to dielectric losses dominates
in d.c. capacitive bolometer as well as in pyroelectric detector

and their NEP's are comparable.
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3. Results and Dicussion

The measurement set up used for d.c. bolometer sensitivity,
a.c. bolometer sensitivity and d.c. bolometer noise are shown
in Figs. 3, 4, and 5 respectively. The diagrams are self-
explanatory (see Ref. 6 for further details).

Here the results of measurements made on TGS devices T40 and
T42 and the SBN device are reported and interpreted in the light
of theory described earlier. Device T40 has a thickness of 50
microns and electrode area of 4 mmz; T42 is 325 microns thick and
also 4 mm2 in area; SBN device is 100 microns thick and has
an electrode area of 6.25 mm2. All electrodes were vacuum i

evaporated chromium and gold.

3.1 Dielectric Measurements

Figure 6 shows the capacitance vs. temperature characteristic
of T40. A sharp peak is seen at 47°C which therefore is the Curie
temperature of this device. The ratio of peak capacitance to
room temperature capacitance was 400. The maximum amplitude
of a.c. measuring field in these devices was 8V/cm.

In Fig. 7 inverse of capacitance is plotted against temperaturc.

The linear variation in paraelectric region shows that the Curic-

Weiss law is obeyed with the Curie constant i = 2820°K. This

;
|
|

relatively lower value of 3 suggests an order-disorder type transition

in TGS. At room temperature the relative dielectric constant of this
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device, after poling was 40 and its dissipation factor 0.02.
Figure 8 shows the 1/C vs. temperature characteristic of T42; its
Curie temperature is seen to be 49.8°C and ;' = 31 30°K. Slight
diverge ce in ;3 and Tc of these devices may be attributed to the
difference in materials which were obtained from two different
sources; material for T40 was purchased from Isomet Corpocration
while crystals for T42 were grown by Mr. Fritz Dravnieks.

Figure 9 shows the variation of dissipation factor (tan 4)
with temperature in the vicinity of Curie point in T40. Variation
of tan § over a broader temperature range is shown in Figs. 10 and
11 for crystal SBN and ceramic barium titanate respectively. The
minimum in the loss tangent at Curie temperature implies that the
increase in capacitance there is much sharper than the increase
in parallel conductance of the device; this is illustrated in
Fig. 12.

Figure 12 shows the temperature variation of the series loss
resistance RS (=%%%i) of the device. This is an important
parameter because the device noise is primarily due to noise 1in
this resistance.

Figures 13 and 16 show the variation of device capacitance
with the d.c. bias field in the paraelectric region in TGS. At
temperature farther from Curie temperature, TGS acts like a linecar
dielectric; however it becomes non-linear at high fields near the

Curie temperature. Also, the capacitance goes down while tan -,

ﬁ——v—-———-—.—______ﬁ
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increases with the field; this would shoot Rs up and thus
increase the noise. This non-linear dielectric behavior can be
explained7 using the phenomenological theory of Ferroelectricity.

3.2 Sensitivity Measurements

3.2.1 d.c. Bolometer

The d.c. bolometer sensitivity of device T40 operating in the
paraelectric region is shown in Figs. 15 and 16 while Fig. 17

shows the sensitivity of T42. It is seen that at temperatures

farther from Curie temperature, sensit+ 17y increases linearly
with the applied bias field. Sens:i®« -+ clearly increases as the
operating temperature approaches 6 . -:dwever, near the Curie

temperature sensitivity first varies iinearly with the field but
tends to saturate at higher field:. Since we are operating above
Curie temperature, no hysteresis is observed; all these curves
are symmetrical with respect to the bias field direction.

These results are in good agreement with the d.c. bolometer
theory developed earlier. It was shown that d.c. bolometer ecffect
is essentially an induced pyroelectric effect and that bolometcr
sensitivity is directly proportional to induced polarization. From
Thermodynamic theory, one can calculate the induced polarization
as a function of applied field using Eq. (l.2e). Constant A is

determined from

letting ! = 3130 we get

O
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7 meteY ]
A =1.82 x 10 FaradoC

which is in good agreement with the Triebwasser's7 value. Constants
B and C have also been evaluated earlier7 from measurements on the
spontaneous polarization of TGS. B = 1.62 x lOll and C = 0.6l x lO14
in MKS units. Using these values, induced polarization is plotted
against E in Fig. 18. A linear variation is seen for large
values of (Q-Qc) while non-linearities set in near Curie
temperatures

Now S = kP
where S is the sensitivity, P is the induced polarization and k

is a constant given by Eg. (1.2h)

X = 2Ad
- 2 2.1/2
GH(1+w TH)

. / . .

By letting k = 19 v/ for T40 one can fit the theoretical
uCoul/cm
curve with the measured sensitivity as shown in Fig. 16; the
value of k for device T42 is 105 ——!ZE————. Note that the ratio of k
uCoul/cm

values for these two devices is roughly equal to the ratio of their

thickness which are 50 and 325 microns respectively. Good

agreement between theory and measurements shows that the constants
B and C determined from the spontaneous polarization measurements
satisfactorily describe the nonlinearity in the d.c¢. bolometer

sensitivity in the paraelectric region; this further validates

the induced polarization as the cause of bolometer response.
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Figures 19 and 20 shows the variation of bolometer
sensitivity with the operating temperature at relatively low bias
fields. At low values of E, the P-E characteristic is linear and
the sensitivity is expected to vary inversely as T—TC: this
directly follows from Egs. (l.2g) and (l.2e). This is experimentally
confirmed in Figs. 19 and 20,

Figure 21 shows the onset of pyroelectric response as the
temperature is decreased below the Curie temperature. At T = 46.3°C
one not only observes the bolometer response at zero field (sic¢nifying

the presence of spontaneous polarization) but the response actua’ly

decreases with the applied field in contrast to induced pyroelectric
effect. This reduction in pyroelectric response is probably due

to the "clamping" of domains in the presence of field. Figures 22 (a)
and (b) show the variation of sensitivity with temperature in
paraelectric as well as ferroelectric regions as the device 1is

gradually cooled. The pyroelectric response which varies as

1 3Ps

C 3T is directly proportional to the spontaneous polarization Pq.

This explains the sharp rise in sensitivity just below the Curic
temperature when the device is moving into its ferroeclectric

phase. However, the maximum in sensitivity a few degrees below
Curie temperature is not well understood. It may have something

to do with the way the device gets polarized as it is slowly
cooled. Figure 23 shows the sensitivity-temperature characteristic

for T42 as the Jdevice is gradually heated from room temperature

without any applied field.
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Figure 24 shows the frequency response of the pyroelectric
detector T40 at room temperature. The sensitivity was measured
after poling the device; it is seen to very approximately as the
inverse of frequency over the range (10-100} Hz. This is from the
theory of pyroelectric detector. Since the thermal time constant
of TGS detector is of the order of a second uCH is much greater
than Iy for modulation frequency of 10 Hz or higher. This leads %
to 1/f variation of sensitivity. 3

In the device T42 the maximum d.c. bolometer sensitivity

measured is 110 V/W at 50°C with the bias field of 6 KV/cm. This

is slightly higher than 98 V/W which is its sensitivity as a pyroelectric
detector at room temperature. In device T40 on the other hand, maximum
sensitivity measured is only 16.5 V/W at 49.5°C and 14 KvV/cm,

smaller than the pyroelectric sensitivity of 39 V/W; of course much
higher values can be achieved by moving the operating temperature
nearer to 47°C, the Curie point.

Figures 25 and 26 show the measurements on a pyroelectric
detector using SBN at room temperature. The pyroelectric response
is again seen to go down at large externally applied electric fields.
Slope of the straight line in Fig. 26 is unity indicating a 1/f
variation of sensitivity as is theoretically expected. The
room temperature sensitivity of this detector without any applied

field is 114 v/W, at the modulation frequency of 15 Hz.
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3.2.2 a.c. Bolometer

Figure 34 shows the sensitivity of a.c. bolometer. A TGS
device 325 microns thick was used in the balancing circuit described
earlier. However, the performance of this bolometer was not
satisfactory for the following reason. Since a large carrier
must be used in order to have strong enough bias for high
sensitivity, balancing circuit had to be used in order to cancel
the carrier at the output. But the oven in which the device was
placed was not very stable; its temperature fluctuated in response
to environmental changes. For operating temperature near TC
this small variation in temperature leads to a considerable
capacitance variation thus unbalancing the delicate balance.

For this reason a steady signal output could not be achieved in
the vicinity of Curie temperature; the problem of course becomes
more serious at higher fields when the carrier is even stronger.

The results reported are therefore at temperatures away from
TC; but then only lwo sensitivity can be achieved. As shown by
theoretical calculation, a.c. bolometer has great potential, but
further work must await the availability of an extremely temperaturec
stable oven.

3.3 Noise Measurements

The equivalent noise resistance of T40 was measured at room
temperature after poling the device. 1Its value was 84 k. at a

frequency of 1 KHz. Since the device had a capacitance of 28 pF

T




r———-—-————-_-———————-—_.__,_

380y 4o 110 K .

and loss tangent .02, its series resistance RS {
However tn measured noise resistance Rn is smaller than the device

loss resistance because of the loading due to the input

capacitance of the preamplifier. This becomes significant for low

capacitance devices. The input capacitance of preamplifier was
determined from other measurements to be 4.2 pF. Then the
corrected value for Rn would be
c +C, 2
d i
R' = R (—) (3.3a)
n n C
d
where Cd is the device capacitance and Ci is the input capacitance
of pre-amplifier. Substituting the values for T40 from above
R' =112 Kii » R
n s

Devices with larger capacitance like the SBN detector did
not need this correction. This device had a capacitance of 65 pF
and dissipation factor of .04 at £ = 100 Hz at room temperature.
Therefore RS is 0.98 M. Its noise equivalent resistance was
measured as 1.26 Mq.

Figures 27 shows RS and Rn measured for a TGS device in the
paraelectric region at a relatively large value of T-TC. There
is sharp increase in Rn with the applied field, followed by
saturation; Rs remains practically constaént. Figure 28 shows Rn
and RS measured for a smaller value of T-TC. RS now increases

with increasing bias (tan § is an increasing function while C is

decreasing function of bias field as seen also in Figs. 13 and 14)
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but Rn increases even faster. Since the bias electric field
across the device is kept constant, the noise must be caused
by spontaneous fluctuations in the device polarization. It 1is
well known for a material with a relative dielectric constant
¢ = €'-je" under eguilibrium conditions that Nyquist's theorem
can be expressed in terms of polarization fluctuations with a
8
spectrum

4kT€oe

—— .3
¢ad (3.3b)

5 (f) =
p
If under applied field the device would still show thermal noise

we would have instead
4kTeoe“(E)

nd (3.3c)

S (£) =

p
where the imaginary part e" of the dielectric constant may now
depend upon field. But actually the noise should be larger than
thermal noise so that we may write9

4kTeoe"(E)
Sp(f) = ——————— g (E) (3.34)

wAd
where g(E) is a function of E that is unity at zero bias and
larger for E not equal to zero.
Just as Eg. (3.3c) leads to an open circuit noise voltage with
a spectram
Sv(f) = 4kTRs(E) (3.3e)

So Eg. (3.3d) will lead to

Sv(f) = 4KT RS(E)q(E) = 4KT Rn(E) (3.3f)
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thus
Rn(E)

R (E)
s

g(E) = (3.3q9)

A theoretical evaluation of g(E) to fit the measurements
is nrow being attempted.

However it is clear from the dielectric and noise measurements
mentioned above that the primary source of noise in these
detectors, in absence of applied field, is the thermal noise due
to dielectric losses; the 1/f variation of Rn shown in Fig. 29 further
supports it.

Figure 30 shows Rn in the d.c. bolometer using T42, as a
function of bias field. The sensitivity of this bolometer at
various values of E is already known from Fig. 17. Therefore,
its NEP may be calculated from the relation

VTR watt

eq S —_
JHz

P (3.3h)

Figure 31 plots the NEP of T42 as a function of field at
two temperatures in the paraelectric region. Compare this with
the theoretical expression of Eg. (2.2d). It is hard to determine
the temperature dependence of Peq quantitatively because tan &
and ¢ are complex functions of T. Qualitatively, of course, it is
very advantageous to operate in the vicinity of Tc because
then not only is (T-Tc) small but Rs is reduced drastically too.
Equation (2.2d)_£redicts 1/E variation of NEP; from Fig. 31 we

that D* /A
see at D kﬁNEP

) does vary linearly with E up to 8 KV/cm at 60°C.

I
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However, nearer to Curie temperature at 52.7°C, the linearity is
completely lost. This is of course because of saturation of
sensitivity, increasing RS(E) and increasing g (E). There is little
one can do about the sensitivity saturation because that is limited
by the characteristics of ferroelectric materials. However there

is room for improvement in the dielectric losses and also the

understanding of g(E) is quite important. Because of these factors
. . . -9 W
the minimum NEP observed 1in T42 is only 1.26 x 10 —_,
v Hz
However it is lesser than the NEP of the same device used as a

. . . -9
pyroelectric detector at room temperature, which is 1,71 x 10

W

Uiz

’ Figqure 23 shows the Rn for this device in the pyroelectric
mode; variation of Rn as well as S with temperature is shown.
NEP calculated from Fig. 23 is plotted against temperature in Fig. 32;
sharp decrease in Rn makes the operation near Curie temperature
very promising.

Figure 33 shows the RS(E) and Rn(E) at room temperaturc

in the pyroelectric SBN detector indicating that the enhancement

of device noise with field occurs not only in paraelectric

region but also in the ferroelectric region. The specific

8 chHz
W

detectivity of SBN pyroelectric detector is 0.27 x 10 at
room temperature and modulation frequency of 100 Hz.

Figure 34 shows the sensitivity of an a.c. TGS bolometer.
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1. The Pyroelectric Detector

Figure 35 shows a poled ferroelectric capacitor of area A
and thickness d. Let the material have a small-signal dielectric
constant Y, then the device capacitance C = ZFOA/d, where To is
the dielectric constant of free space. Let the front face be

painted black to absorb the incoming radiation. Let the front

n-4cT3A by radiation and the

face have a heat loss conductance Iy

3
n'-46T A, where n and ~' are

back face a heat loss conductance gﬁ
the emissivities of front and back face, respectively.
The heat response of the detector due to incident radiation Pl

exp(jot)is given by

dAT
_= 4 + g =
C (gH gH) AT nP

H at exp(jwt) (1)

1

where CH = codko, S being the specific heat per gram and dO

the density of the material. Putting AT = AToexp(jmt) and solving

for ATO yvields

nPl
AT == (2)
+ )
o JwCH Iy + g

th 1 ti = ') i
The ermal time constant Ty CH/(gH + gH) is generally of the
order of 1 second and w is usually of the order of 10-100 per sec

2 2
so that o Ty >> 1. Therefore

P P
1 1
ATo  Jwc. = joc d hra (2a)
O O
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Now the polarization Ps of the polarized ferroelectric

material decreases with increasing temperature. The charge on the

capacitar is Q = APS and hence the short-circuited current is

ap ap
a0 _ s _ s aT . . -
I45(t) = 3t =238 dFr T a s ApijToexp(jat) =
- 3 3
Idoexp(]wt) (3)
where p = —dPS/dT is the pyroelectric coefficient. Since the ac é

current is proportional to dAT/dt, rather than to AT, the response

of the detector is very fast. The current amplitude

. PPy
I = ApijTO = 3 4 (3a)

do o]
o o0

is therefore independent of frequency for Wiy >> 1.

The voltage developed across the capacitor C has an amplitude

Ido pn
Vdo = ul = we d 55 A P1 (4)
oo ‘o

The voltage response thus decreases with increasing frequency.

The limiting noise of the device is generally the noise of

dielectric losses. The spectral intensity is
T A
d

Si(f) = 4kTwCtans = 4kTw tand
where g = uCtang is the loss conductivity of the capacitor and tané

is its loss factor. The noise equivalent power Peq' defined by

2
1= (s,(01Y (6)
yields 1/2
[S.(£))] cdad c d
_ i 0O0 _ oo 1/2 1/2
peq = or = om (4kT Ir, tans) (wdA ) (7)
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. V2 o :

= (7a)
eq codo (4kT ?Totans)l/z(md)l/2

*
o3

It thus pays to go to thinner samples.

The figure of merit of the detector is therefere

P
1
(stand)

73 (7b)

Can this be improved by going to a different temperature?

/2

Usually not, for p/z1 is independent of temperature, and tanég is
not strongly temperature dependent. Can one improve D* by going

. . 2
to a different material? Unfortunately not, for p/?l/ turns out

to be nearly independent of the material. The only improvement lies

in a lower tan 5.
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2. Note on Dielectric Losses

It is the aim of this note to show that the theory of
dielectric losses in low-loss dielectrics is easily extended to
high~loss dielectrics and that the results thus obtained can
gqualitatively explain the observed loss behavior.

It is well kﬁown that in many low-loss dielectrics the loss
factor, tan § is practically independent of frequency over a wide
frequency range. This is usually interpreted by assuming that
some of the polarizable atoms, molecules, or trapped electrons have

a wide distribution of time constants (1) of the form?t

g(t)dr (go/T)dT for T,<T<T (1) 3

2

=0 otherwise.

where 9, = l/ln(rz/Tl), the loss factor, tan 6§, is then found to be
practically independent of frequency for l/'r2 <w < l/Tl.

In lossy dielectrics, however, tan § often decreases slowly with
increasing frequency over a wide frequency range, and this requires
an explanation. To give one we assume a model with two types of
polarizable atoms, molecules, or trapped electrons. The first,

of density No and polarizability ao, give an instantaneous response,

+If 7 is determined by a variable activation energy E; so that T=1,
exp (E3/kT), then Eq. (1) corresponds to a distribution in Ez of the
form dEy/ (Eaq2~E,3) for Ez) < Ea < Ea2, and zero otherwise. If it

is determined by tunneling through a variable distance x so that

T=T, exp{ax), then Eq. (1) corresponds to a distribution in x of

the form dx/(x3-x;) for xj;<x<x;, and zero otherwise. The factor

9o’ w&}cb is 1/1n(13/71), is determined by the normalization condition

Jr'g (t)dtr = 1.

o
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whereas the second, of density Nl and average polarizability oy,
respond slowly with a distribution of time constants, g(t).

The dynamic Clausius-Mossotti equation may then be written

N o N.a oo
e-1 o o 11 M g(r)dz
= = + i : (2)
c+2 3¢ 3¢ J l+jort
o o “

Rewriting Eq. (2) in terms of the static dielectric constant, €gr

and the high-frequency dielectric constant, o yields

@
e-1 _ oy oatmldr
€+2 b+ (a b)J 1+jwT , (3)
o
=Db + (a-b)(Il~312)
where
eg-1 €1
a = es+2 =(Noao + Nlal)/3€o’ b = e°o+2 = Noao/3€o'

and I1 and 12 represent the real and imaginary parts of the

integral, respectively.

The integration in Eq. (2) yields
: g 1+l 2

=1~ =2 1n¢

1 2 ), and

2.2
l+w gl (4)

I

= go[tan-%nf -tan-%ufl]

I 2

2

.
ln(rz/rl)

where 9o =

Solving Eq. (3) for € yields

€ = ev_jeu (5)

3
(b=1)+(a-b) (1, -31,)

’—2-
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where ¢' and ¢" represent the real and imaginary parts of ¢,

respectively. Consequently, we obtain

e"

tan § = = (6)
€
.2 2 2
= 3(a—b)12/[(1—b)(1+2b)+(l—4b)(a—b)Il—Z(a—b) (I1 +1, )]
I1f we assume T, >> T, Eq. (4) reduces to
I, ~ —goln&DTl) , 12 ~ Wgo/z (7)

for 1/12<D<1/Tl, and hence Eq. (6) becomes

tan & = 3(a-b)I,/[(1-b) (1+2b)+(1-4b) (a-b)Il-z(a—b)2112] (8)

where we have neglected the I 2

2 term in Eq. (6) because 12>>1 .

1

We see from Eq. (8) that tan § decreases with increasing

frequency since I, is positive for the frequency range under

1

consideration.

For w = 1/1:2 we have

(tan 6)1/T2 = 3(a-b)wgo/[2(l—a)(l+2a)]
_ €s > (Wgo) es+2 . €o .
eoo 2 e°°+2 es

For a.>=1/-r1 we have

(tan 6)1/1'1 = 3(a—b)wg°/{2(l-b)(1+2b)]

_ es-eoo (Wgo) eoo+2
eOD 2 e _+2
-8
If (es—eoo) and €, are ccmparable, and 12 ~ 1 sec and Ty~ 10

sec, loss factors of the order of 0.1 become feasible. But in

that case tan § decreases slowly over the frequency range 1/12 < U < l/rl

and this decrease is the more pronounced the larger (es—ea))/qoo-
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This simple model is also formally appropriate for ferroelectric
crystals such as used in pyroelectric detectors and capacitive
polometers. In such materials tan 8§ is usually of the order of

0.01 ~ 0.1, which is well within the range ccvered by the above

model.
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3. Generalized Molecular Field Theory of the Pyroelectric Effect
and Capacitive Bolometer Effect

In the pyroelectric effect the significant parameter isp/-,

or, if ¢ >> 1, we may write

P P\ _ aP/ 3T
e (€_1) = € 3p/3E (1)

where p = 3P/3T is the pyroelectric coefficient and P=Ps, whereas

1l P
e-l = — .
o dE

In the capacitive bolometer of electrode distance d

P/ 3T 3P/ 3T ,
= / = d T 2
vd(t) BP/BVO AT 3P/ oF AT(t) (2)

since E = Vo/d' Both problems thus have in common that the gquantity

of interest is

QP/QT (3)
3P/ 3E

Am

To evaluate this expression, we assume that the polarization P

is a function f(EL/T) of the local field EL' where T is the absolute

temperature,
E,=E+ AP (4)
€o

and ) is a kind of Lorentz factor. We thus have

E+XP/€O
P = f(EL/T) = f(—‘-?-—) (5)

The function f need not be further specified at the moment.

We call this the generalized molecular field theory of the effects.

If £' denotes the derivative, we have
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_QR ) f|[_(1:.+XP/(-:O) . A\ ﬁ]

AT TZ \:OT T
or

+
» £ (E MVeO) o
= - — >

3T (L-£'V e T) T

3 _ f‘[l + (X/€O)BP/BE ]

JE T
or

3P £! 1

oF _ = -

JE (l—f')./eo'l‘ ) T (7
Therefore

+

/3T _ ) E )\P/co )

3P/ 3E T
We thus see that the explicit form of f is not important; all that

E+XP/€O

matters is that it is a function of (-Er———ﬁ

We now turn to the pyroelectric effect. Here E=0 and P=PS. Hence

e L B P N
-1 ‘o' T - T

This is generally valid as long as (5) is valid.
We must now get rid of \. To that end we consider T > TC

but close to TC and assume E to be small. Then P is a linear function

(e°E+XP)
P =aggE = a—™mm (10)

N R RS- ke sk e T
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where a is a constant that needs to be expressed in measurable parametoers

a) aeoE aeoE
- = P:
P(1 T) - , or T—a (11)
But we know that in this case
P C
c E T-T (12)
o c

where C is Curie's constant and Tc is the Curie temperature. Therefore

T
T = a) a=0@C¢, or \ = £ (13}

0
Q

T. Py
—= (14)

!”
alo

e~1
. . . . . L .
A similar relationship was first found by S.T. Liu , derived for
T ~ Tc’ and consequently the factor Tc/T was missing. The factor
is important, however, for devices with a high Curie temperature;
they should have a higher value of p/(e-1) at room temperature.

We now turn to the capacitive bolometer effect for T > Tc.

Since WP >> eoE, we have

3P/ 3T XP/eo
3P/E T T
so that
vy(t) = - M par(e) (15)
eoT

This equation is generally valid as long as eoE << P,
We now assume E to be small. Then P varies linearly with E and,

according to (l1)

¢ EC v
- - Xe! o] < o _ AT(t)
vd(t) €OC (T_Tc) AT(t) (T_Tc) AT(t) ~ Vo T_Tc (16)
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in agreement with previous results. The response is then linear

in Vo. For large values of Vo the response vd(t) saturates, This
must come about because the polarization P in (15) saturates.
Experimentally |Vd(t)|sat increases strongly with decreasing
T-Tc: this then must mean that the saturated value for P increases

strongly with decreasing T-Tc. This can only be verified theorétically
E+)\P/ ¢

T ) is further specified.

if the function f£(
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4., Molecular Field Theory of Ferroelectricity and its Application

In the preceding section we discussed the case that the
polarization P(T) was an arbitrary function of EL/T) where
EL = E + xP/eo is the local field, A\ the Lorentz factor, T the
absolute temperature and E the applied field. We were then able

to give a generally valid expression for p/(e-1l), where p is the

pyroelectric coefficient and ¢ the relative dielectric constant;

p/(e=1) is a figure of merit for the signal response of a
pyroelectric detector.
In the expression for the noise equivalent power another figure

/2

of merit must be introduced; it is p/(e—l)1 . It is therefore
necessary to give a general expression for p/(e—l)l/z. In contrast
to the previous case, explicit expressions for the function of (EL/T)
must now be used.

To that end we assume that each molecule has a permanent electric
moment . There are now several possibilities:

a) The dipoles can orient themselves in arbitrary directions
(classical approach). This leads to the following expression for the

polarization

- . = i . - uEl
P(T) = P(o)L(x); L(x) = coth x ot X = XT (1)

where P(o) = Ny is the total polarization when all dipoles are

aligned. | the dipole moment, N the number of dipoles per unit
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volume, k = Boltzmann's constant., This gives the classical
molecular field theory of ferroelectricity.

b) There are several preferred directions of polarization.

The simplest case is that the dipoles can orient themselves parallel
or antiparallel a preferred direction. 1In that solution

P(T) = P(o)tanh x. (2)

This is the two-level molecular field theory of ferroelectricity.

It should, of course, be understood that more complicated
directions of polarization are possible. For example, in BaTiO3
these are the parallel, antiparallel and perpendicular directions;
of the latter there are four equivalent orientations. Therefore the
total number of orientations is 6, corresponding to two preferred
directions along each cubic axis.

By solving Egs. (1) and (2) for E=0, one obtains P/P(o0) as a
function of T. Graphically this is done in Fig.36, from which we see
that the line P(T)/P(o) = a(T)x meets the curve L(x) or tanh(x).

We see that there are two possibilities for properly chosen values of T:

a) The two curves meet at a non-zero value of x, and hence of P(T).
In other words we have spontaneous polarization. This is called the

ferroelectric regime.

b) The two curves intersect at x=0 only. Hence P(T)=0,
so that we have no spontaneous polarization. This is called the

paraelectric regime.
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c¢) 1In between there is a temperature T=Tc where the line
P(T)/P(0) = a(T)x is tangent to L{(x) or tanh x at T=0. This is

called the Curie temperature.

Figure 37 shows PS(T)/P(O) plotted versus TC/T for the classical
and for the two-level theory. Also shown are measured points for
TGS, matched at T/Tc = 0.88.

Besides the classical and the two-level theories there is also
the thermodynamic theory which assumes E to be a non-linear function
of the polarization P.

Since P changes sign if E changes sign, E must be an odd
function of P. The thermodynamic theory of ferroelectricity thus
writes

E =B(T-T )P + b P+ ... (3)

We then see that for T <'rc this gives spontaneous polarization Ps

for E = 0. This yields

2 _ B 1/2
B(T-Tc) + bP_" =0 P = [b (Tc-T)] (4)
oo s __ 8 1 )
3T b (T _T)l/z
Cc
e=1l = L = l/eo = l/eo (6)
€, 3E/ 3P a(T-Tc)+3bpsz 26 (T ~T)
Consequently
1/2 1/2 e 172
P___1 B8 = -g(-2
(e—l)bq* > (b) (ZBeo) = B(2b) (7)
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In order to evaluate this expression we must evaluate {3 and
b. We do this for the two models described by Egs. (1) and (2).

We first discuss the classical case described by Eq. (1).

For small values of x the eguation may be written as

p(T) _ 1 1 .3
P(O) - 3% " a5 X *t .- (8)

Suppose X is quite small, E # O and T is sufficiently large. We

then have

2
_ 1 Ll Ny AP
P = 3 PO) x = 3 kT (E + eo] (9)
1 N 1 N2
or P(MI1-3 e KT 1 =3 %r E
1 2
3 Ny /(eok) c
P(T) = T ¢E = Tor %F (10)
c c
where
anl 1 Nuz Tc
T = , C == = = (10a)
c 3e°k 2 eok A

Tc is the Curie temperature and C is called the Curie constant.
The derivation holds for T>Tc. For T<:I‘c spontaneous polarization
occurs; this must be discussed separately.

We can invert Eq. (8) as follows

3
P 9 P
x = 3 P (0) + 5 [P(O) ] + ... (11)
AP _ 3kT 9 . p_,3
or E + . > P + 5 [P(O)] + ...
o u N
since P(0) = Ny, so that
3kT
E = ('3"-'—L—)P + % —%22~ P3 + ... (12)
uN €o N~y
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L This is of the form (3), and
3
uN N y
Consequently

1/2

/2 = . 2 2 okT =2 %o

(e~1) Ny

Next we discuss the two~level case. For small values of x, Eq.

(2) may be written

_—L—L—P —

1
Plo) =~ X -3 X + ... (15)

Suppose x is quite small, E # 0 and T sufficiently large. We

then have

2
P =P(0)x=§-ﬂ— (E+l3) (16) :
kT €
(o)
N“zg N 2
- =
or P{l " kT] XT E
(o)
so that 2
Ny /eok e
PN = T %R T Tor %o an

where Tc is the Curie temperature and C the Curie constant

2 2 o
c=—-“————{ (17a)

c eok eok

-
|
E

This derivation holds again for T>Tc: spontaneous polarization occurs

for T<Tc; this must again be discussed separately.
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The two models thus differ in the values of 'I'c and C; in the
classical case TC and C are a factor 3 smaller than in the two-
level case,

We can invert Eq. (15) as follows

P 1 3

P
X = 5 (0) + 3 [P(O + ... (18)
or E + A2 _ kT P + kz 3 P3 + ...
‘o uN 3u N
so that
E=(l<%‘—- l‘—)p+~%-§p3+... (19)
y N o 3u N
This is of the form (3) so that
k kT -
p=— i b=—f5— (=)
y N 3y N
Consequently
1/2
€ 4 3 1/2
= 1/2 = )2< (—g%’ = (% o _ng) (21)
(e1) N
. . 1/2 .
This differs from (14) only by a factor (5/3) = 1.29; this

difference between the two models is relatively samall.

We should make one correction for our results given in Egs. (14)
and (21). The derivations are only correct relatively close to the
Curie temperature Tc. Therefore, it is perhaps better to replace

T by Tc in Egs. (14) and (21). We then have: Classical Theory:

=2 Nk 2 (22)

)

—£B 5 €
(9-1)1/2 o Tc




Two level theory:

Nk
Erﬂ (23)
o4

~2 ___ _ (= ¢
1/2 2 "o
(e-1)

We must now find the suitable expression for N, the density of

dipoles. It is easily seen that

_ Ap
N = W (24)

where A is Avagadro's number, p is the density and W the molecular

weight. Evaluating the numbers we have

- 1/2
P 13.5 x 10 9 (__.__L____) / 99.‘-21_1_3_@ (25)
1/2 T cm k
(e1) W . £
100 100

for the classical‘theory and for the two level theory

1/2
= 10.5 x 10720 (—=2 =) C°§l°mb (25a)

W . _¢ cm °K
100 100

P
(e1)

1/2

The results obtained are shown in Table I for Eq. (25a)

Table I
Material e(20°c) p(20°c) p/(eDY? Wooomg B/
| (exp) (exp) (exp) (calc)
-8 -9 -9
TGS 40 2x10 3. 2x10 1.69 323 322 4.3x10
L -8 -9 -9
LiTao, 46 2.4x10"8 3.sx10 7.50 234 900  6.3x10
SBN (x=0. 5) 400 7.4x10"% 3.5%107%  5.33 394 380 ¢.3x10°°
PLZT (x=0.65) 1400 11x10"%  3x10-? 7.82 324 45  7.6x10 "

It is suspected that if p and ¢ were measured closer to Tc. the value

1/2
of p/(e~1) / would be closer to the vai. e predicted by Eq. (25).

P
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We have also expanded E versus P to higher order terms; one

1)1/2 that become

then obtains correction factors for p/(e-
significant farther away from the Curie temperature Tc' The
changes, through significant, are not very large.

Table I was constructed under the assumption that a dipole
unit consists of 1 molecule. This is probably not the case for
some structures. If n molecules form one dipole, the effective
molecular weight is n times as large. The calculated value of
/2

p/(e-l)1 could thus lie closer to the experimental value.

This must be checked with the actual structure of the material.

/2

It should also be noted that p/(e—l)l is a factor 1.29 smaller
for the two-level theory. This theory would thus bring the value

for TGS down to 4.3x10”2 Coulomb per cm2 per °K, which is quite
close.

It should also be noted that p/(.:;--l)l/2

does not depend on T—TC.
Little is therefore gained by operating closer to the Curie
temperature., Also p/(e-l)l/2 does not depend very strongly upon
the material, in agreement with experiment.

The final conclusion is therefore that the calculated value of

p/(e—l)l/z gives the right order of magnitude, and that closer

agreement might be obtained by further refinements of the theory.
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5. A Three-Energy Level Model of the Noise Equivalent
Power Figure of Merit p//«-1 of BaTioO,,

Above the Curie point, the crystal structure of BaTiO3 is

cubic with a titanium ion at the center, eight barium ions at
the corners, and six oxygen ions at the face centers in an octa-
hedral configuration. The mechanical distortion due to the dis-
placement of barium and oxygen ions cannot destroy pair cancellaticon
of dipole moments. However, the large barium ions create a large
hole at the body center so that the small titanium ion is free to
rattle around in the hole. Hence, a net dipole moment can result
only by a unilateral displacement of the titanium ion with respect
to the negative oxygen surroundings and there arz six possible
J.ractions for dipole moment.

The local field, E&, acting on the titanium ion can be written
ir. the form

EL = E + ksyeo

where E 1s an applied field in the c-axis direction.

The ferrocelectric phase below Tc of BaTiO, may be thought

3

of as a paraelectric phase in which the local electric field B,

acts. The polarization of BaTiO, in the paraelectric phase should

3

therefore have the same temperature dependence as that of any

other paraelectric material except the fact that the lcocal electric
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field EL is not constant, but decreases as the temperature increases.

Now that the dipde orientation of BaTiO_ is quantized, the number

3

of dipoles pointing in the directions parallel, antiparallel,

-

and perpendicular to EL can be obtained.

Assuming that the polarization is proportional to the Beltzmann

factor e w/ where w = -y - E

L’ the equilibrium populations in

the three levels are given by

X
gi =% < = (parallel)
e + 4e + e
o
EN‘-L= ” 42 (perpendicular)
e + 4e + e
(EL=O)<’:- M)l »w=0
N wf . w=-uE,
~-X
e

-
=

“z

x o) -
e + 4e + e

X
where x = “EL/kT' EI1= -;¢= ﬂ., and N = Nt + N+ Ny. Thus we
get a polarization

P = (8 - ndr.
Note that the dipole moments perpendicular to the field cancel
each other in pairs because they point in opposite directions in

pairs and by symmetry their magnitudes are equal to each other.

Accordingly, the total polarization becomes

P = N ( )




4

Far away from saturation of the polarization, i.e., x <<1,
uE, <<kT, P simplifies to

P(T) _ 1. __1 5
3% " 520 *

where P(0) = uN.
Writing x in terms of P(T) and solving for P(T) yields
C .
P(T) = EOE

T-T
c

2 . , 2
where TC = AM N/Beok is the Curie temperature and C = N/3€Ok
is the Curie constant.

Inverting the expression for P(T)/P(0) yields

_ P(T) 27 P(T).5

so finally, the applied electric field becomes

.,» Sponianeous polarization PS(T) as obtained by setting E = 0, 1is

(T, - T)
) 20 . c 1/4
) = p p——— et ettt
P'S\'I) (0) =5 T
1:. .h17th a spontaneous polarization occurs for T < Tc. The pyro-

cle tric cuefficient P and‘VEtIT where € is the relative dielectric

constant, are obtained as follows

ot b e e i1 e




__-_ﬂs '_T_c.[z
N 9 2

o . (Tc - T)

~-3/4

3
ol
=]

L ]

e-1'= [eo( E/ P)'P = P_

.2 1/2
= [W'N/12e k(T ~ T)]

Finally, the noise equivalent power figure of merit p/fe-1 becomes

To 5 1 1/4

_ /2 ¢ 5 .
p Ale-1 = - (e Nk) T I3 (T, - T)

At a temperature near the curie temperature, the NEP figure

of merit may be approximated by

T
_ [5 . Nk 1/2 o] 1/4
pAE-L = -(C5 - e, - o) P a—
c c
Tc 1/4
This resulting expression is different by the factors [ETE——:ET]
T c
and [%rj;;—:say]l/4, from the classical case and the two-level
c
case, respectively, reported in the last quarterly technical
report. A comparison of thes¢: three models will be attempted
with the experimental results obtained with TGS.
Since Peq is inversely proportional to P/el/z, it would in this

case be advantageous to operate close to T .
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6. Accurate Calculation of p/(e-1) / in TGS.

In the preceding parts dealing with the molecular field theory
for the classical, and the quantized two and three encrgy-level
models we used a Taylor expansion of P/WN = f£(x) in x. However,
this Tuyior expansion >s not always converge; for example, the
Tayior expansion for tanh x does not converge for x > 1.

In this part, therefore, we make a more general approach
usirg the generalized molecular field theory. In this case the
volarization P(E,T) is given by

P(E,T) = f(EP/T) (Ll
where Ee = E + \P/eo is the local field at the location of a
dipole in the crystal and E is an applied field. Then we have

(7P/cT)E = —[f'/(l—f'k/eOT)]I(E + XP/eO)/TZ], and

. /B
y )T

(£'/(1-£'3/¢ T)][1/T]

Py 7 i the derivative of f(E£/T) with respect to its argument.

lenee, for o oww 1
L, 1/2 1/2
‘s . - = IS 3 / &
ps= - P/(€r 1) €O (JP/JT)E/(aP/\E)T
We note that the definition of the pyroelectric ccefficient p used
here is more general and practical than p = (aP/BT)F . l.e.,
;RS/&T which has been used conventionally. Thus,

/2 . 1/2 302
p/(€r 1) = [eo/(L/f x/eoT)] [(E + XP)/“OT ]

'!"k‘ "'-"-'-'.::.-'-.-..llll.-.-"-IIll-lllI--.----.q...._.‘
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Now we assume that the crystal has no intrinsic bias which is
true for TGS under consideration.

Then, for E
1/2

i

0 we get

/ 3/2

2
[P s/ eo'r

i

p/ (e 1) ~le/(1/E " - e D]t ] (2)

where fo' is the value of f' at E = o.

Since fo' and Ps are functions of temperature we cannot

/2

say anything about the temperature-dependence of p/(er-l)1
without specifying the function f(Ey/T). We must also note that
Eq. (2) is only valid for the dielectric constant measured at E = o
and T = const. In practice, however, the dielectric constant is
measured using a small ac field (~ 50 cps.) and hence the adiabatic
correction is necessary

Now we apply Eq. (2) to the two-level model with

P(E,T) = yN tanh x. (3)
where M ic the number of dipoles per m3 and x = “f%. Comparing Eq. (1)
with Eq. (3) we identify that

f(kx/w) = W tanh x.
Thus,

£1(kx") = (U2N/K) d(tanh x)/dx

(uzN/K) sechzx.
Hence, we obtain

£,'= (uzN/K) sechz(uxps/GOKT).

Substitution of )\ = TC/C with Curie constant, C = Nuz/eox, which was




'rI-'-"""""""'-""--.-'llllll---lIIlIlllll---------—-—-r

48
derived previously, gives
. 2 2
fo = (u N/K) sech (uTCPS/eOCKT) (4)
and,
1/2 1/2 3/2
- = —=|€ / 'o— ) T = 5
p/( r 1) [“O/(l/fo TC/FOC )] [TCPS/ OCT ] (5)
In order to test the validity of our final result, Eq. (5),

we evaluated it numerically using the PS vs. T graph whose data
were obtained by S. Triebwasser [IBM Journal of R and D, July 19587},

2
wWith T = 322.8°K, and C = (u N)/¢ K = 3200°K we get
[ O

2 -8 2 .
u N/K = eOC = 2.83 x 10 coul. °K/joule m,

-~

u = 1.12 x 10_‘/'9 coul. m,
3 2
uTC = QOCK = 9,33 x 10 m °K/coul.,
. 2

Tc/eoc =1 15 x 10lo joule m/coul .

Substituting these constants in Egs. (4) and (5) yields
. =3 2 3 2 .
fo' = 2.83 x 0 sech (9.33 x 10 PS/T) coul” °K/joule m (€)

1

- Y,
p/(e ~1) = ~[8.85 x 10 2/(l/fo' - 1.15 x 10/m) 172

[1.15 x lOlOPS/T3/2] coul/m“°K  (7)

1/2 -
/ = 3.39 x 10 > coul/m2°K at T = 294.7°K is 1in

Note that -p/(er—l)
good agreement with the value of 3.2 x lO_5 coul/m2°K at T = 293°K
which was obtained in the laboratory.

According to our numerical results —p/(er—l) lncreases very
slowly until the temperature increases very close to Tc and then it
blows up, which can be clearly explained by looking at Triebwasser's

two experimental curves, l/¢ vs. T, and Ps vs. T and calculating

-p/(er—l) directly. Since -(aps/aT) = - tan @ along the P, Vs, T
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curve is a slowly increasing function of T until T becomes very

1/2 . .
| close to TC and e~1, therefore (cr—l) / is a decreasing function

. . 1/2 .
until T = Tc. Hence, we can 1magine that —p/(er—l\ "7 will show a

very sharp peak at T = Tc'

Previously, for two-level model in a series expansion, we

obtained

/2

p/(e -1 = 1.05 x 10'2[p/w'rcjl - 4.32 x 10°° coul/m2°K

which is independent of temperature contrary to the experimental

result. Also, it is clear that the thermodynamic theory using

4

) 2 6
G = GO + 5(T-TO)P /2 + P + &P /6 +

which is appropriate only for the ferrcelectric crystals with only
one spontaneous polarization axis, can be successfully applied to
TGS as Triebwasser did and it will, therefore, not be adequate for
the spontaneous polarization which has components in more than one
axial direction.

Consequently. as long as the polarization axes are known and
so P(E,T) = f(Et/T) is determined, our generalized molecular field

theory must be a good tool to treat the ferroelectric phenomena.
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7. SOLAR POWER GENERATION WITH THE PYROELECTRIC EFFECT

by A. van der Ziel*
Electrical Engineering Department
University of Minnesota

Minneapolis, Minnesota 55455

Summary: It is shown with the help of a small-signal model that
the pyroelectric effect cannot be used for an =2fficient generation

of electrical power from solar radiati-n.

*Supported by ARPA Contract. This research was performed while )
on leave of absence at the EE Department, University of Florida, ;

Gainesville, Florida 32611.
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It is the aim of this note to show that the pyroelectric
effect is not very suitable for generating electrical power
efficiently, because the impedance level is so high. 1In our
discussion we use a small signal model1 that may not be very
accurate but that should be good enough to give the order of
magnitude of the expected effect.

Let incoming light of power density P be chopped at the rate f
per sec and let w = 27f. Let Plexp(jwt) be the power density of
frequency w{we neglect harmonics) incident upon poled pyroelectric
capacitor of electrode area A and electrode distance d. Let CH = cAd
be the heat capacity of the device, where c is the specific heat per
cm3. Let Iy = n4cAT3 and gﬁ = n'4cAT3 be the heat loss conductances

by radiation of the front and back face, respectively; here - and -
are the emissivities of front and back face, ¢ = 5.67 x 10“12 Watt cm - °K

is the Stefan~Boltzmann constant and T the temperature. Then the

temperature variation AT = AToexp(jwt) has an amplitude1

nP.A nP, A

AT = —t - L (1)
: " ; — :

o JwCH gH+gH jaCH[1+1/(jmTH)]
where TH is the thermal time constant of the device

C
H cd

T = = (la)
+g' 3

I (+1m') 46T

. . . . . 1
The short-circuited current Idoexp(jwt) of the device has an amplitude

AP AJP_ ar nApP |

Tao = T2t = 5T at - cd[1+1/ (GuTy) ) (2)

-
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where p = aPs/aT is the pyroelectric coefficient of the capacitor
and PS is its spontaneous polarization.

Let now a load resistance R be connected in parallel with the
capacitance C = eeoh/d of the device; here ¢ is the relative
dielectric constant and e, = 8.85 x 10-14F/cm. Then the power

dissipated in this load is

2
y 1Tgol°R (3)
P, == —0— 3
d 2 l*wZCZRz
This has a maximum for R = 1/(wC) and the value P is
max
2 2 2 2
1140 n P (P A)

P = = (4)
max 4uC

- 2.2
4c q [l+1/(w21§)]weeoA/d
This, in turn, has an optimum value for w = 1/TH and that optimunm

value Po is given by

pt
n2p2p2
1
= 3 (5)
8c(n+n') 40T €€,

POES
A

which is independent of the thickness 4. Consequently, the

conversion efficiency np is

2 2 2
Popt/h ) np (p,/P)P )

p P 8c(n+n')4cT3eeo

We now bear in mind that p/J: ~ 3 x 10—9 Coulomb cm-2°K for most
pyroelectric materia152 and that ¢ = 2 Joule cm'-2 is a representative
value for the specific heat per cm3. Putting » = 1, n' = 0,

T = 300°K and Pl/P = 0.50, which is probably somewhat optimistic,

and bearing in mind that P o 0.10 wWatt cm-2 for unfocused sunlight
yields

n = 0.025%




This efficiency is so small that it can be safely concluded that
pyroelectric capacitors are not very suitable as power generators
using unfocused sunlight.

Since np is proportional to the incident power density P,
better efficiencies would be obtained by focusing the solar radiation
onto the pyroelectric detector. However, in that case the variation
in temperature will be so large that the small signal theory
becomes a very poor approximation; it must be replaced by a large-
signal theory. It is highly doubtful, however, that attractive
efficiencies can be obtained in this manner, because the impedance

level of the power generator is inherently high.
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Part III. Materials Work




1. Contact Study on PLZT (12-40/60)

From the same material of PL2T (12-40/60), four different types
of contacts: vacuum evaporation of 15 R cf Cr and 4000 R of Au,
gold fired at 800°C (Dupont DP8760), silver fired at 480°C (Dupont
4887) and silver paste, were investigated. The thickness of the
samples was varied from 30 mils down to 2 mils.

The contact of Cr+Au vacuum evaporation gave the best results.
The measurement of capacitance vs. temperature gave a Curie temp-
erature of about 140°C and the Curie temperature varied 1-2°C
from 140°C with variation of thickness from 30 mils down to 2 mils.
Repetition of the measurement did not change the Curie temperature.
The ratio of the capacitance at the Curie temperature to that at room
temperature ranged from 8.8 to 9.8 from 30 mils down to 2 mils.

The dissipation factor tan § varied from 0.015 at room temperature
to 0.018 just few degrees below the Curie temperature. The shape
of capacitance versus temperature curves was conserved when the
measurements were repeated and the thickness was varied. In other
words, the measurements were fully reproducible. |

The silver-fired contact gave a Curie temperature a few degrees
higher or lower than l40°¢. The difference could be due to diffusion
processes on the surface during the contacting. It was worse in the
gold-fired case, probably because of the higher processing temperature.

The ratio of the Curie temperature capacitance to the capacitance at
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room temperature was in the range of 7.0 to 7.8. The value of tan ¢
fluctuated over a wide range.

The gold-fired contact gave similar results to the silver-fired

case, but the variation of Curie temperature was in the range of

5 to 6°C difference from 140°C and the maximum capacitance was about
6-7 times larger than the room temperature value. The tan § showed
wider variations. In the silver paste case, the Curie temperature
and tan § were not changed much but the maximum capacitance at the
Curie temperature was only 1.5 times larger than at room temperature.
Some samples were annealed before making contacts. The samples
were annealed at 850°C for Au-fired contacts, 520°C for Ag-fired

contacts and 400°C for Cr+Au vacuum evaporatior. For the fired

contact cases, the capacitance at Curie temperature were increased,
however, for the vacuum evaporated Cr+Au contact the capacitance
decreased somewhat.

Before poling the device, the loss factor tan § was 0.015 at
room temperature and slowly increased to 0.018 at about Curie
temperature. After poling the device, the annealed devices gave a

higher loss factor, specially for the fired-contact cases. The

worst case gave a value of tan § of about 10 times larger than befor-
poling the device. It also showed that the lossy device had a slightly !

higher voltage responsivity.
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When all the devices were poled, the Curie temperature was
slightly raised. That means when the capacitance was measured,
one should not apply too high input voltage, especially when
the sample is very thin All our measurements were done with 5 mv
peak to peak input which did not effect the determination of the
Curie temperature,

The results of detectivity measurements for various thickness,
various contacts and for the annealed and without annealed cases are
shown in Table 1. The value of 7.6 x 107 cm(cps)l/z/watt was the
highest one obtained at 100 cps. The device was 2.1 mil thick with
Cr+Au contacts. It appears that Cr+Au contacts gave the best results

and that one whould avoid heating the material during the contacting

process.
1l

Theoretically, the D* varies with (w)—E' where w is the thickness
of the device. The plot of D* vs., w from 2 mil to 30 gave a slope
of -0.54 compared with the theoretical value of -0.50.

In conclusion, one should avoid any fired-contact on pyroelectric
material to preserve the material characteristic and to obtain
higher detectivity.

Currently we plan to repeat the same experiment on BaTiQ. and

3

SBN devices.
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2. pyroelectric Materials Preparation,

Several different types of materials have been synthesized
and in some cases heat treated. One of the specifications on

some of the materials requested was that the Curie temperature

should be close enough to room temperature so that at will one
could work either in the ferroelectric or the paraelectric regions.
One of the systems for which data on Curie temperature vs.
composition was available was the BaTiO3 - SrTiO3 system. It was
our experience, as was confirmed by others, that by mixing these
two compounds in proper proportions, one could, after proper
thermal treatments, obtain a pyroelectric material with Curie

temperature in a wide temperature region around the room temperature.

) TiO, for which a Curie

We prepared a system (Ba 3

0.6° 5%0.4

temperature = 0°C was predicted. The BaTiO3 and SrTiO_ powders

3
were milled in a jar mill for 18 hours within pure H2), then after
drying, milled again with acetone for 4 hours, dried, heated at
900°C, crushed and ground. It was submitted to the Ceramics
Division of Honeywell Co. for hot pressing. The result was a
sample about 25 mm diameter and 6 mm thick, exhibiting good ferro-

electric characteristics, with a Curie temperature of about 5°C

measured.

‘ . ) 'Il“
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A second hot pressing of a little different composition:

) TiO_, by the same Honeywell group was a

(Ba; gg* 5%0. 32 3

dismal failure, apparently from heating at too low a tem-
perature.

We decided to dévelop our own heat treatments using the
apparatus available in our laboratory. The technical difficulty
of the problem is to obtain relatively high (more than 1400°C)
temperature in presence of open air atmosphere. >We observe that

when the (Ba, Sr) TiO, ceramics are heated in vacuum or argon

3
atmosphere (in these conditions a temperature 1400°C can be
obtained in our laboratory easily using the HF - induction
heater) the samples change the color from light to dark due

to the loss of oxygen, and starts to be a semiconductor, losing
their ferroelectric properties. But when the dark samples
were reheated at approximately 1000°C in open air or oxygen
atmosphere, the light color was regained, together with the
pyroelectric properties.

From that we concluded that when a (Ba, Sr) TiO_ powder

3
would be pressed at room temperature in a pellet (using approximately
20,000 psi pressure) and the pellet heated in argon atmosphere

at = 1400°C, in this way forming a dark colored partially deoxidizaod




r"——-—'——-—-'—-——————f

- 63

semiconductor, this dark material could be transformed in normal

(Ba, Sr) TiO, ceramic after reheating it at 1000°C within air or

3
oxygen atmosphere.

We experimented intensively in this way preparing many samples.
The heating in argon fbrmed dark, rigid material which, after the
reheating in open air or oxygen became a light uniformly colored
non~conductive ceramic, but unfortunately this (Ba, Sr) Ti03 -
ceramic does not exhibit pyroelectric properties. Apparently the

crystalline microstructure formed at high temperature when the

material is partially deoxidized is not identical with the normal

structure formed from the pressed powder of normal (Ba, Sr) TiO3
which has not been reduced.

We constructed an electrical furnace which can be operated
near 1400°C in open air as the upper limit. (The furnace was
damaged in trying to operate it above 1400°C.)

When pellets were pressed at room temperature (16 mm diameter
and a 2 mm thickness . fter pressing at 20,000 psi) were heated at
around 1350°C in open air, the final (Ba, Sr) TiO3 ceramics ob-
tained in this way show a distinct dielectric constant maximum
peak near to the predicted Curie temperature.

In this way samples of the following constitution were

prepared:
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(Ba } TioO

0.68° SF0.32 3

(Ba Sr 25) TiO

0.75° 0. 3

BaTiO3 (not mixed)
After the heat treatment all the samples were ground and
polished with the silicon carbind Wetordry papers to approximately

0.3 -- 0.5 mm thickness.

All the (Ba, Sr) TiO, samples exhibit distinct dielectric

3
peaks near the predicted Curie temperatures, but their tan §
factors are not very low.

The pure BaTiO3 - ceramic at Curie temperature (= 100°C)
has an excellent tan & - factor (= 0.012), too.

Repeating all the procedures mentioned above we tried to

) 0, - ceramic sample by mixing in

prepare a Ba (Ti 3

0.85' M0, 15

corresponding proportions the BaTiO3 - and BaSnO3 - powders. The

predicted Curie temperature of this ceramic should be around 18°C.
BaTiO3 - powders are commercially available, but the BaSnO3

we prepared ourselves using the reaction:

BaCO3 + SnO2 BaSnO3 + co2 (gas)
heat

Our Ba (Ti, Sn) 03 - ceramic has good ceramic-~like appearance,
but it exhibited a very low and flat peak in the dielectric constant
vs. temperature curve around 1l1°C so that practically it is unusudble

as pyroelectric sample.
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The reasons for that could be twofold:

a) For the preparation of BaSnO., - ceramic the heating at

3

1450°C for 1 hour is recommended in air atmosphere. We could
not reach so high a temperature.

b) It is possible that our homemade BaSnO3 is not of the

quality required (in practice this reaction between two powders
in solid state form might not be easily accomplished due to the
contact between the BaCO3 and Sno2 powders; and the reaction in

H20 - solution is impossible bacause both the reagents are in-

soluble).
We have made a number of single crystals of the material T13AsSe3,
as well as some smaller crystals of the related compound In3AsSe3.

These are closely related to the naturally occuring materials

Ag3AsS (proustite) and Ag3SbS3 (pyrargyrite) which have been used

3
in studies of nonlinear optics. Both the thallium selencarsenites

and the indium selenocarsinite were prepared by heating the elements

in the appropriate ratios. The thallium compound is a semiconductor,
for which superb pyroelectric properties had been reported; however,
the pyroelectric coefficient measurements were latter retracted by
Deis and Roland. The intent in the preparation of the indium compound
was to obtain a material of sufficiently larger band gap so that its
resistivity would be greatly reduced. 1In this direction, it is

now projected that we should make the compounds Ag3AsS and Ag3SbSB,

3

e ke
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which are reported to have band gaps of 2.0 and 1.8 eV respectively.
Their pyroelectric properties, if any are unknown; we shall prepare
them for evaluation by Professor van der Ziel's group.

Our most recent project is the preparation of PbS(Ge'Si)BOll'

which is said to have a Curie point of 84°C. Thus far only very

small crystals have been made by the Czochralski technique.




67

Aw sin wt i |

AN — v,

!
Detector glement

Fig. 1

D.C. capacitive bolometer circuit




- sﬂ!.;qu hid

ITNOXTO I933w0Toq aaT3ztoeded Dy

Z "bia

—¢ 40ioinpowaQ

N
ﬁi
Q)
AN
z
3]
>

%.s._m o) +°) NN\\»S
7

!
19 °9d MAman VUV

U B!




69

Butsnsoow 40 dn-4as  |DjudwWIAdXT € ‘94
=)A
adoasoasO
gidnodowiayy
A 2722777 bﬁx \
J0§d33p _/ﬁ
Y J0}9e40 & S
1P I Sooug L saing < oy -aig 2008
. N
x\ﬁ 334 A
. lo4ci(t 0onbe
~< —&

L1iasuas

Jajawojog P

Ridwy puo 4943Wi0A

agn} wANoDA 3P




AiiAiiisuas  19jawoj0q

940950411980

FEYSLETYY
A-X

ﬁ_oﬁo.oo
9soyd

104040
— -powsq

o0 bBuunsosw Joy dn-jag

¥ 9Oi4

1

j0is159y
21qD1JDA

404§90d0)
9|QD)JDA

THY Ol s } . . ¢ ZHN 01 )
Jeundwy pauny | - ¢ 404011980
so.uoE.vu NMW %

?32an0s

)

ZHGl =4 s0301nbay +
40§D({1380 uaun)
J93Ndwy PUD JIIIWGIOA >3

QN WNNODA 3P

S




J0;5WO0|0gG P Ul JUBWAINSDIN BSION J0j dn-43S

12w cdunniw
UL WId0DN 0P

e

o

240230411980

LunGjiuonN

71

P w@yi4

s 9ld

201n0S
u01{01010)

Sissod-puog

220230419350
CUIOUON

s dwy
UIDN

) 3

dwy-3.d]

v

01343




1031oeded gor ur sanjeaadwsl SnsSIoA souej1oede)
9 Ol3

o———— ( Jol)) 2unjosedwoy

L4"] (14 9¢ 2
1

@ (W3/44 09 2) 25uD20d0)




103Toeded gor ur ainjexadwdl snsasa /1 —

73

PR
wi/Jo8'1«e—0
908 o GSb St ol
I 14 T T

!
/ -

(Wd/1-(P49)000E /1) e 0/i




74
32
4
28—
24 —— |
|
¢’
20} B
'1: b
T !
£
1 :
m 12
o
»
o
N’
8
al-
1 l
45 48 51 54 57 60 63
Temperature (°c) —>
FIG. & TeS#a2 ..
TGS#42, 1/C versus temperature )




Dissipation Factor (tan8)——e

032

026

T 40

02

.0l6

012

[ |

28 32 36 40 44 48

Temperature(ih°C) ——

FIG.

9

tan 6 versus temperature TGS#40

52

56




[N 7.6
) ‘ FIG. 10 oFd
|
' - dao000
ﬂ
o8} ]
{3000
.07 - -
oet { 3
f :
“ ost J2000 .
g B
- ﬂ F
o4} ;
-y
h
03 ,
41000
o} ]
Ol 9 !
- i
0 1 1 ) - i 1 S T | -

20 30 20 50 60 70 80 SO 100 10 120 173 120 175 130 1O A T
TEMPERATURE (IN °C)—+

tan § and capacitance versus temperature for SBN




et —————— e rr—rm———— =

moﬂﬁmm 103 @anjexadwa3 snsiaa QU ddue3lonpuod pue D adsuejtroeded ‘§ uely

Il oid ‘.
" ogl ozl ol ool 06 08 oL

¥ ¥ ¥

13
2

[}

9m/99 » g uo)

01108 s.o..rooo.

. Q,0xz 14002

Quoy (P41




SERIES LOSS RESISTANCE Ry IN (K{)) —

L .12
50 Series resistance of BaTiO; versus temperature
48} ) SBN
A
44} .
40t

(7]
[
L)

32

n
[

P
L]

n
(=]

o
L

12r

TEMPERATURE ~— (IN °C)

86736 30 50 60 70 80 90 100 10 120 130 140 150 180 170 180 190 200




70

SOL Ul d pIoT3j snsiaa D aduejtoede)

€T 914

o———-(WI/AN ) 3

(gd w)dduo}4jdo0do )




e ' - -,

$9L Ul 3 pI2T3J sSnsiaa ¢ uel I03de3 uotriedIissiqg
vT 9l3

- (W Ay Y1) 3

ol 8 v 2 0 . b- 9- & 01
T -+ | 3 —~] I

—{ 200

500
S8val o o
w
®
0 o %00 8
g'6bal 60GL $ 5
=
(-]
D. _ a
® soo
3
EY ‘ @
£€csl =
. o——o0— o Q10 —

_ 210

6'6Ssl
? . ? 10‘ o
[ P —v—o.




oo

8

d sSnsIsA Qp#SOL 103 AITATI3TISuas Iajzaworoq °*D°d

Sl '9ld

<«— (W3/AX NI) 3
L 9 S

LA L] v

<«—(M/A NI) S




TGS 40
) fs ISHz

TC. 47°C/
8- | X Theory

© Experimental

12

T+50.9°C

Sensitivity (in V/W) ———

1 | - |
0 2 4 6 8 10 12 14 i6

E inKV/em) ———————

FIG. 16

D.C. bolometer sensitivity for TGS#40 versus E




- - -
TGS 42
f=100H2
o~ T 498°C
. 100 X Theory
© Experimento!
90}— .
8o}—
T=527°C
I
s
5 !
>
2 g
.o
[ 4
0
[ ’
. : ; I Ts60°C
0

% 2 s ls: .'e nJF : ’

€ Un KVem) ———

+{

%

FIG. 17
D.C. bolometer sensitivity versus E for TGS#42




T - Tc  J 05°C
Theoretical

Induced Polorizotion(in FCOulycm2) —e

| | |
© 2 a 6 8 0 12

Electric Field(in XV/em) ——

FIG. 18

Induced polarization versus field in TGS




senaivity — (164 x10 ¥)

21

.l%

12

E= 120 Vem o

} ! L
9.9 52.2 54.5

FIG. 19

Inverse of sensitivity versus temperatuTe in

TGS

568




1.8
L6
T 40
f2ISHz
ﬁ 1.4}— > Ez24KV/cm

[N

ﬁiiﬁvity (WA V)

o ] | - |
a7 49 51 53 55 57 59 6l

Temperature(in®C) ——o

FIG. 20

Inverse of sensitivity versus temperature in TGS#40

t




10

N
F-3

Sensitivity (in V/yy) ———
& >
!

l | L l

8 10 12 4
E(in KV/em) ———

o
n
'
o

FIG. 21

Pyroelectric sensitivity and capacitive bolometer
sensitivity versus field (TGS#40)




AD-A112 855  MINNESOTA UNIV MINNEAPOLIS DEPT OF ELECTRICAL ENGIN-=~ETC F/§ 20/3
INVESTIGATION OF PYROELECTRIC AND PYROMAGNETIC DETECTION. (U)
APR 74 A VAN DER ZIfL DAAKO2=72«C=-0398

UNCLASSIFIED




“ |0 f e
= i
p“p I hlll?:_;i
— | EES

22 e gee




r—

88
F16. 22(a)

50

- | TGS40
a5+ E=0.8 KV/cm
a0} 3

/

/

35} /

E=04 KV/cm

n (5
(4] o

SENSITIVITY (IN WVW)—»
n
O

I5

10

o
27 36 45

TEMPERATURE (I °C)—- L2°eC 0

Pyroelectric sensitivity for TGS#40 versus temperature,
field as parameter




89
FiG. 22 (b)

a5}

] & &

LS

SENSITIVITY (IN VVW)—»
N
o

v

TGS40

E=16 KV/cm

-

o27 36 45 54

TEMPERATURE (IN °C)—»

Pyroelectric sensitivity for TGS#40 versus temperature
at 1.6 KV/cm




] -
ere s TGS 42 _lis
180} Sensitivity e f2100Hz
160} —dq1.6
140} — —41.4
I 120 —t.2 ..[.
o
P
3 £
>\ ] ——
< " 't
£ §
= "
2 -
-] { v
[72) 4
. ‘©
2
60— —6 =
[~
[ ]
©
>
3
40 —9 o
20} —{2
26 30 34 38 a2 46 20

Temperatyre ————>

FIG. 83

Pyroelectric sensitivity and noise resistance R

versus temperature for TGS#42




At

91

0001 [0..) . ol

Ov#SOL 103 Adbusnboaal snsisa A3TATI3TSUSS
v ‘old

@—— (IH Y1) Kousnbe sy

———— v

.

16'- = 3dO[s

3inj0sdwd; wWo00I

.
(=]
L]

G M/ A\ 1) KA LYSUOS




@anjexadu®l woox je “NES I0J pl213 snsass KITATITSUSS

<« (WI/AN NI) 3

1@
<

e
-

ZHOO! =3
3¥NLVY3IdNIL WNOOH

- —0!

A

al

ol

i

ec

14

<—(M/A Ni) ALIALLISN3S




a.anjeasdws]l woox je mzmm I0J p1at) snsiaa AJTAT3ISUSS { _
. 92 ‘94 $
<@——(ZH NI) AON3ND3N4 _ . &
000 00! o S y
..N /
IA P
s
. 1l o
S .
jo &
=
<
- ¢ =
[=,]
| =
[ 2
46 M
: ] =
: .
oo |
1k
| 0-3 .
m . 34NIVHIdN3L WOOYH .
. 2N8s 18
i I
, 000!

R —ecnon vt . ——— - -
T e e ,}L




94

D065 3B OP#SHL UT PIST3F Snsisa “y 9oUR}STISBI BSTON

LZ °bta

A.l........xw w 3

8 1 9 b £ 2 } 0
y &ﬁ . T 101
21
YMis}
D60
Q omm 20 o

S94

aJusisisay SION

e YN W




G

P

O,16 3Iv Op#SOHL UT pPI2TI sSnsisa

8z °*btg

({53

9 S

d 3DUL 51891 9ST1ON

1

~ry

e LAY
26v:8
JolG =8

S9l

(U ¥)) «—Ny




Ov#59L Adusnbax3y snsisa
57 913

o«———— (ZH ujhouanboesy
0001 0]0]]

u

d S0Ur3S 1S9 BSTON

ol

g

*>—— (U Y1) Yy 32uDiSISEY JURDAIND I 810N

0001

A ]

i

e . —

o

Y

e




10

N s LY N @

97

FiG. 30

T

TGS42
f=100Hz

T=60.0°C

o
T=52.7°C

00I23456789|0.
E {(IN KV/cm)—s»
Noise resistance Rn in TGS#42 versus field
;m—n =

s ——

PR

asmbcg




TGS 42
Tes 60°C
| ——1I.6
- 18 x D%
O NEP
14— —la I
] ] S— 2 2
L..
x
' (3
- - -l 1
L£ 10 .Q !
~ x
. :
= gFH—— .8 ]
>E.— ‘>_~ 1
Q > 3
W 7]
b 4
- -6 § '
L
=
4 4 :g,
T 60°C
2l R
T352.7°C
o | l 1 | L 0
0 2 4 6 8 10 '
E (inXV/em) *————s
FIG. 31
NEP and D* versus field in TGS#42 for
capacitive bolometer mode
'_-ﬂ—*— -




99

3
z
~
~N
:
£
[ 4
=
x
=)
o1 | N L |
28 32 36 40 44 48 52
Temperaturelin °C) ———o
FIG. 32
NEP and D* versus temperature in TGS#42 for

zero field




100

ZHNES I03 pPI@13F snsaoa Sy soue3lSTS8I SOTIAIS pue Uy aoue3sT1sa1 3STON

<*«——— WO/AN NI 3

9 S 14 € 2

-4

om/Quoy =y

*ZHOOI = }
3¥NLVY3dNIL WOOY

Z¢NEas

L v LI L

-

€€ 914

(- ] @ ~ o e} < "
(YN NI) «— ("¥) 3ONVLSISIH ISION

Q




JOS!

0ogel

JE#SDL 404 p[oTj Ot snsisa A3TAT3TSUSS

<—— W3/A NI Q1313 OV
00z¢l 0S0l 006 0sL 009 19:%1 4

00¢

—

9086:9

(<]

<+— (M/A NI) ALIAILISNIS

N

©

be '9Oid

4




102

hy AREA A

PR 2222222027272 22 2022222220

Vlldl d d bl Ll b bl el bl ilidlldd

FIG. 35

PYROELECTRIC DETECTOR
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