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ABSTRACT 

Solid solutions of various percentages of SrTiO^ in BaTiO^ were 

prepared and their dielectric properties and electrical resistivities 

were studied. It is observed that SrTiO^ increases the Curie constant 

of BaTiO^. Whereas the Curie temperature of the solid solutions linearly 

decreases with increasing amount of SrTiO^, an oscillatory behavior 

was observed for both the reciprocal of the permittivity at Curie tem¬ 

perature and the Curie constant, with the maxima of both occuring at 

the same concentration, A solid solution of (Ba,. Sr on) TiCL was 0.77 o,23 3 

doped with 1^0^. was observed that 1^0^ increased the resistivity 

of the material, there being an optimum doping level for the highest 

resistivity. This is attributed to P-type behavior of indium in the 

BaTiO^ lattice. At low doping levels 1^0^ does not affect the Curie 

temperature, permittivity at Curie temperature or the Curie constant 

of the material. It is proposed that BaTiO^ can be treated analogously 

to the semiconductor elements of the IVth group like silicon or germanium 

in so far as its impurity doping behavior is concerned. The advantages 

of a capacitor made of 1^0^ doped (Ba^ Sr^ 23) TiO^ solution 

in the conversion of solar energy to electrical energy on spinning 

satellites are discussed. 
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SECTION I 

1.1 Introduction 

With the advent of silicon solar cells (1) in 1954 many workers 

have devoted their attention to the conversion of solar energy into 

electrical energy. Hoh (2) in 1959 introduced a new class of energy 

conversion device known as "ferroelectric energy converters". When 

a ferroelectric capacitor is heated above its Curie temperature, its 

permittivity decreases. If the charge on the capacitor is kept constant, 

a decrease in permittivity would result in an increase in voltage. Thus 

heat-cycling the capacitor above its Curie temperature would give rise 

to an electrical energy output. 

Clingman and Moore (3), Childress (4) and Hoh (2) have discussed 

the theory of the device and derived expressions for the conversion 

efficiency. Hoh (2) has proposed that this device could be utilized 

in spinning satellites to convert uncollected solar energy into electrical 

energy. 

In satellites heat-cycling of the device is achieved by spinning. 

Hoh (2) has synthesized a ferroelectric solid solution composed of 

BaTiO^, CaSnO^ and UF^ in some arbitrary proportions with a Curie tem¬ 

perature of nearly 60°C. 

Since the ambient temperature of a spinning satellite could be 

30°C, the portion of a satellite facing the sun would be approximately 

at 60°C. It was, therefore, decided to synthesize a ferroelectric solid 

solution which could be of immediate use in spinning satellites. 

Barium titanate, because of its high polarization and high 

dielectric strength, is the best basic material for this purpose. 
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Strontium titanate forms a complete range of solid solutions with 

barium titanate, while lowering the Curie temperature. A (Ba, Sr) 

TiOg solid solution was prepared with a Curie temperature of nearly 

30°C. Addition of UF^ or CaSnOg was purposely avoided to reduce the 

complexity of the system since the resulting solid solution would 

have been a 3 or 4 component system with respect to Curie temperature. 

The performance of the device is based on the assumption that 

the charge on the capacitor plates does not decay with time. In other 

words, the RC time constant of the material should be very high. RC 

time constant is related to permittivity and resistivity by the 

equation RC = pe where R = Resistance in ohms, C = Capacitance in 

farads, p = resistivity in ohm-meter and e = permittivity in farads/meter. 

Since changes of e in orders of magnitude are not conceivable, it is 

essentially the resistivity that determines the RC time constant. 

An effective method for increasing the resistivity of (Ba, Sr) 

TiOg solid solution was developed by utilizing the principle of 

electrical charge compensation. The type of conductivity of BaTiOg was 

found to be one of "excess" conduction. To neutralize the excess free 

electrons, an appropriate amount of indium was added in the form of 

^n2^3* ^he was observed to increase by two orders of 

magnitude by the addition of appropriate amount of 

Jain and McFadden (5) have calculated the interval at which the 

capacitor will have to be recharged to maintain a constant power output. 

According to them a device having an RC time constant of 1 second and 

a heat cycling frequency of 1 cps will have to be recharged at every 

seventh cycle. Under the same conditions, a capacitor made of the 
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I1I2O3 doped (Ba, Sr) TiO^ solid solution, which has a time constant 

of 6000 seconds, will need recharging at every 13,800th cycle only. 

1.2 Theory of ferroelectric energy converter 

The principle of direct conversion of heat energy into electrical 

energy by heat-cycling a ferroelectric capacitor above its Curie 

temperature has been discussed by Clingman and Moore (3), Childress (4) 

and Hoh (2). A simple expression for efficiency will be derived 

below to bring out the fundamental material properties. Above the 

Curie temperature the permittivity of ferroelectric materials is a 

rapidly decreasing function of temperature and follows the Curie-Weiss 

law (6): 

C 
e = m r T - T„ 

+ e ro 

where = relative permittivity of the material, 

e = a dimensionless constant, 
ro 

C = Curie constant, 

T = temperautre at which is measured, 

Tp = Curie temperature. Li 

Since » e^, the above equation can be written as 

6r T - T, (1) 

A capacitor made of a ferroelectric material can be used to pro¬ 

duce high voltage dc or ac power. The basic circuit of the ferro¬ 

electric converter is shown in fig. 1. The parallel plate capacitor C 

is made of a ferroelectric ceramic. The capacitor is charged at a 

temperature T-, (T- > Tn) by battery v_. The capacitor is then heated 
1 1 Li B 

to a higher temperature This results in a decrease in permittivity 
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of the capacitor from to > where e^, are the permittivities 

at and T^ respectively. 

The capacitance at temperature is given by 

C2 = < ^ ) 
C1 

(2) 

where and are the capacitance at and respectively. 

The charge-voltage relationship of the capacitor is given by 

v 
B 

where Q = charge on the capacitor 

C = capacitance. 

The capacitor is assumed to maintain a constant charge throughout this 

operation. Thus a drop in capacitance at higher temperature will result 

in a corresponding increase in voltage as Q is held constant. This 

increase in electrical potential will give rise to an increase in 

electrical energy W. The electrical energy is given by 

W = 91 2 

V = rise in potential. 

Since the storage battery is recharged on the discharge portion 

of the cycle no resultant electrical energy is expended from the 

battery. Thus an increase in electrical energy is obtained by the 

direct conversion of heat supplied from the heat source. 

1.3 Operating cycle of the converter 

The expression for the efficiency of energy conversion can be 

derived by considering the operating cycle of the converter shown in 

fig. 2. In the initial state 0, Q and v are zero and the capacitor 

! 
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is at temperautre T^. It is then isothermally charged to Q = by 

the battery voltage v = v^. The capacitor is then heated to temperature 

T2. Charge is assumed to be constant during this step. The per¬ 

mittivity decreases with temperature. Thus potential increases from 

V1 t0 V2' Now t^e caPac*-tor completely discharged and returns 

to state 3 with temperature T = T2> Q = 0 and v = 0 (In a practical 

device state 3 need not necessarily have Q = 0 and v = 0). With 

Q = 0 on the capacitor, it is colled from T2 to T^. At this point the 

capacitor returns to state 0 and thus completes a cycle. 

1.4 Efficiency of energy conversion 

If WT is the useful energy delivered to the load in one cycle 

and q is the net heat absorbed by the system in one cycle, then efficiency 

T1 is given by 

WL 

■n-r (3) 

Clingman and Moore (3) have derived expressions for WT and q by neglect- Li 

ing field dependence of the permittivity in the following way: 

Consider e as a function of polarization P and temperature T. 

P = e (e-l)E = e e E, since e » 1 
o^r' or* r 

= e E 

where e = e e 
o r 

eQ = Permittivity of free space 

E = Electric field. 

In discharging the capacitor from state 2 to state 3, electrical work 

! 
1 

o 
vdQ is done by the capacitor. 

1 
e(P,T) 

] Pd Potential difference v = [' (4) 
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where d = thickness of the capacitor. 

If Vc is the volume of the ferroelectric material used, the electrical 

work done by the capacitor at can be written as 

n9i pi i 

l ydQ ■ vc I P [^X)! dP 

In charging the capacitor from state 0 to state I, at T^, electrical 

work W is done on the capacitor. 
L* 

wc ■ vc J; 1 p ap 

Thus the useful energy delivered to the load is 

W = J vdQ W 

(5) 

VC l P f[e(P,T2)
] " UCP,^)1^ dP 

If we assume that e is independent of P, then by integrating and sub¬ 

stituting for P in terms of E, one obtains 

VC 2 
S1 

wL-reiEi [^"1] 

To express W in terms of charge and voltage, we have 
Li 

_ eAv 
Charge Q = —TJ— 

where 

Then 

A = area of the capacitor plates, 

v = applied voltage, 

d = thickness. 

Vc el El2 = ^ 
V 

(6) 

(7) 

1 1 (8) 
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(9) 

Let q' denote the heat rejected at temperature T^. This is equal to 

the heat used. Then total heat absorbed, q, is given by 

q = q' + wL (10) 

Assuming that q' is the heat given to the sink when capacitor is cooled 

from T2 to T^ when the system changes from state 3 to state 0, and 

that cooling occurs at zero charge, 

where (P,T) = heat capacity per unit volume of the material at constant 

volume. 

Cy is highly temperature dependent but an analytical expression is not 

available in the literature. For the sake of simplicity if we assume 

that Cy is independent of temperature, then 

q 

1 

(11) 

«' - vc <T2 - V Cv (12) 

Thus (13) 

Therefore efficiency 

11 = 
w. 

q 

L 

or 
2 Cv (T2 - Tx) -1 

£* ^ T] = [1 + 
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Let s = specific heat of the material at constant volume, 

g = density of the material. 

Then CV = 88 (14) 

2 P1 
Making the substitution j and C^. = sg, we get, 

H = [1 +“2 
2 sg (T2 - Tx) -1 

— (— - 1) 
£1 S2 

From equation (1) we know that 

e C 

X - T = —— il C e.. 

(15) 

and 

e C 
X - T = —— 
2 

LC e0 

2 sg e C (— - —) , 
o ve„ e ' -l 

T1 = [1 + ~~2     —] 
P 1 
— ( — - 1) 
®1 e2 

2 sg e C 

= [1 + §—] (16) 

This can also be written as 

1 
*n = 

2 sg (Tx - Tc)' 

1 + 
e C E 
o 

(17) 

1.5 Modified efficiency expression with finite RC time constant 

The above expression for efficiency (equation (17)), was derived 

by Clingman and Moore (3) on the assumption that charge remains 

constant while heating the capacitor from T^ to T2> In an actual 
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capacitor which has a finite resistivity, the charge would decay 

exponentially with time. Let us assume that while heating from 

to T2> the charge decay obeys the relation 

_ t 

Q(t) = Qx e 
T (18) 

where Q(t) = charge at any time t and 

= initial charge on capacitor plates at t = 0 

T = RC time constant of the capacitor. 

Let f be the cycling frequency of the converter. Then the capacitor 

needs seconds to get heated up from to T2. In other words, 

at t = 0, T = T^ 

and at t = -|f, T = T2. 

Thus temperature T, at any time t, assuming linear variation of tem¬ 

perature with time, is given by the relation 

T - Tx + 2f (T2 - Tx) t 

T - Tx 

= 2f (T2 - Tx) 
(19) 

Substituting this value of t in equation (1) we get 

Q(T) = Qx e 

T 

2fT(T2 

1 
Tl) (20) 

Capacitance C(T) at any temperature T is given by Curie-Weiss law: 

C 
e A 

C(T) = x - x. (21) 

= permittivity of free space 

A = area of capacitor plates 

C = Curie constant 
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d = thickness 

T = Curie temperature 
L> 

Voltage v(T) at any temperature T is given by 

v(T) = 2il2 
C(T) 

Q,d 
or V<T> " TAG (T - V 

o 

The useful energy delivered 

in fig. 2. 

2fT(T- - T ) 
e 1 (22) 

to the load is given by the area 012' 

= area 012' = area 12'3'v^ + area Olv^ - area 02'3' 

These areas can be evaluated as follows: 

Evaluation of area 12'3'v^ 

T7I 

area 12'3'v^=J Qdv 

At v = v^, 1 = Tj and at v = v'^, T = 

v' T0 , 

L* - Jj dI 

1 i
l 

T - T, T - T, 

dv _ V_ " 2fT(T2 - T.) 
(T " TC) " 2fT(T2 - T.), 

dT eQAC 
1 2fT(T2 - 

J 

T - T 
1 T - T 

2iL  L_ 
eQAC 

1 2fT(T2 - Tx) 

Thus, changing the variable from v to T 
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T - T, T - T, 

I ^ * I 2 «i * 
Q,d 

2fT(T2 - Tx) 
X1 „ 2fT(T9 - T,) 
e AC 
o 

2 1' 

T - T, 

[1 2fT(T2 - Tx) 
] dT 

T - T, 

fkli JT 
e AC lJ 
o T, 

■2 fT(T0 - T.) T - T, 
2 ‘ Al' {1 - 

2fT(T2 - T1) 
3 ] dT 

Q d 

2e AC ^T2 Tx) £T (1 

t « 2, 
fT Ql d 

6 >+2FAct<T2 Tc) e 
fT- (Tj 

Evaluation of area Olv, 

area Olv^ = ‘f 

(23) 

But 
, Qid V 

Therefore 

Qld<Tl - Tc) 

2 Q1 V1 ~ 2e AC 
(24) 

Evaluation of area 02'3' 

area 02'31 = ^ Q'2 V'2 

But . Q' = Q(T) | = Q-, e 
T=T2 

1 
2fT 

and 
Q.d 

V'2=v(I)„l =TAC(T2-TC)e 
2fT 

T=T2 O 

Therefore 
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1 , , Ql2d 

2 Q,2 V'2 “ 2e AC (T2 " V 6 
fT (25) 

From equations (23), (24) and (25) we get 

Qi'd - 
WL = 2e AC ^T2 Tl^ fT (1 - e ) + 2g Ac 

q1 d 
[(T2 - Tc) e 

1_ 
fT 

Q 2d 

(T1-TC)] +2F 

Q id 
AC ^T1 “ TC^ “ 2e AC Vi2 

(T, - Tc) e 

1_ 
fT 

Simplifying 

Q 2d t 

WL ’ 2TAC (I2 - Tl> fT <X - e ^ 
(26) 

From equations (7) and (8) we obtain 

Ql
2d S(E

2 Vc 0 

E°AC <Ti - V* 

Substituting this in equation (26) we obtain 

* e
0 

E V
C 

C 

W   « (T, - T-) fT (1 - e 
L 2(T - T )2 2 1 

fT, 
(27) 

From equation (12), the heat rejected at is given by 

q’ = Vc CT2 - Tj) Cv 

From equation (10), the net heat absorbed is given by 

q = q' + wL 

Thus 
e E V_ C 
o C 

t_ 
fT, 

q - Vc (T2 - Tx) Cv +-^— 2—2 (T2 - Tx) fT (1 - e ') 
2 (Tx - Tc) 

(28) 
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From equation (3), efficiency is given by 

W, 
„ _ electrical energy output  L 

net heat absorbed q 

Thus T1 = 

e E2 V C - — 
-2 2— (T - T ) fT (1 - e fT) 
2(1 - T ) 

VC (T2 - V CV + 

e Vn C o C  

2(Tt - Tc) 
(T, - T.) fx (1 - e fT) 2 v 2 

VC 
(T2 - V CV 2<T1 “ V' 

1 + 

E2eo Vc C (T2 - Tx) fT (1 - e T ) 

Substituting for = sg from equation (14), we obtain 

T1 = (29) 
2 sg (T. - T ) 

1 + i £ —t 

e E2 C fT (1 - e T) 

Taking second order approximation, the above expression for efficiency 

with finite T becomes, 

1 n = 
i + 

2 sg (Tx - Tc) 

so E' 0 » - 2TT> 

When T 

T\ = 
2 sg (Tx - TQy (30) 

1 + 2 2 
e E C 
o 

which is the same as equation (17) derived by Clingman and Moore by 

assuming T to be infinite. 
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Equation (29) is the expression for the efficiency of a ferroelectric 

energy converter assuming a finite time constant. It may however, be 

stressed that this derivation assumes T to be independent of tempera¬ 

ture and that the temperature increases linearly with time. For an 

exact computation of the efficiency of the devices both these effects 

have to be precisely taken into account. For high efficiency the 

time constant T should be high. T can be expressed in terms of resistivity 

and permittivity as T = RC = pe, where R = resistance, C = capacitance, 

p = resistivity and e = permittivity. For ceramic ferroelectrics 

-8 
under consideration e is of the order of magnitude of 10 farads/meter. 

It is only in resistivity that we can conceive order of magnitude change. 

1.6 Output parameters of the device 

The output voltage is limited ideally by the dielectric strength 

of the capacitor material, 

V2 = d E2 (31) 

Since a high electric field is desirable for high polarization, the 

thickness of the capacitor should be very small for given voltage. 

Hoh(2) has shown that the specific output of the converter is 

directly proportional to the frequency of heat cycling as follows: 

The average output current is derived from the charge Q and fre¬ 

quency f of temperature-cycling, 

I=Qf=PAf (32) 

Average output power & = A W f 

A W 
Q A V 

2 

= | A P d A E 

where 
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Thus (33) 

Output power per unit area is given by 

(34) 

P A E f 

2g 
(35) 

where G = weight of the ferroelectric material used. 

Thus all the output parameters are functions of the frequency of 

heat-cycling. 

1.7 Desirable properties of a ferroelectric energy converter material 

From the discussions on the conversion efficiency, operating 

cycles and power output it can be concluded that the material for 

ferroelectric energy conversion should have the following desirable 

properties: 

1. low specific heat 

2. low density 

3. high electrical resistivity 

4. high polarization 

5. high dielectric strength 

6. high Curie constant i.e. high rate of change or permittivity 

above Curie temperature 

7. controllable Curie temperature 

8. availability of the material in extremely thin plates. 

It is obvious that the device should have the following thermal 

properties: 

9. high thermal conductivity 
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10, low temperature coefficient of resistivity 

11. high absorptivity of the radiation from the heat source 

12• high thermal shock resistance 

13. low coefficient of thermal expansion 
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SECTION II 

Experiments with (Ba, Sr) TiO^ Systems 

2.1 Selection of the ferroelectric material 

Curie temperature of ferroelectric materials range from 10°K for 

KTaOg to 913°K for NaNbO^. Similarly a wide variety of ferroelectric 

-11 2 materials with spontaneous polarization ranging from 10 Coulomb/m 

-8 2 
to 10 Coulomb/m are available (7). In normal dielectrics like 

alkali halides such high values of polarization are obtainable only 

with electric fields of the order of 10 volts/m. 

Jona and Shirane (7) have classified ferroelectrics into two 

groups based on Curie constant. The first group has Curie constants 

3 5 
of the order of 10 °C and the second group, 10 °C. Our device demands 

a high Curie constant. BaTiOg, KNbOg, Cdg Nb2°7 and PbNb2^6 are tbe 

members of the second group. Of these, BaTiOg has the highest 

spontaneous polarization. Moreover all compounds except BaTiOg in 

this group have Curie temperature either below 0°C or above 400°C. 

BaTiOg is an extensively studied ferroelectric. It has high 

resistivity and high dielectric strength. Thus it is the most promising 

basic material which meets many of the requirements listed in the 

previous section. 

Our purpose was to synthesize a material which has to be heat- 

cycled at about 30°C. This naturally required that some additives 

be used to lower the Curie temperature of BaTiOg. Addition of BaSnOg, 

BaZrOg (7), CaSn0g(2), or SrTiOg (8) is known to lower the Curie 

temperature BaTiOg. According to Hoh (2) CaTiOg also lowers the Curie 

temperature. According to Jona and Shirane (7) and our own experimentations 

/ 
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(see fig. 3) CaTiO^ does not affect the Curie temperature of BaTiO^. 

Among the various additives described above only SrTiO^ forms a 

complete range of solid solution with BaTiO^ (7,8). Complete miscibi¬ 

lity of SrTiOg with BaTiO^ prompted us to choose a (Ba, Sr) TiO^ 

solid solution as the starting material for the device. 

2.2 Preparation of (Ba, Sr) TiO^ solid solution 

The chemically pure BaTiO^ which we have used throughout our work 

was found to have a Curie temperature of 114°C. Such a low value of 

Curie temperature for pure BaTiO^ in ceramic form is not uncommon (9). 

It is well known (8) that Curie temperature of BaTiO^ linearly decreases 

with increasing amount of SrTiO^. Since the published relationship 

between the Curie temperature and the amount of SrTiO^ available in the 

literature is based on a Curie temperature of 120°C for BaTiO^, we had 

to make our own experimental determination of the amount of SrTiO^ that 

would be needed to lower the Curie temperature to nearly 30°C. 

Solid solutions of 4.75, 9.15, 13.05 and 16.65 percent by weight 

of SrTiOg in BaTiO^ were prepared. Curie temperature of these solid 

solutions were plotted against percentage composition. A straight line 

graph was obtained and on extrapolation it was found that 23.00 percent 

SrTiO^ would give a Curie temperature of nearly 30°C. This was later 

confirmed experimentally. 

Weighed quantities of BaTiO^ and SrTiO^ were thoroughly mixed 

using a porcelain mortar and pestle. This was then transferred to a 

mild steel die of nearly 2.5 cm diameter and compressed into a compact 

disc of nearly 0.5 mm thickness using a pressure of 20 tons/sq.in. 

The disc was extruded and transferred to a platinum tray. The 
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tray was kept on a semicylindrical piece of heat-treated "Lavite" and 

introduced into the heavy-duty furnace. This furnace had an open 

"Silmanite" tube, silicon carbide heating elements and an on-off tem¬ 

perature controller. The inside temperature of the frunace was calibrated 

against the outside temperature using a platinum - platinum + 10 percent 

rhodium thermocouple. At high temperatures the difference between the 

inside temperature and outside temperature was nearly 60 degrees. 

Firing schedule of the ceramic in air is shown in fig. 4. The 

disc was heated to 200°C and held constant at that temperature for one 

hour to expel all the moisture. The temperature was then raised to 

1350°C in equal steps in 7 hours. The specimen was heated at this 

constant temperature for 8 hours and then cooled down to room temperature 

in equal steps in 8 hours. This schedule has been followed in the pre¬ 

paration of all the specimens studied. 

The ceramic disc was then removed from the furnace and sliced into 

nearly 200 square mil pieces by a 20 mil thick diamond wheel saw. This 

was polished with 600 grit silicon carbide powder, washed with de-ionized 

water and then with warm trichloroethylene. Phosphoric acid is the common¬ 

ly used etchant for BaTiO^ (7). Since this etchant was found to have 

a very slow action on the ceramic, a new etchant was tried. This was 

a solution containing 1:1 perchloric acid and phosphoric acid. Micro¬ 

scopic observation showed that the new etchant had a slightly faster 

etching effect on the specimen. The duration of etching was 5 to 6 

minutes in all the cases. The specimen was then washed with de-ionized 

water, acetone, and then in methyl alcohol to remove the last traces 

of water. 
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2.3 Test furnace and electrode assembly 

In an extensive study on the nature of electrical contacts to 

(Ba, Sr) TiOg systems, Teker-Proskuryakova and Sheftel (10) have shown 

that evaporated or chemically deposited contacts do not form ohmic 

contact with the ceramic. According to them only rubbed-in indium 

amalgam forms true ohmic contact. Throughout our experiments we have 

used indium amalgam as the ohmic contact to the specimens. The tip of 

a piece of needle-shaped indium metal was dipped in the smallest possible 

drop of mercury. This was then rubbed onto the surface of the specimen. 

The indium amalgam contact was found to have excellent adherence as 

well as temperature stability up to 200°C. 

The test furnace and electrode assembly are shown in fig. 5. 

Nichrome wire was wound on a pyrex glass tube and insulated with 

asbestos-magnesia powder. The temperature of the furnace could be con¬ 

trolled within +0.5 degrees by regulating the current through the 

heater wire using two autotransformers in series. 

The specimen with indium amalgam electrodes on it was held between 

two copper plates, one soft-soldered to a copper tube and another attach¬ 

ed to a second copper tube by a low tension spring. Tension of the 

spring was made extremely low to prevent any pressure effect on the 

ceramic. A copper-constantan thermocouple junction, introduced through 

one of the copper tubes was made to touch the specimen. A direct 

reading potentiometer was used to measure the temperature. 

2.4 Measurement of dielectric constant and Curie temperature 

A General Radio Type 650-A capacitance bridge was used to measure 

the capacitnace of the specimens. The basic circuit of the bridge is 
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shown in fig. 6. All measurements were done at a frequency of 1 kc 

and electric field of 20 volts/cm. A pair of head phones was used as 

the detector. As the capacitance first increases with temperature and 

sharply falls after a certain temperature, the temperature at which the 

capacitance is a maximum, directly gives the Curie temperature. 

Relative permittivity and capacitance are related by the equation 

C d 
e =  r 
r e A 

(36) 
o 

where C is the capacitance of the specimen, vs temperature graphs 

were plotted for all the specimens. 

2.5 Measurement of RC time constant 

The test furnace and electrode assembly described above were used 

to measure the variation of RC time constant with temperature. RC 

time constant is the time which the capacitor takes to discharge 

itself to 1/e = 0.37 of its original voltage because the exponential 

decay of the capacitor voltage is given by 

V 
c = V. “P (RC> 

(37) 

where V„ is the charging voltage. 

Hoh's results (2) as well as our experimental results (see fig. 7) 

have shown that the above exponential relation is closely followed 

for ferroelectric materials. 

The specimen was charged by a 45 volt battery and the voltage decay 

was measured with a Keithly 610 B electrometer which has a high input 

impedence and low capacitance. The circuit for RC measurement is shown 

in fig. 8. RC constants of all specimens were measured in the 

temperature range 25°C to 200°C. 
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Resistivity of the material is calculated from the relation 

p=rr <38> 
o r 

where C = capacitance. 

2.6 Experimental results and discussion 

Relative permittivity vs temperature curves of the solid solutions 

of 0, 4.75, 9.15, 13.05, 16.65, 20.00, 21.20 and 23.00 percent by 

weight of SrTiO^ in BaTiO^ are shown in fig. 9. Curie temperature vs 

percentage composition curve is shown in fig. 10. From this straight 

line graph it is deduced that each 1 percent by wieght of SrTiO^ would 

lower the Curie temperature of BaTiO^ by 3.5 degrees. 

Although this is a well-known phenomenon, the reason is not clear. 

Rushman and Strivens (8) have determined the lattice constants of 

(Ba, Sr) TiOg systems. According to them the lattice constant of BaTiO^ 

linearly decreases with increasing amount of SrTiO^. Merz's experiments 

(11) on the effect of hydrostatic pressure on BaTiO^ also support the 

view that with decreasing lattice spacing the Curie temperature also 

decreases. On the other hand Dungan,Kane and Bickford (12) have shown 

that increasing the amount of Sn in BaTiO^ increases the lattice spacing 

while decreasing the Curie temperature. Megaw (13) while pointing out 

the above contradictory views, suggests that Curie temperature is not 

essentially determined by lattice spacing alone. 

While Curie temperature linearly decreases with increasing per¬ 

centages of SrTiOg, the permittivity at Curie temperature shows an 

oscillatory behavior. Somewhat similar observations have been made by 

Plessner (14) and Forsebergh (15). Fig. 11a shows the graph of the 

reciprocal of peak permittivity vs percentage composition. At this point 
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it may be interesting to point out that in ferromagnetics also a 

similar phenomenon is observed in iron-nickel alloys. The peak per¬ 

meability of heat-treated iron-nickel alloys shows oscillatory behavior 

with respect to percentage nickel in the alloy. The maxima in peak 

permeability have been identified with the points where the crystal 

anisotorpy constant goes to zero. (16). 

Figure lib is obtained from fig. 12 in which vs T is plotted 

for different compositions. The slope of these lines in fig. 12 is 

equal to the reciprocal of Curie constant C. It has been shown in the 

introduction that for high efficiency the Curie constant should be very 

high. It is observed that pure BaTiO^ has a Curie constant of 1.33 x 

10^°C. Addition of SrTiO^ increases the Curie constant. Figure lib 

shows the graphs of percentage composition vs Curie constant. It can 

be seen from the graph that Curie constant also shows an oscillatory 

behavior, the maximum of Curie constant curve coinciding with the 

maximum of the reciprocal of peak permittivity curve. Existing theories 

do not show any relationship between peak permittivity and Curie constant. 
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SECTION III 

Experiments with (Ba^ Sr
TiQ ) Doped with 1^0^ 

3.1 Resistivity of (Ba, Sr) TiO^ 

Figure 13 shews the graph of RC time constants of (Ba, Sr) TiO^ 

solid solutions vs temperature. It can be seen from the graph that 

resistivity of BaTiO^ is not decreased by the addition of SrTiO^. 

The 23 percent specimen had a time constant of 90 secs. This is 

too small a value to be of use in the device. So attempts were made 

to increase the resistivity of this material. 

Hoh (2) has shown that CaSnO^, UF^ or both would increase the 

resistivity of BaTiO^. Sn atoms are known to lower the Curie temperature 

of BaTiOg (12). According to our own experimentations UF^ also lowers 

the Curie temperature (17). Thus if CaSnO^ or UF^ or both are added 

to (Ba, Sr) TiO^ system, we would have to deal with 3 or 4 component 

system based on Curie temperature. In addition to this complexity, 

UF^ (17) and CaSnO^ (14) are known to decrease the Curie constant of 

BaTiOg. Moreover neither the mechanism by which either UF^ or CaSnO^ 

increases the resistivity nor the exact amount of these materials that 

would give the maximum resistivity is known. 

The above circumstances led us to look for some other material 

which when added to (Ba, Sr) TiO^ would increase its resistivity. 

Resistivity of pure single crystal BaTiO^ has been reported to be as 

12 
high as 10 ohm-meter. From RC measurements the resistivity of the 

9 9 
BaTiOg and (Ba^ Sr^ 23) TiO^ were found to be 3 x 10 and 7 x 10 

ohm-meters respectively. Variation of resistivity with temperature of 
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FIG. 13 _ TIME CONSTANTS OF BaTi'O^ WITH ADDITIVES 
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all specimens was similar to that of typical semiconductors. 

3.2 Measurement of thermoelectric power 

The type of conduction in these specimens was determined by measuring 

their thermoelectric power. Figure 14 shows the diagram of the appara¬ 

tus made for the thermoelectric power measurement. The specimen was 

kept in between the two copper blocks which could be heated to any 

desired temperature and thus generate a thermal gradient across the 

sample. Though absolute measurement of the thermoelectric power could 

not be carried out it was observed that thermoelectric power was negative 

in all the cases. 

Negative thermoelectric power is due to conduction by excess 

electrons. The comparatively low resistivity and the fact that electrons 

are the current carriers, led us to the conclusion that some N-type 

imperfections or impurities are present in the material. 

3.3 Indium oxide doping procedure 

Solid solution of (BaQ 77, SrQ 23) Ti03 was doped with In^ 

as follows: 

Known amount of spectrographically pure indium was dissolved in 

concentrated nitric acid. The acid was completely evaporated and the 

In(N03)3 left as the residue was dissolved in de-ionized water. This 

was made up to a known volume. Aliquots of this In(N03)3 solution in 

water were used for preparing (Ba^ 77, Sr^ 23) Ti03 solid solutions 

containing 0.01, 0.02, 0.05, 0.10, 0.17, 0.34 and 1.70 percent by 

weight of indium. At high temperatures In(N03)3 decomposes to form 
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3.4 Experimental results with 1^0^ solid solution 

(Ba^ 9 STQ 23) TiO^ h
a^ a Curi-e temperature between 31 °C and 

33°C. Figure 15a shows the graph of Curie temperature vs percentage 

indium in (Ba^ 9 Sr^ ^3) TiO^. Addition of indium up to 0.17 

percent did not affect the Curie temperature of the starting material. 

The addition of 0.34 and 1.7 percent indium lowered the Curie temperature 

to 28°C and below 25°C respectively. 0^ vs temperature curves are 

given in fig. 16. 

Figure 15b shows the graph of peak permittivity vs percentage 

indium in (Ba^ Sr^ 23) TiO^. can seen from the figure that 

the peak permittivity is not affected by the addition of indium up to 

0.10 percent. The addition of 0.34 and 1.70 percent indium lowered the 

peak permittivity by 8 and 40 percent respectively. 

RC time constant vs temperature graphs of the 1^0^ doped 

(Bag STQ 23) TiOg specimens are shown in fig. 13. Variation of 

RC time constant with percent indium at room temperature is shown in 

fig. 17. From fig. 17 it can be seen that there is an optimum doping 

level between 0.02 and 0.05 percent indium to obtain the maximum 

resistivity. With 0.05 percent indium, the room temperature resistivity 

of the specimen is 1.2 x 10^ ohm-meter. 

Curie constant of (Ba^ Sr^ 23) TiO^ solid solution is 1.76 x 

105oC and the same material when doped with 0.05 percent indium as 1^0^ 

has a Curie constant of 1.63 x 10^°C, a decrease of nearly 8 percent. 

It may be recalled that pure BaTiO^ had a Curie constant of 1.31 x 10^°C 

only. Thus from the Curie constant consideration also 1^0^ doping is 

definitely advantageous. 
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3.5 Behavior of ln203 in BaTiOg 

BaTiO^ as well as solid solutions of SrTiO^ in BaTiO^ showed the 

presence of N-type excess carriers. It is well known that anion 

vacancies in general and oxygen vacancies in particular in oxide semi¬ 

conductors would give rise to nexcessn or N-type behavior (18). In 

Remeika's method (19) of growing butterfly twins of single crystal 

BaTiO^, traces of Fe203 had been added to the melt to increase the 

resistivity. It is argued (20) that Fe203 makes up for deficiency of 

oxygen in BaTiO^. 

Ceramics sintered in vacuum or other atmospheres could have 

certainly induced oxygen deficiency in them (18), resulting in N-type 

conduction. In our case the application of the concept of anion 

vacancies to explain the N-type conductivity does not seem to be valid. 

The ceramic was sintered in an open tube furnace. Slow heating, pro¬ 

longed exposure of the ceramic to high temperature and slow cooling, 

all done in an open atmosphere, rules out the possibility of any oxygen 

deficiency. 

BaTiO^ is very much susceptible to group elements. For 

example, antimony-doped BaTiO^ has been reported to increase the 

conductivity of BaTiO^ (21) and it has been established that such 

pentavalent impurities take substitutional positions in the lattice, 

displacing tetravalent Ti ions (21). In such an event it seems to be 

quite reasonable to conclude that each pentavalent atom would contribute 

one free electron to the crystal. 

Since our material has shown N-type conduction and the concept 

of anion vacancy cannot be applied to explain the excess conduction, 
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it was assumed that the starting material, which is not spectrographi- 

cally pure, contained some pentavalent impurities in the Ti positions. 

This assumption is justified by the experimental results explained 

below. 

The BaTiO^-SrTiOg solid solution was doped with different percent¬ 

ages of indium as I^O^. The resistivity of the material showed a 

peak with respect to the percentage indium added. This showed that 

there is an optimum doping level to obtain the maximum resistivity. 

+3 
Each In ion could accept one electron from the N-type impurity 

and thus realize electrical charge compensation in the material which 

naturally results in an increase in the resistivity. A peak in the 

resistivity at a certain percentage indium showed that electrical 

charge compensation is complete at that point and that addition of 

any more indium oxide would only contribute free carriers to decrease 

the resistivity. 

The above experiment and its interpretation can be extended to 

treat BaTiO^ as a IVth group semiconductor element like silicon or 

germanium in so far as its impurity doping behavior is concerned. 
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SECTION IV 

Conclusions 

(Ba^ 9 STQ 23) TiO^ 
mi-xe(3 with appropriate amount of indium 

oxide is a suitable ferroelectric material for the conversion of solar 

energy into electrical energy on a spinning satellite. The cold and 

hot ends of the satellite for this study should be at 30° and 60°C 

respectively. This solid solution has high RC time constant and can 

be prepared easily in the laboratory. Once the type of conduction in 

(Ba, Sr) TiOg is known by measuring the thermoelectric power, the 

resistivity can be increased by doping it with appropriate amount of 

any one of the oxides of IIIA group elements if it is ^-type or any 

one of the oxides of VA group elements if it is P-type. This method 

of enhancing the resistivity of (Ba, Sr) TiO^ has the advantage that 

the optimum doping level can be predetermined from the thermoelectric 

power and that the ferroelectric properties of (Ba, Sr) TiO^ are not 

affected by the dopant. 



-47- 

ACKNOWLDEGEMENTS 

I am gratefully indebted to my teacher and guide Professor G. C. 

Jain, without whose patronage this work would not have been possible. 

It is my duty to thank Professor Henry C. Bourne, Jr. who gave 

me the opportunity to venture into the field of Electrical Engineering. 

Professor Bourne and Professor L. E. Davis gave many useful 

suggestions for which I like to mention my deep appreciation and 

sincerest thanks. 

I am thankful to my friends Mr. J. Ken Watson, Mr. Louis H. Jacomme 

and Mr. Sunil N. Shabde who helped me in various ways on numerous 

occasions. Their criticisms, suggestions and advice have been of 

invaluable help to me. 

My thanks are due to Mr. William R. Peters, (Chief) Robert L. 

Townsend and Mr. Roy L.Hopper for cheerfully helping me in instrumentation. 

I take this opportunity to express my thanks to Mr. Richard T. 

Murphy of United States Agency for International Development, Washington 

D.C. and Dr. Pranab R. Dastidar of Atomic Energy Establishment, India 

for showing great interest in my training program in the United States. 

I wish to thank Mrs. Eileen Himes for typing this thesis. 

It was a great pleasure to spend a year in Houston - the hometown 

of hospitality. 



-48- 

REFERENCES 

1. Chapin, D. M., Fuller, C. S. and Pearson, G. L., "A new silicon 
P-N junction photocell for converting solar radiation into 
electrical power", J. Appl. Phys., 25, 676, (1954) 

2. Hoh, S. R., "Conversion of thermal to electrical energy with 
ferroelectric materials," Proc. I.E.E.E., 515, 838-845, (1963) 

3. Clingman, W. H. and Moore, R. C., Jr., "Application of ferro- 
electricity to conversion processes," J. Appl. Phys., 32-4, 675-681, 
(1961) 

4. Childress, J. D., " Application of a ferroelectric material in an 
energy conversion device," J. Appl. Phy. 33-5, 1793-1798, (1962) 

5. Jain, G. C. and McFadden, R. I., "Feasibility of energy conversion 
using BaTiOg solid solutions," Project EE 696 report, (unpublished), 

Purdue University, Larayette, Indiana (1964) 

6. ' Dekker, A. J., SOLID STATE PHYSICS, Prentice-Hall, Inc., Englewood 
Cliffs, New Jersey (1957) 

7. Jona, F. and Shirane, G., FERROELECTRIC CRYSTALS, Macmillan Co., 
New York, 1962 

8. Rushman, D. F. and Strivens, M. A., "The permittivity of polycrystals 
of the Perovskite type," Trans Faraday Soc., A42,231-238, (1946) 

9. Berlincourt, D. A., Curran, D, R., and Jaffe, H., "Piesoelectric and 
Piezomagnetic materials" in PHYSICAL ACCOUSTICS, Vol I, part A, 
Ed. Mason, W. P., Academic Press, New York, 1964 

10. Tekster-Provskuryakova, G. N., and Sheftel, I. T., "Semiconducting 
Barium and Strontium titanates with positive temperature co¬ 
efficient of resistivity," Sov. Phys-Solid State, J5, L2, 2542- 
2548 (1964) 

11. Merz, W., "The effect of hydrostatic pressure on the Curie point of 
Barium Titanate single crystals," Phys. Rev., 78, 52-54, (1950) 

12. Dungan, R. H., Kane, D. F. and Bickford, L. R., "Lattice constants 
and dielectric properties of Barium titanate-Barium stannate- 
Strontium titanate bodies," J. Am. Cer. Soc., 35^, 318-321, (1952) 

13. Megaw, H. D., FERROELECTRICITY IN CRYSTALS, Methuen and Co. Ltd., 
London, 1957 

14. Plessner, K. W., "High permittivity ceramics for capacitors" in 
Progress in Dielectrics, Vol 2, Ed. Birk, J. B., London (1960) 



-49- 

15. Forsebergh, P. W., Jr., "Piezoelectricity, Electrostriction and 
Ferroelectric!ty," in HANDBUCH DER PHYSIK, Ed. Flugge, S., 
Berlin, 1956 

16. Bozorth, R. M., FERROMAGNETISM, D. Van Nostrand Co. Inc., New York, 
1963 

17. Jain, G. C. and Ravindran, K., "Effect of impurities on ferro¬ 
electric properties of BaTiO_," Project report (unpublished), 
Purdue University, (1964) 

18. Mott, N. F., and Gurney, R. W., ELECTRONIC PROCESSES IN IONIC 
CRYSTALS, Dover Publications, Inc., New York, 2nd edition, 1948 

19. Remeika, J. P., "A method for growing Barium titanate single 
crystals," J. Am. Chem. Soc., .76, 940-941, (1954) 

20. Shirane, G., Jona, F. and Pepinsky, R., "Some aspects of 
ferroelectricity," Proc. I.R.E., 43, 12, 1738-1793, (1953) 

21. Heywang, W. and Brauer, H., "Zum Aufbau der sperrschichten in 
Kalteitendem Barium titanat," Solid State Electronics, 8, 129-135, 
(1965) 


