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SUMMARY

The growth of TGS, DTGS, TGFB and DTGFB crystals from solutions
containing Cd , Zn , Cu and Pd impurities (5 mole % level) has
resulted in improved properties of these pyroelectric materials.
Specifically, the optical quality and machinabili ty of Zn and Cd
doped crystals improved significantly. The thermal diffusivity
and specific hea t of the doped crys tals were reduced by 10% and
25%, respectively. The effectiveness of the dopants can be
classified as Cd>Cu>Zn>Pd . The evidence is clear that metal
dopings do effec t the thermal proper t ies of these crystals even
at the low concentrations incorporated into the host crystals.
Further investigations at higher doping levels of both metallic
and organic compounds are warranted . Samples of the doped
crystals were supplied .
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Dougherty , Materials Scientist, was responsib le for the elec-
trical measurements. Dr. E.H. Stupp, Senior Program Leader ,
Component and Device Research Group, consulted on device con-

siderations of the materials studied .

The program was issued by the U.S. Army Mobility Equipment

Research and Development Center , For t Belvoir , Virginia, and was
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the Contracting Officers ’ Representative for the Night Vision &
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The work described in this Final Technical Report covers the
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1. INTRODUCTION

The objective of this research program was the development and

ex perimental verification of materials having low thermal

diffusivity without degradation of the pyroelectric response

characteristics.

In a thermal imaging system using a pyroelectric vid icon , the
rate at which the generated image spreads (i.e., loss of resolu-
tion) depend s inversely on the thermal diffusivity (k) of the

target material . It is obvious that a low thermal diffusivity

imparts directly on the performance of the thermal imaging

system . Previous studies have shown that the thermal diffu—

sivity of triglycine sulfate (TGS) can be modified by impur ity
additions and growth techniques (Refs. 1—4). A recent study has

shown that deuteration of triglycine fluoroberyllate (TGFB) also

effects thermal diffusivity (Ref. 5). This data is listed in

Table 1.

TABLE 1. THERMAL DIFFUSIVITY (k) AND CURIE
TEMPERATURE OF PYROELECTRIC MATERIALS .

Curie Temp . Thermal Diffusivity

ç~ystal (°C) (cm
2/ s)  x

TGS 49 2.8
TGFB— 1 73 2.0
TGFB—2 73 2.1

DTGFB—2 75 1.7
DTGFB—2 82 3.0
DTGFB— 1 83 2.4

The desig n a t i o n  TGFB— l and TGFB— 2 means that these samples were

obtained from different sources. It is apparent that the

thermal diffusivity of TGFB is 25% lower than the standard TGS

target , both materials being undoped . The scatter of values for

k of the DTGFB samples is probably related to the history of the

sample (i.e., defect structure) and it is interesting to note

the 40% lower value for DTGFB (T
~ 

= 75°C). This sample was

11 
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known to contain a high density of crystalline defects such as

dislocations and confirms previously reported data on thermal

diffusivity (Ref. 2). It is also known that changes in domain

wall density and configuration have significant effects on

thermal diffusivi ty, and that both crystal growth conditions and
purity affect domains . For example , the incorporation of an
impurity could resul t in a crystall ine defect (high d islocation
area) thereby pinning the domain wall. In addition , recent work
with metal—doped TGS has produced crystals with shorter phonon

mean— free paths , thereby resulting in lower thermal diffusivity .

While it is not clear what effect the presence of impurities

would have on thermal diffusivity in a defect—free crystal , the

genera tion of defec ts by the impuri ty could be assumed to
contribute to the total reduction of thermal diffusivity.

The use of metal impurity doping of TGS and related materials
has demonstrated add itional effects on dielectric constant (c ),
pyroelectric coefficien t ( I t) ,  and ferroelectric Curie tempera—

ture (Ta) [Refs. 6—10] . Of special interest was the observa-

t ion that uni formi ty of impurity incorporat ion in TGS had
dramat ic ef f ects on dielec tric cons tant and pyroelectric coeff i-
cient (Ref. 10). These effects were directly related to the

crystal growth conditions (i.e., static vs. dynamic) for TGS

doped with Cd and Mn ions and are illustrated in Table 2.

TABLE 2. EFFECTS OF METAL IONS IN TGS (at 35°C).

Metal Ion Py roelectric Coefficient Dielectric Constant

_________ 
(1jCxlO

2
.cm

2
.K

1
) —________________

Cd (Static) 5.9 345
(Dy na mic) 5.0 67

Zn (Stat ic ) 5.8 1000
(Dy namic) 4.7 80

- . 

_
~~
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Impurity doping of TGS has shown that a significan t improvement
in pyroelectric vidicon performance is attainable , and indicated

a similar study of DTGS, TGFB and DTGFB could resul t in fur ther
improvements.

The goal of this program was to fur ther exploit the work identi-
fied above so as to prov ide pyroelectric target ma terials with a
reduction in thermal diffusivi ty of at least 50% over that of
pure TGS, witho’it increasing the dielectric constant nor de-

creasing the pyroelectric coefficient of the host crystal. In

part icular , TGS, DTGS, TGFB and DTGFB crystals both pure and

doped would be grown and their relevent properties measured . 

~~~~-~~~~~~~~~~- 
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2. EXPERIMENTAL

2.1 Crystal Growth of TGS, DTGS, TGFB and DTGFB

2.1.1 Preparation of Solutions

The synthesis of TGS was performed according to the reaction:

H203NH1CH2COOH + H.,S04 > (NH,CH,COOH).~ H.,S04 (1)
70°C

After -the reaction was completed , the solution was slowly cooled

to room temperature and the crystallized TGS collected for

subsequent preparation of g r o w t h  s o l u t i o n s .  In the  case of
— _ TGFB, a new synthesis procedure developed prior to this program

was employed. The synthesis is described by the reactions:

1120
Be + 4 HF > H2BeF~ + H 2 + ( 2 )

10°C

H 20
H .,BeF 4 + 3NH 2 CH 2 COOH > ( N H 2 CH 2 COOH) 3

. H
2 BeF 4 ( 3 )

7 0°C

The i n i t i a l  r e a c t i o n  (Eq . 2)  of m e t a l l i c  Be wi th  HF is hi ghly
exothermic (— .90 Kcal/mole) and it is necessary to use a con-

stant temperature bath held at 10°C. HF is added slowly over a

ten hour period . It was observed that the first reaction (Eq .

2) is actually a two step process , in which the intermediate

compound BeF2 is formed and subsequently converted to H2BeF4.
After the last reaction (Eq. 3), crystalline TGFB is obtained by

cooling the solution to 10°C. This material is subsequently

used to prepare growth solutions. One of the advantages of

using metallic Be instead of the carbonate or hydroxide corn—

poun ds is the reduction of the health hazard involved in

handling Be compounds in powder form. The most important

advantages are the strict control of stoichiometery by use of 

~
___1_~._____ . , _ 
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metallic Be and the high resulting purity. The commercially
available carbonate and hydroxide are known to contain up to
0.1% impurities and/or other Be compounds and , in addition , are
extremely hydroscopic which causes problems in handling . Table

3 lists the puri ty of the starting components used in this
program and their sources. The purity of the dopants used to
produce crystals with specific metallic i~ipurities were all in
the range of 99+% (Reagent Grade).

TABLE 3. PURITY OF STARTING MATERIALS. 

Concentration (ppm)--— 

Impur ity HF(4 8% ) (a)  
H2SO4~~~ Be~~~ Glycine~~

Al 0.05 0.01 30 ——
B — -- 1 —
Ca -- -- 20 --
Cr 0.5 —— 5 —
Cu 0.1 0.1 10 ——
Fe 0.5 0.2 25 10
Mg 0.2 — 20 — —
?4n —— —— 10 ——
Ni 0.1 — 30 — —
Si 0.5 0.5 25 ——
Pb 0.1 1.0 — 10
Zn —— -- 30 —-

(a)  HF(48% ) Mallinck rodt Transit AR Grade.
(b) H2S04 Mallinckrod t Transit AR Grade.
(C )  Be Atomergic Grade AA (99 .9+%) .
(d) Glycine MCB Hi gh Purity 99% N M

3 Free.

The preparation of the corresponding deuterated compounds DTGS

and DTGFB were performed by dissolving the appropriate salt in

99.9+% D20. The resulting growth solutions were nominally
saturated at 40°C and -rystals grown from these solutions had

deuterium concentrations as shown in Table 4. The deuteration

level of the DTGS crystals were inferred to be ‘~.‘90%, from a
comparison of their ferroelectric Curie temperatures with pure

DTGS:95%D given in Table 5. Deuteration of TGS and TGFB has a

significant effect on both electrical and physical properties of
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TABLE 4. DEUTERIUM CONCENTRATION IN
V DTGFB CRYSTALS.

Crystal ED] + 2%

~ PGFB:Cu 70
UFGFB:Zn 67
DTGFB:Cd 66
DTGFB:Pd 62

TABLE 5. EFFECTS OF DEUTERATION IN TGS AND TGFB~
11
~

( a) . . (b )
Curie Py roelectric Dielectric

Crystal ED ] T Constant Coefficient Constant

_______ 
( % )  ( °C )  (°K) 

— 
(ij Cx lO 2 .cm 2.K 1) 

_____________

TGS 0 49. 0 3780 4.13 77
D~~ S 95 61.1 2670 3.26 25
TGFB 0 73.8 2660 2.39 24
D~~ FB 70 74.7 2190 3.21 17

(a) and (b) measured at 35°C.

these crystals. Table 5 give3 a comparison of both forms of TGS

and  TGFB. I t  is c lea r  t h a t  d e u t e r a t i o n  i nc r ea se s  T and
causes  a s i g n i f i c a n t  dec rease  in d i e l e c t r i c  c o n s t a n t  ( R e f .
11).

2.1.2 Dopant Additions

Based on data previously published , the impuri ties selected for
investigation were Cu , Zn , Cd and Pd (Refs. 4,6,7,9,12,13). The

effects of Zn and Cd doping of TGS have been discussed in

Section 1. The effects of Pd doping in TGS are a large increase

in crystal  growth r a t e ,  and a marked e f f e c t  on domain s t r uc tu r e
(Ref. 9). Strong internal bias fields (4.9 ky/cm ) in TGS are

developed by Pd dop ing couple d wi th a decrease in maximum
dielectric constant (6.5 x ~~~ down to 3.1 x l0~~). In the

case of Cu doped TGS, and TGFB similar results were reported

(Refs. 4,7,13).

16
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The f o u r  hos t  c r y s t a l s ;  TGS , DTGS , TGFB and DTGFB w e re  each
grown  w i t h  Cu , Zn , Cd and Pd dopants. The initial dopari t
concentra tion in the growth solution was abou t 5 mole % based on
the  moles  of so lu te  p r e s e n t  at the  s a t u r a t i o n  t e m p e r a t ur e s
selected .

2.1.3 Crystallizers

A new type solution growth crystallizer was used for this
program . The main advantages of this unit are ; four separate
growth chambers , identical rotation rate , identical temperature
programming rates and finally four growth runs can be completed
within the time required for one single experiment using the
standard crystallizers . Figure 1 illustrates this apparatus.

.
~~~~ — • a

t

~~~~

4-

I

~~1

Figure 1. Multi—chamber solution growth crystallizer.

17 
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The temperature control of this  system is stable to ± 0 . 0 0 5 ° C .
Four complete sets of identical seed holders are used and all
seed crystals are moun ted at the same distance from the center
of rotation. This permits , usin g a single rotation speed ,
identical solution velocities to flow against the growing seed
crystal. The growth chambers were constructed of glass ( TGS
growth ) or Luci te  ( TGFB g r o w t h ) .

2.1.4 Crystal Growth

Saturation Temperature. All growth solutions were initially
saturated at approximately 40°C. The saturated solutions were
allowed to equilibrate for 96 hours in the presence of excess
solute.  Aft e r  equi l ibra t ion, the solutions were decanted into
holding tanks and the temperature increased to 60°C. The
s o l u t i o n s  were  he ld  at 50°C fo r  24 h o u r s  and t h e n  f i l t e r e d
through a 0.4 ~m milli pore filter system . The f i l t e red  solu-
tions were then allowed to cool to within 2°C of t he i r  sa tura—

• tion temperatures and loaded directly i n to  the pre—equilibrated
growth chambers containing the seed crystals.

Seed Crystals. The majority of seed crystals used for growth
were cylindrical — 15—20 mm dia. by 3 mm thick . In some
exper iments  f l a t  r ec tangular  seed plates were employed . All
seed crys ta ls  had the [010] c rys ta llographic  o r i en ta t ion  per—
pend icu la r  to the plate surface . Figure 2 i l l u s t r a t e s  a typica l
seed holder and the location of the seed crystals. Figure 3
illustrates another seed holder arrangement used , which featured
holding the seed crystal in an 0—ring . Crystals therefore grew
f rom both sides of the seed as shown .

_
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Figure 2. Typical seed holder configuration
( c yl i n d r i c a l  s e ed s )

Figure 3. 0-ring type seed holder (TGFB-Zn 9-215) 
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Crystal  Growth Parameters. The solut ion volumes used for the
various compositions grown were in the range 1.4 to 2.0 liters.

Seed rotation rates were fixed at 20 rpm (effective solution

velocity 7 cm/ s) .  One run 9—215 , had a rotat ion rate of 60 rpm .
The temperature lowering rate was i n i t i a l l y  0 .05°C/day ,  which
was increased to 0.1°C/day linearly over a 15 day period and

then held constant at 0.1°C/day.

2.2 Characterization and Property Measurements

2 .2 .1  Densi ty Determinat ions

The density of both pure and doped samples of all  crystals was
measured by Archimedes Pr inciple .  The values are est imated to
be ± 0.008. In r ega rd  to the  e f f e c t  of t e m p e r a t u r e  on the
density of these materials , previous data clearly shows that the
density of TGFB does not change significantly from 25° to 80°C
(1 .64  to 1.63 g/cm 3 ) ( R e f .  14) .

2.2.2 Dopant Concentrations

The concentra t ions  of dopants in both the growth solutions and
crystals were determined using atomic absorption spectrophoto—

metry by the  Spec t rochemica l  C o r p o r a t i o n  of F r a n k l i n  Lakes ,
N.J. The crystalline samples were dissolved in distilled water

in order to eliminate variations due to non—uniform impurity
distributions . Therefore , the reported values are average
concentrations.

2.2.3 Specific Heat

Specific heat measuremen ts were performed with a Perkin Eb mer
differen tial scanning calorimeter (Model DSC—2) capable of

operating ove r the temperature range —175°C to +725°C. The

— instrument was calibrated with both a pure ind ium standard (M.P.

429.78°K ) and single crystal sapphire for Cp measurements. The

speci f ic  heat  of each sample was measured from room temperature

20
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through their respective Curie temperatures at a constant

heating rate of 10°/mm . Sample size ranged from 10 to 30 mg.

All measurements were made in a i r .

• 2.2.4 Thermal Conductivity

Thermal conductivity measurements were made with a TC—lOO twin

standard thermal conductivity instrument manufactured by

Sparrell Engineering Corp . of Salem , Mass. The instrument

utilizes a comparison me thod for determina tion of thermal
conduc t iv i ty .  A sample of the unknown mater ial  is sandwiched
between two identical standards made from Corning Pyrex 7740

g l a s s .  A compar i son  be tween  the  thermal gradients (under

equilibrium cond itions ) in the known and unknown crystals ,

permits the thermal conductivity of the unknown to be deter—

mined.

The heat flux through any of the three stack components is g iven
by:

Q K ~ T 4A~~~~~X

where K is the thermal conduc t iv i t y ,  T the temperature  ( ° C )  and
X the sample path length (cm). If the radial heat losses are

• smal l , or uniform down the stack , the average flux passing
through the two s tandard components can be taken as equal to the
flux through the sample.

The average temperature  drop across the two s tandards  and the
sample  a re  d e t e r m i n e d  from the thermocouple outputs. The

average standard thermal conduct iv i ty  is then obtained from a
standard curve correspond ing to the variation of K with tempera-

ture for Pyrex 7740. Knowing the thickness (AX) of the sample

and of the s tandards , the ra t io  of temperature  drops across each
stack , and the thermal  conduc t iv i ty  of the standard , the thermal
conduc t iv i t y  of the sample can be calculated from :

~ 

~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~
. 

~~~~~~~~
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The samples us ed fo r  th e r m a l  con d u ct i v i ty mea su r e m en ts were
prepared , from each crystal grown , in the form of rods having

a d iamete r  15 ± 0.01 mm and lengths as long as possible (> 10

mm ). In order to conserve time and crystalline mater ial , a

pre l imina ry  s tudy was made of pure TGS in three crysta l lographic
orientations ; [1001 , [010] and [0011 . Based on the results of

these experiments, the other pure and doped crystals were all

fabricated with the rod axis parallel to the [010]

Each measurement of a data point required about 18 hours to

a t t a in  equ i l i b r ium condit ions.

2.2.5 Thermal Diffusivity

The thermal  d i f f u s i v i t y  ( k )  of the pure and doped crystals was
calculated from the relationship :

k = 
~~~~

-
~~
--- (cm 2/s) (6)

where K is the thermal  conduct iv i ty , C~ the speci f ic  heat  and
p the dens i ty  of the sample.

2.2.6 Dielectric Constant

Samples for all electrical measurem ents were cut and poli~ hed to

thicknesses of 350 to 700 ~~~ The elec trode area always
covered the  e n t i r e  sample  s u r f a c e . In a d d i t i o n , the  a spec t
ra t ios  of sample d iamete r  to th ickness  was a lways > 10 a l lowing
the use of the parallel plate approximation for capacitance .

Samples  we re  e l ec t roded  w i t h  e i t h e r  evapora t ed  gold or a i r
d ry ing  silver paste . When properly poled the dielectric and

pyroelectric properties showed no measureable difference as a

func t ion  of electrode mater ia l . Silver paste contacts were used
on the m a j o r i t y  of samples as a ma t t e r  of convenience .
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In order to properly characterize the dielectric con~;t:ant -~ t a
pyroelectric material with respect to the material’ s useL u.n - :- s~
as a vidicon target several measurement parameters ~ u s~ ~~
considered . These are:

Poling state of the sample.

Magnitude and frequency of the small signal
measuring field.

dc bias fields.

Domain wall contribution to the measured capacitance of ~~~
TGFB type mat erials appears to be si gnificant. Capa citan ce

values of samples in the electrically depoled state (~~fti r u

hysteresis loop) reduced by as much as a factor of ~0 ifter
being poled.

Therefore , to satisfy conditi on one adequately, the c ’ ~~t
.
~

should be poled until no further changes in capacita nc e ~re
observed. On removal of the poling field it should furt~~€ -r b~:
verified that no depoling occurs. Poling was accomplished an’~
verified on all of our samples before the dielectric cons~~~n~

• 
~us measured . The magnitude of the small signal m t j s u t 1 n ~ 

-

should be low in order that domain wall motion does T o~ cm-
tribute to the measured capacitance. We have observ~~i ~~~~~
fields as low as 0.06 ky/cm at 60 Hz can produce a ferroelectric

• hysteresis loop. Dielectric constants measured under thc~~
conditions will show an anomalously hi gh value of E ; ~~~~~~~~

increases are not uncommon.

;‘~e- me-]sured capacitance with a Boonton capacitance rnc -t- r. 1~~e

test si gnal for this instrumen t was 100 my compared to 500 rn V o~
1 V typical of many capacitance bridges. The frequency of our
test si gnal was 1 MHz. The higher frequency will t’~ nd to
inhibit domain wall motion since coercive fields jnc~ cu~ r~ w i t h
frequency. The dielectric constant at 1 MHz is vc-ry :loc~ to

~h~- 5 MHz value which is most characterist ic of th . d ie l c-c~~r1c
constant involved in the beam read—out efficiency of -3 v id~~con

23
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ta rget .  The dielectr ic  constant related to the production of
t he  p y r o e l e c t r i c  s i g n a l  as a low f r e q u e n c y  v a l u e  ( <  10 H z ) .
Th i s  low f r e q u e n c y  e can be most  s u i t a b l y  f o u n d by dy n a m ic
t e c h n i q u e s ( C h y n o w e t h ) .  However , a b s o l u t e  c a l i b r a t i o n  of
Chynoweth techniques is very difficult.

P y r o ele c t r i c  v i d i c o ns  a re  opera ted  w i t h  a b i a s  f i e l d  on the
target .  We have therefore  applied a dc bias field (typically

0.5  ky/cm) to the sample as the capacitance is being measured .
The bias f i e ld  has the further advantage of preventing depoling
due to thermal f l u c t u a t i o n s  or the ac test voltage.

It is clear from the above discussion that our measurements of

d i e l e c t r i c  c o n s t a n t  were  p e r f o r m e d  u n d e r  d i f f e r e n t  b o u n d ar y
conditions than those typically reported in the literature.

Most reported values of c were derived from data collected on
poled, but unbiased , samples at a frequency of 1 kHz with test

vol tages usually a factor of 5 l a r g e r  t h a n  o u r s .  We woul d
expec t the d ifferen t test cond itions to manif est themselve s
largest  near Tc where the coercive f ie ld  is approaching zero
and electrostrictive effects of bias voltages are greatest.

This has been confi rmed by our observat ions.

2.2.7 Pyroelectric Coefficients

The pyroe lec t r ic  c o e f f i c i e n t, p, is the ra te  of change  of the

spontaneous polar iza t ion, 
~
‘
~~~
‘ with  temperature , T:

- 
d P 5 d P 5 

~~~~~~~~~ 

Ip
- dT 

- 
dt dT - A (dT/d t )

where ~~ is the pyroelectric current, A is the electrode ~~~~~
and dT/dt is the hea t ing  or cooling ra te .  When a l inear  hea t .  g
rate  is used to f i n d  p, the technique is called the Byer_ Ro -~y
method .

We have  used the  B y e r — R o u n d y  technique to measure p; where

dT/dt was observed to devia te  from linearity, the exact value of

24
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dT/dt w a s  e x p l i c i t y  c a l c u l a t e d .  The r u n s  w e r e  p e r f o r m e d  on
cooling from above the Curie tempera ture , T

~ 
with a poling

field applied and maintained in order  to prevent depoling .
Contributions to I~ from conductivi ty were usually negligible.

An independent cross—check of the pyroelectric coefficients was

performed . The values of I~ were integrated from T
~ 

to room
temperature and compared to the spontaneous charge  measured  by a
Sawyer—Tower circuit. Calculation of P~ by the two methods
agreed to within 10%.

2.2.8 Hysteresis Loops

Ferroelectric hysteresis loops were measured using a modified

Sawyer—Tower circuit. From these loops , P5 an d coerc ive
f i e ld , were de te rmined .  Since the hys te res i s  loops showed
f l a t  sa tu ra t ion  arms wi th  no opening near the peak voltages , it
was not neces sary to compensa te the effec ts of linear capac i-
tance or conductance on the measured charge—voltage charac—

teristics.

25
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3. RESULTS AND DISCUSSION

3.1 Crystal Growth

A total of 24 crystal growth runs were completed during this
p r o g r a m .  A s u m m a r y  of the crystal growth is presented in

Table 6. The grown boules were typically in the 20 to 80 g

r an ge an d in  mos t cases were  free f r om  macroscop ic d e f e c ts
( i . e . ,  c r a c k s ) .  F i g u r e s  4 , 5 and 6 i l l u s t r a t e  doped g r o w n
boules of DTGS , DTGFB and TGFB. In the case of Zn doped TGFB

and DTGFB, a pronounced reduction in the susceptibility of the

crys tal’ s surf ace to hydrolyze was observed. The deuterium

con tent of the DTGFB crystals was given in Table 4. The

d e u t e r i u m  l eve l s  of the  DTGS c r y s t a l s  are estimated to be

similar to those measured in the DTGFB.

There were two s i g n i f i c a n t  problems in the growth phase of th i s
program . First , the amoun t of spurious nuclea tion (see Ta ble 6)
produced during the majority of the TGFB and DTGFB growth runs

caused severe variations in crystal growth rate. This in turn

contributed to the non—uniform d i s t r i b u t i o n  of dopant  in the

grown crystal. This problem can be eliminated by selection of a

post—saturation treatment of the growth solution. We have

r ecen t ly  demons t ra ted  t ha t  a DTGFB sa tu ra ted  so lu t ion , t rea ted

a t  6 0 ° C  f o r  24  h o u r s , had no o b s e r v a b l e  s p u r i o u s  n u c l e a t i o n

a f t e r  one month  of g r o w t h .  N o n — u n i f o r m  d i s t r i b u t i o n  of dopant

was the other growth problem . While inhomogenity of dopants was

easily observed in Cu and Pd doped crystals , the Zn and Cd

samples were colorless. In general preferential incorporation

of the colored ions was localized in the (110) growth sectors.

Figure 7 clearly illustrates this effect in Pd doped TGS. To

obtain a completely uniform doping in the TGS crystals will

require additional effort in assessment of the effects of

initial dopant concentration , pH , growth rate and seed orienta-
tion .

We fee l  t ha t  n e i t h e r  of the above problems are critical.

26 
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TABLE 6. SUMMARY OF CRYSTAL GROWTH DATA .

Depos ition
Saturation pH ~T Crystal Spurious Rate

Run No. Composition Temp. (°C) @ 20°c (°C ) Yield (g) (g) (g/9~/°C)

9 189 TGS:Cd 40.3 2.2]. 4.60 56.7 0 8.4

9189 TGS:Zn 40.7 2.25 4.60 57.4 1.0 8.3

9-189 TGS :Cu 40.3 2.22 Aborted 

10—193 TGS:Cu 40.2 2.17 6.41 65.9 2.6 7.2

9—205 TGS:Pd 40.7 2.03 1.72 28.7 0 11.9

9 2l5* TGS:Pd 40.3 2.03 5.74 23.4 0 2.9

10 193 DTGS:Cd 40.4 2.17 6.41 76.8 6.0 8.8

9 205 DTGS:Cd 40.7 2.22 1.72 20.0 35.0 19.9

9_2l5* DTGS:Cd 40.3 2.22 5.74 52.1 0.9 6.6
9—189 DTGS:CU 40.3 2.22 4.60 31.5 0 4.7

10—193 DTGS:Cu 40.3 2.20 6.41 79.3 10.1 9.7
10—193 DTGS:Zn 40.6 2.21 6.41 81.4 4.2 9.2

9—205 rYI’GS:Pd 40.7 2.07 1.72 21.3 0 8.2
9_2l5* DTGS:Pd 40.3 2.07 5.74 24.0 0.6 3.1

10—201 TGFB:Cd 37.5 2.3 4.42 50.0 28.5 11.8

10—20 1 TGFB:Cu 37.4 2.3 4.42 24.3 28.5 7.9

10—201 TGFB:Pd 37.5 2.2 4.42 34.3 28.0 9.4

10—20 1 TGFB:Zn 37.5 2.3 Aborted 
9—205 TGFB :Zn 40.7 2.3 1.72 30.5 21.0 18.6
9_215* TGFB:Zn 40.3 2.3 5.74 44.1 24.2 8.5

9— 194 DTGFS:Cu 40.5 2.0 6.04 72.1 53.0 14.7
9—194 DTGFB:Cd 40.5 2.4 6.04 67.4 43.4 13.0

9—194 DTGFB :Zn 40.4 1.9 6.04 84.2 21.2 12.5
9—194 DTGFB:Pd 40.5 2.3 6.04 72.9 24.3 11.5

* Run No. 9-215 new type seed holder.

27 



( a )  S ide  v i e w .

(b) Top view.

Figure 4. irown crystals of DTGS :Cd (9-215).
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Fig ure  7 .  Dopant  b a n d i n g  in T C S : P d .

A numbe r of in teres t ing dopant e f f ec t s  were observed in th i s
program . The growth rate , and subsequent optical quality of all

host crystals  was improved when Zn and Cd were used as dopants.
In par ticular , Zn doped TGFB g r ew  e x t r e m el y  we l l  and su bse-
quently , during fabrication of the boules into rods and slices ,

we noted marked differences (improvement) in the machinability
— of th i s  material . The same general behavior was observed for Cd
- - 1 doped crystals.

The external  morphology (crystal habit) of the doped crystals

are i l lus t ra ted  in Figures 8—11. A strong morpholog ical d istor-
tion was observed for Pd doped TGS and DTGS where growth was

predomina te ly  in the [001] . Qualitatively, the number of facets
in TGS and DTGS decrease wi th  dopants , whi le  for TGFB and DTGFB
th e num ber remain  about constant (see Table 7). The largest

change is observed for Pd doping of TGS and DTGS .

The metal  dopant concentrat ions  for both growth solution and
crystal  are l is ted in Table 8. Included in th i s  table is the

31
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Cu DTGS : Zn

DTGS : Cd DTG S : Pd

Figure 9. Morpholo gy of doped DTGS crystals.
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a). DTGFB : Cu b) DTGFB : Cd

c ) DTGFB : Zn d ) DTGFB : Pd

F i g u r e  11. Morphology  of doped DTGFB crystals.
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TABLE 7. MORPHOLOGY VARIATIONS . 

Number of Facet 
• Dopant TGS DTGS TGFB DTGFB

cu: 10 7 6 5
Zn: 10 11 3 6
Cd: 9 8 5 7
Pd: 6 6 4 5
Pure : 19 19 4 4

TABLE 8. METAL DOPANT CONCENTRATIONS .

- --Concentration(ppm)-- 
3

crystal Metal Solution Crystal k
eff 

x 10

TGS Cu 2350 35 15.0
Zn 3650 10 3.0
Cd 2900 1 0.3
Pd -- --

DTGS Cu 2900 20 7.0
Zn 3750 15 4.0
Cd 3850 0.3 0.078
Pd 4250 60 14.0

TGFB Cu 4400 30 6.8
Zn 5150 3 0.58
Cd 5900 1.5 0.25
Pd 4100 90 22.0

DTGFB Cu 4450 30 6.7
Zn 5950 5 0.84
Cd 9200 25 2.7
Pd 230 10 43.0

average e f f e c t i v e  d i s t r i b u t i o n  c o e f f i c i e n t  of the metal  which  is

the ra t io of me tal concen tr a t i o n  in the c rys tal to tha t in
solu t ion :

[M] Cke f f  [M] s 
( 8 )

The k e f f  values  are quite small and vary in some cases for a
s ing le  meta l in a s i m i l a r  crys ta l  host ( i . e . ,  l0 2 Cu. TGS and
io~~~ Cu.DTGS). This behavior can be attributed to differences

36 
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in g r o w t h  r a t e , w h i c h  in the  case of t hese  Cu doped sample s
varied by a fac tor  of two . In addi t ion the observed non—uniform
d i s t r ibu t ion  of dopant would contr ibute  an error to the actual

metal content contained in the crystal used for analysis. The

keff values given in Table 8 should only be used on a qualita-

tive basis in further dopant studies.

3.2 Densi ty

The density of the pure and doped crystals were measured using

Archimedes Principle and are good to ± 0.008. Table 9 l i s t s  the

measured values . There are no significant effects on the pure

crystal density except possibly in the case of Cu doped TGFB.

There is an appreciable increase in density upon deuteration of

TGFB which was expected . These va lues are used f or su bseq uen t

figure—of—merit calculations in Section 3.5.

TABLE 9. DENSITIES OF TGS TYPE CRYSTALS ( ±  0 .0 0 8 )  ( a t  2 5 ° C ) .

Crystal Pure Zn Cd Cu Pd

DTGFB 1.660 1.664 1.669 1.671 1.672
TGFB 1.628 —— — 1.631 1.617 1.625
TGS 1.663 1.665 1.670 1.665
DTGS — — — 1.717 ——— 1.717

3.3 Specif ic  Heat Data

The specific heat measurements on pure TGS, DTGS and DTGFB are
shown in Figure 12. The difference in C~ at 3l3°K between TGS

and DTGS is only 3%. Comparison of C~ for DTGFB and TGS ind i-

cates that DTGFB is about 22% higher. The comparison is made at

3l3°K and 335°K which represents the actual PEV operating

temperatures  for TGS and DTGFB, respectively.  It can be seen
tha t  deu te ra t ion  increases the specific heat to a minor extent.
The C~ data  for  the pure crystals (Fig. 12) are good to ± 1%.

Our va lue  of C~ for TGS at 300°K is w i t h i n  the range of values
reported in  the l i t e r a t u r e  ( R e f .  17)

Figures  13—16 summar ize  the specif ic  heat  data  for the doped

37 
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Figure 12. C data for pure TGS , DTGS , TGF band DTGFB.
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Figure 13. Effect of impurities on C~ of DTGFB ( 85% D)
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Fig ure  14. Effects of impurities on C of TGFB.
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F i g u r e  15. E f f e c t s  of i mp u r i t i e s  on C
of DTGS ( 9 0 %  D) . 
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Fig ure 16. E f f e c t s  of i m p u r i t i e s  on C of TGS .

crys ta ls .  The largest decreases in speci f ic  heat are obtained
( w i t h i n  a specific f a m i l y )  for Cd doping of DTGFB ; and in
the case of TGS and DTGS by Cu. The f e r roe lec t r i c  Cur ie

temperatures , determined from the peak of the C~ curve , show
that the larges t shif ts are found in the Pd doped samples
wh ic h is al so accompanied by a pronounced broadening of the

cu rves .

The reduction of C~ for the doped sample, which in some case s
amounts to 2 5 % ,  is probably caused by the dopants but, based
on th e re la t ive ly  low concentrations of dopants actually incor—
pora ted into these crys tals (see Tab le 8) secondary effec ts
ma y also play a role.

In general , the effective behavior of the dopants can be

classified according to Cd>Cu>Zn>Pd .

A re—measuremen t of another sample of Cu:DTGS showed an increase

in Ci,. The behavior of CE, as a function of temperature for this
new sample approx imated the curve for  Zn:DTGS .  The d i f fe r e n c e s

between the doped crys tals and pure DTGS, while being in the

40
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order  of 10—25% are s till wi thin the sca tter obta ined for
different samples taken from the same crystal . The scatter of

C~, wi thin a single doped sample was on the order of ± 15%.
This effect could be attributed to dopant inhomogenei ty and
different concentrations of bulk defects. The effect could not

be eliminated due to the small sample size used in the C~,
measurement (—40—30 mg).

3.4 Thermal Conductivity

The calibration of the thermal conductivity apparatus was

checked against  a standard sample of Corning Pyrex Type 7740.

The measured value was within 2% of t ha t  cited for the standard .

Considering all potential sources of error for this measuremen t
technique , the thermal conductivity (K) values g iven in th is
report are accurate to 5%.

Precision thermal conductivity measurements are difficult to

p e r f o r m  an d as seen in the li tera ture , values for the same
ma terial vary by as much as 50% . Table 10 l i s t s  ty p i c a l

reported values of K f o r  TGS measured along the [010] . The

close agreement of the values of references 16 and 17 with the

present study may be attributed to the fact that the same

comparat ive  measurement  t echn ique  was employed .

TABLE 10. THERMAL CONDUCTIVITY OF TGS .

(Kx lO 3cal.5 1.cm 10C 1) [010]

Temperature °C K Reference

30 1.764 (15)
1.314 (16)
1.568 ( 1)
1.36 (17)
1.24 + 0.06 Present study .

40 1.746 (15)
1.336 (16 )
1.587 ( 1)
1.23 4. 0.06 Present study.

50 1.744 (15)
1.338 ( 16)
1.22 ± 0.06 Present study.
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The variation of thermal conductivity w ith tempera ture for TGS
• and DTGFB in the [010] , is i l lus t ra ted  in Fi gure 17. Over the

tempera ture range of interes t for PEV applicat ions , K is foun d

to be essentially independent of temperature . Table 11 compares

K f o r  TGS , TGFB and  DTGFB.  I t  is clear that DTGFB has the

lower thermal conductivity .

1.50

.40 .

• 

~~~ ~.: ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~~~0O~~e DT G FB

0.90 -

0.00

I I I i ... _.. - I
20 30 40 50 60 7~, 80 90 100

TEN PER AT U RE (

Figure 17. Thermal conduc tivity of TGS
and  DT GFB , [010].

TABLE 11. COMPARISON OF THERMAL CONDUCTIVITY
FOR PURE TGS , TGFB AND DTGFB.

[010] KxlO 3
cal.s

1cm 1
°C

1 (+ 5%)

(Q&S ) (Isou~ t) (2—188 )
Temperature °C TGS TGFB DTGFB

30 1.24 1.29 1.18
35 1.24 1.28 1.17
40 1.23 1.28 1.17
45 1.22 1.26 1.16
48 1.23 1.29 1.17
53 1.22 1.29 1.16
56 1.22 1.28 1.16 
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There is another problem w i t h  comparing thermal  conduc t i v it ,
data from various sources on the sam€ m a t e r i~~1 — how were the
c r y s t a l s  g r o w n ;  p u r i t y ,  e t c .  Tab le  12 lists our measured K

values for three orientat ions .~~ I a pu ~ TGS crystal  obtained
from the Isomet Corporation . The ~~ lues  of K in the E 0 ~ 0] are

TABLE 12. THERMAL CONDUCTIVITY
OF TGS PURE ( ISOMET) .

~~ l0
3cal.s 1cm 1°C 1 Ct 5%)

• Temperature °C 1100] [0103 [001]

32 1.28 1.33 1.23
37 1.30 1.35 1.24
41 1.30 1.34 1.24
49 1.31 —— 1.25

— 8% lower  t h a n  for  a TGS obtained from Quartz & S i l i c e .  In
addi t ion , the variations of K with crystallographic orientations

are smaller than those reported by other investigators (Refs.

1,15,16,17). It is clear tha t  the K da ta  obtained during this

program should only be compared with the literature with

caution. However, becau se our crystals were all grown un de r
controlled condit ions , fabricated and measured under identical

cond itions , comparisons of our data are assumed to be relevent.

The t h e r m a l  c o n d u c t i v i t y  d a t a  fo r  the doped crystals grown

during this program were measured in only the [010] and at  35 °C .
This  was j u s t i f i e d  on the basis  of the small va r ia t ion in K w ith
orientation and the tempera ture independence of K.  Table 13

lists a complete set of data for TGS:Cd . The difference in K

be tween the [010] and [00 1] is only about 8% (Table  13) and is
temperature independent. The difference between the [001] and

[100] , which  is impor tan t  for PEV opera t ions , appears to be on
the order of 25%. Previous data obtained at Philips Labs ,

d u r i n g  PEV t u b e  o p e r a t i o n , d id  no t  show a v a r i a t i o n  f o r  t he
[0011 and [1001 o r i e n t a t i o n s .  However , it is doubtful that 25% -

v a r i a t i o n s  can be observed  d u r i n g  t u b e  o p e r a t i o n  ( R e f .  1 8 ) .
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TABLE 13. THERMAL CONDUCTIVITY OF TGS :Cd .

—3 —1 — 1 —1(KxlO cal.s cm ~~ ) +  5%

Temperature °C [010] [001] [1001

36 1.12 1.02 1.32
42 1.13 1.05 1.30
49 1.12 1.02 1.38
55 1.14 1.06 1.34
65 1.12 1.03 1.35

The thermal conductivity of all doped crystals are summarized in

Table -14.

TABLE 14. DOPED TGS TYPE CRYSTALS. SUMMARY OF
- 

- THERMAL CONDUCTIVITY MEASUREMENTS [010] 35°C.

(K.xlO 3cal.s 1cm 10C 1 (+ 5%) )

Crystal K Crystal K

TOS 1.24 TGFB 1.28
TCS:Cu 1.23 TGFB:Cu 1.23
TCS:Zn —— TGFB :Zn 1.17
TGS :Pd -— TGFB:Pd 1.20
TGS:Cd 1.12 TGFB:Cd 1.29

DTGS 1.30 DTGFB 1.18
DTGS:Cu* 1.24 DTGFB:Cu 1.12
DTGS:ZTI 1.08 DTGFB:Zn 1.10

• DTGS:Pd -- DTGFB:Pd 1.36
DTGS:Cd* 1.35 DTGFB:Cd 1.13

*small crack s parallel [010 ]

The lowest values within one family, were obtained for TGS:Cd ;

DTGS:Zn; TGFB:Zn and DTGFB:Zn. It would appear that even at the

low Zn levels in these crystals that significant reduction in K
can be achieved. Higher doping levels of Zn would prove inter—

esting and should be investigated . 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~ -- -
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3.5 Thermal D i f f u s i v i t y

The calculated values for thermal d i f f u s i v i t y  ( k )  of the doped
crystals are summarized in Table 15. The k values were calcu-
lated from Equat ion ( 3 ) .  I t is clear tha t  the Z n dopin g s of

TABLE 15. COMPARISON OF THERMAL DIFFUSIVITY
• (k) FOR DOPED TGS TYPE CRYSTALS ([010] , 35°C).

—3 2 —3 2Crystal kxlO cm Is Crystal kxlO cm /s

TGS 2.3 ±10% DTGS 2.3 ±10%
TGS:Cd 2 .4  -t #20% DTGS:Cu ~3.7

- TGS:Cu 3.0 ‘~ DTGS:Zn 2 .2  ±20%
• 

DTGS:Cd 3.5

TGFB: 2.1 +10% DTGFB 1.8 ±10%
TGFB:Cu 2.0 DTOFB CU 1.9
TGFB:Zn 1.8 1-20% 

DTGFB:Zn 1.9 +20%
TGFB:Cd 2 .2  — DTGFB:Cd 2.1 —

TGFB:Pd 2.0 DTCFB:Pd 2 , 2

TGFB and DTGS has the greatest  effect. The measurement of k, in
a PEV tube , for pure DTGFB range from 1.7 x l0~~ to 3 .0  x
l0~~ and is probably influenced by deuteration (Ref. 18).

This  v a r i a t i o n  is observed for  DTG FB c rys tals  ob ta i n e d f r o m
differ ent sources. The values of k from tubes measured at

Phi l ips  Laboratories  for pure TGS and TGFB are 2.8  x l0~~ and
2.0  x l0~~~, respect ively ( R e f .  18) .

Table 16 lists the thermal d iffusivity (k) for pure TGS obtained

from various sources and compares TGS:Cd against these values.

The evaluat ion of t h i s  data  should be restr ic ted to the d i f f e r -
ences in k between the [100] and [0 01 ] orientations , which lie
in  the  p l a n e  of PEV t a r g e t .  From the table, we see tha t k
var ies  in magn i tude  from 5 to 36% and t ha t  for one sample the
value of k increased ( + 3 6 % ) .  The reason for the large varia-
t ions observe d in k can probab ly be attributed to crys ta l

qual ity (i.e., perfection ) and crystal growth history. Our k

• data for TGS:Cu was compared with that reported by Krajewski , et

al (Ref. 19). Table 17 lists their k values for pure and

• m e t a l  doped TGS . Our k value of 3.0 , for Cu:TGS (35 ppm),
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TABLE 16. THERMAL DIFFUSIVITY* OF TGS AND TGS:Cd .

* (kxlO 3cm 2
/s)

Heiwig & Coronel & iCa j ewaki & Xrajewak l &

Orientation TGS:Cd Phi~~p~ Isolnet A1bers~
16

~ Gonza11o~
17
~ Jar0szyk~

2
~ Riad~

3
~

k
00 

2.86 2.41 2.41 2.77 2.49 2.41 4.05

k
010 2.39 2.49 2.30 2.43 2.52 2.91 3.50

k001 2.22 2.28 1.97 2.23 3.38 1.65 3.20

f100)— >[001) —22% —5 % —18% —19% +36% —31% —21%

[010)—> (001) — 7% —8% —14% — 9% —34% —44% +16%

[010)—> [100) +20% —3% + 5% +14% —0.7% —17% — 9%

TABLE 17. TH~~~~~L DIF FUSIV ITY OF PURE
AND DOPED TGS’ ‘ .

- 
— (kxlO 3cm 2/s) • -

Sample [100] (010] [001]

TGS (pure ) 3.90 3.56 3.14

TGS:Cu 3.46 3.25 2.73
l0 ppm

TGS:Cu 2.98 2.88 2.46
80 ppm

TGS:Cu 2.47 2.38 2.10
27O ppm

TGS:Cr 3.47 3.28 2.85
- I 4 ppm H

agrees well w i t h  the i r  values  for Cu dopings in the same con-
c e n t r a t i o n  r a n g e .  It should be noted that they observe an

o v e r a l l  decrease  in k , for  a l l  o r i e n t a t i o n s, of > 3 0 % .  The
e f f e c t  is d e f i n i t e l y  d e p e n d e n t  on m e t a l  ion c o n c e n t r a t i o n .

Recent data from Kra jewsk i  on organic  doping of TGS are g iven in
Table 18 only for information . It is clear that their work is
now shif ting to include organic modifiers. Another reason for
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TABLE 18. ~~ ERMA L D IFFUSIVITY OF ORGANIC
DOPED TGS~

2 
~‘ .

—3 —2 (kxl0 cm Is) 

Sample [100] [010] 1001]

TGS (pure ) 3.90 3.56 3.14

TGS:L(+)Ala nine 3.60 2.88 2.77
200 ppm

TGS:p—nitroaniline 3.98 3.62 3.24
18 ppm

TGS:o—nitroaniline 3.88 3.60 3.31
- 26 ppm

TGS:m—nitroaniline 3.78 3.45 3.17
40 ppm

this  d i rec t ion  is evident  from a recent publ ica t ion  of Eisner
(Ref. 21). He claims that aniline doping of TGS significantly

increases the pyroelectr ic  e f f e c t  in TGS by about a factor  of
2 .5 .

In summary , the sca tter of resul ts for thermal d iffus ivity are
d i s tu rb ing , however , the evidence is clear that metal dopings do
e f f e c t  th is  property — even at the low concentrat ions obtained
in th is  present study! Fur ther investiga t ions at higher  doping
levels of both meta l l i c  and organic  compounds are warrented .

3.6 Accuracy of Exper imenta l  E lec t r ica l  Data

The pyroelectr ic  coe f f i c i en t  is determined by measur ing  cu r ren t
and temperature as a function of time. The current , I~~, is

divided by the elec trode area and the graphically measure d t ime
derivative of temperature . A worst case analysis of all of the

measurement steps pred icts an absolute accuracy of ± 25% for p.
In pract ice  we have measured reproduc ib il i t es  of ± 5% for  the

same sample and ± 10% f rom sample—to—sample  for the same mate—
r ia l .

L~ 
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A s imi la r  analysis  for the d ie lec t r ic  constant gives accuracy
l imi t s  of ± 15% wi th  a precision of 5%.  Reproducibi l i t ies  of
better than 3% are rout ine .

Temperature is measured to a precision of 0 .3°C wi th  an accuracy
of 0 .5°C .  However , since our data  are necessari ly collected on
hea t ing  or cooling an addit ion temperature correction of ± 1°C
is possible due to lag errors .

Because both p and £ are rapidly changing in the vicinity of the
phase transition (7° in Fig. 18), lag errors can produce
anamolies in the p/ c ra t io tha t cou ld be not h ing more than
a r t i f a c t s .  Precise de te rmina t ion  of these e f f e c t s  is possible
but outside the scope of the present investigation.

Ferroelectric hysteresis  loops determined by oscilloscope traces
are l imi ted  to a reading accuracy of ± 5% an d an overal l accuracy
of + 25% . Reproducibi l i t ies  to better than ± 10% are rou t ine .

3.7 Pyroelectric Data

The pyroelectric coefficients for the TGS, DTGS, TGFB and DTGFB

fam ilies of crystals are shown in Figures 18 to 21, respec-

tively. The observed variations in p within a family of doped

crystals is less than ± 5% for DTGS and less than  ± 10% for  TGS ,

TGFB and DTGFB.

The data were collected on cooling ; ra tes were within the range
of 0.5°C/mm to 1.5°C/mm . As expected , the pyroelec tric -
coefficient was not dependent on the temperature rate of change.
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Figure 18. Pyroelec tric coefficient as a function
of t e m p e r a t u r e  f o r  TGS type c r y s t a l s .
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Figure 19. Pyroelectric coefficient as a function
of temperature for DTGS type crystals.
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Figure 20. Pyroelectric coefficient as a function

- 
of te m p e r a t u r e  f o r  TGFB type c ry s t a l s .
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Fig u r e  21. P y r o e l e c t r i c  c o e f f i c i e n t  as a f u n c t i o n
of tem p e r a t u r e  f o r  DTG FB type  c r y s t a l s .
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3.8 Dielectr ic  Constants

Dielectric constants as a funct ion  of temperature are g iven in
Figures 22 to 25 for the TGS, DTGS, TGFB and DTGFB f a m i l i e s ,

respectively. For temperatures removed from the v i c i n i t y  of T~
the observed va r ia t ions  of d ie lectr ic  constant w i t h i n  a f a m i ly

of crystals  is less than ± 10% .

The Curie temperatures as character ized by the peak d ie lec t r i c

constants are given in Table 19. No systematic effect of

doping on Tc is observed .

TABLE 19. SUMMARY OF CURIE TEMPERATURES
OF TGS TYPE CRYSTAL S . 

—Curie Temp. ( °C)
TGS DTGS TGFB DTGFB

Pure 49.9 57.3 73.0 73.6
Cd 50.0 —— 74.2 74.0
Cu 49.5 57.6 72.3 75.1 —

• Pd —— —— 71.6 74.2
Zn 50.0 58.5 72.7 74.2



_ _ _ _ _  TI~~~ 1T1T~~~~~~TT~~~~~~~~~~~~~

200 I l

lOS ii
Cd—lOS — — —  I/
Cu TGS — IL

- Zn T&S — - — liii
1
~~ I?~i

II

120 -

F- -

I-

/

Jii

~1’1/
//

40

0 I I I I I I I I I I I
In In In U) in

U) U) CD CD N

TEMPERATURE (CELSIUS)

Figure 22. Dielectric constant V S. temperature for

TGS family crys tals.
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Fig u re  23 .  D i e l ec t r i c  c o n s t a n t  v s .  t e mp e r a t u r e  f o r
DTGS family crystals.
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Figure 24. Dielectric constant vs. temperature for

TGFB family crys tals.
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~ DTGFB family crystals.
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3.9 Pyroelectric Efficiency

The pyroelectric efficiencies (p/c ) for doped TGS, DTGS, TGFB

• and DTGFB crystals are given in Figures 26 to 29, respectively.

For the doping levels obtained in the measured crystals pyro—

electric efficiency showed few changes. However , a few signifi-
can t anamolies were noted. The pyroelectric efficiency, as

charac terized by the ratio of the pyroelectric coefficient to
the d ielectric constant, decrease d , as expec ted , for the TGS and
DTGS crystals. However , the TGFB and DTGFB ma ter ia ls  showed an
increasing pyroelectric efficiency with temperature up to the
Curie point. These trends are clear and are well outside the
fluc tuations ( ± 10%) observed in p/c for any particular

family of materials.

The figure—of—merit for tube performance as reported by Stupp

(Ref. 5) qualitatively agree with this observation. Quantita-

tively, for the DTGFB family p/c increases by approximately 25%

between 25°C and 65°C.

Table 20 summarizes the figure—of—merit at 40°C for TGS and DTGS
and at 60°C for TGFB and DTGFB. The 25% variations observed

are wi thin the limits of the absolute accuracy but outside the
experimental varience . These results would indicate that at the

doping levels achieved in these crystals , there are no signi f i -
can t systematic effects on the pyroelectric coefficient and

dielectric constant.

The only possi b le excep t ion is the TGS family in wh ich the
pyroelectric coef f ic ient of the doped crys tals is typically
higher than samples of pure TGS (Fig. 18). However, since the
data of Figure 18 only represent five samples, the differences
between doped and undoped samples has very little statistical

significance and should be considered as suggestive.
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TABLE 20. SUMMARY OF FIGURE-OF-MERITS
OF TGS TYPE CRYSTALS.

-
~~~~~ 2 —9p/c C/cm —degree x 10

———- at 400C~~~~ ———-at 60°C 

TGS DTGS TGFB 
_____

Pure l.O0~~.l 1.50 + 14 l.90±.14 l.94±.l4
Cd 1.28+14 —— 1.72 1.75
Cu 1.28 + .l4 1.36 1.98 1.87
Pd —— — —— 1.90 1.94
Zn l.41+.14 1.61 1.71 1.94

2.5.-I D ,

TOS
Cd—TGS
Cu TGS ——
Zn TGS

2. 0.-lB

• “ 1.5.-Be N .—
------..

[ N
— - .--..

1.~~ Be

5.0.-il

0.1.00 I I I I I I I I I I I I I I I I I $~~~~~
-$

TEMPERATURE (CELSIUS)

F i g u r e  26. Pyroelectric efficiency p/C for TGS
f a m i l y  m a t e r i a l s .

59 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



~~~~~~~~~~~~~ TT~~~~~~~~~
• T~~~~~~~~~T~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-i-
~~~~

2.5.-ID ,

DIGS _ _ _ _ _ _ _ _ _ _

Zn-DIGS — - — _ __•  —
- 

~~DTGS
_

~~~~~~~_

H 7 A-r 1 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~
•
~~~~~

-
~~~~

- 
- /

1.5.-Be • -

• N _
— ----._~~~~ __ __I — —— -~~~~~ 

\

L Bs-Ba

\

5.1.—il

\ \
0.1.00, 

~~~~~~~~~ I~~~~~ 1 1 1 1  I I i  $ I ~~~~~~
L �

~~~~~~~I t  I I

TEMPERATURE (CELSIUS)

Fig u r e  27 .  P y r o el ec t r i c  e f f i c i e n c y  p/c fo r  DTGS
f a m i l y  m a t e r i a l s .

60



2.5.-lB

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

/

jl.lu
_I9

5.0.-b

0.0. 00 4- 1 I- I -4- 4— I- 1 4 1 I 1 -4- 1- 4- 1 I 4-

TEMPERATURE (CELSIUS)

Fig ure 28. Pyroelectric efficiency p/c for TGFB
family materials.
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F i g u r e  29. Pyroelectric efficiency p/c for DTGFB
family materials.
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3. 10 Spontaneous Polarization

The spontaneous polarization (P5) of the doped and pure
crystals was determined from ferroelectric hysteresis loops and

from integration of the pyroelectric current. A typical hys-

teresis loop is shown in Figure 30. Table 21 gives P~ for the
• crystals studied. Agreement between the two techniques agreed

to usually better than ± 10%.

This agreement verifies that I~, was being measured for a poled
sample. The observed fluctuations in P5 are wi thin the expec ted
accuracy . No systematic e f f e c t s  of doping  on P5 are seen.

TABLE 21.2 COMPARISON OF SPONTANEOUS POLARIZATION
- - (~&cou1/cm ) AT 24°C AS MEASURED BY TWO METHODS,

- 

I HYSTERESIS LOOPS/INTEGRATION OF PYROELECTRIC CURRENT.

TGS DTGS TGFB DTGFB

Pure 2.9/3.0±.25 3.l/3.2±.3 4.0/4.l+.4 4.0/4.l+.4
Cd 2.5/2.7 ——— 3.7/3.6 4.0/4.0
Cu L3/2.6 3.2/3.2 4.1/4.3 4.4/4.3
Pd —-— ——— 3.7/4.1 4.7/4.5
Zn 2.8/2.8 3.3/3.2 4.1/4.6 ———/4 .5

t
C
--I

N
•l-I

0
0

1

~~~~~~~

__ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Electric field

F i g u r e  30. Typ ica l  h y s t e r e s i s  loop for  TGS.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~ •~~~~~~~~~~~~~~~~~~~~~~~ • •~~~~~~~~~~~~~~~~~~~~~~~~



- 

• JiITT ~~~~~T ~~~~i~~~~~~~T 1H

4. CONCLUSIONS AND RECOMMENDATIONS

The reduction of thermal diffusivity by impurity doping, even in
the low ppm reg ion, was demonstra ted , and these resu lt s are
comparable with the literature (Refs. 19,20). In the case of

the electrical properties of these materials , variat ions were
typically on the order of 10—15%. Our measurements were

performe d under “tube ” boundary conditions (see Par. 2.2.6

and 2.2.7). Our test conditions , therefore , d i f f e r  from those
generally reported in the literature (Refs. 4,6). Sample—to—

sample variations have recently been reported (Ref. 22) for the

measurement  of p and c in TGS ; we have observed s imi la r  resu lts
for TGS. Thus, differences in pyroelectric figure—of—merit of

< 25% must be interpreted with caution . The same behavior is

also applicable to DTGS, TGFB and DTGFB. Samples of the doped

crystals were supplied .

— The electrical data presented on TGS and doped—TGS represent

a small s ta t is t ical sample (---3 of pure TGS) and , th e r e f o r e ,
have litt le statistical significance , but the results suggest

possible improvement of the figure—of—merit. It would be

advisable to grow several of the host materials (i.e., TGS and

DTGFB) from solutions of higher (—p20 mole %) impurity con—

centration and re—measure their thermal and electrical proper—

ties. Growth from these hi gh dopan t level solu t ions should
resul t in crystals with dopant levels on the order of several

hundred ppm . In addition , the large increases in p from the

substitution of organic dopants (Ref. 21) should be investi-

gated.

In v i e w  of the large variations (sample—to—sample) in pyro—

elec tric coef f ic ient, d ielec tric cons tan t and thermal d if-
fusivity in TGS, as d iscussed above , a comprehensive program to
establish a true TGS standard is required . The differences

between the properties obtained in this study and those cited in

the literature can only be qualitatively evaluated. These

d ifferences may be significant when compared wi th a reliab le
standard .
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