
r —
- - - ____ ________________

AD—A062 885 TEMPLE UNIV PHILADELPHIA PA DEPT OF CHEMISTRY F~ G 11/9MECHANISM OF PYROELECTRICITY IN POLYVINYLIDENE FLUORIDE FILMS.(U)
NOV 78 K TAKAHASHI , R E SALOMON, M N LABES DAAG29—76—$—0040

UNCLASSIFIED ARO—13268.1—C ML

‘ ‘Na._ ___ 

_ _

A ,
_ _ _  _

I 
_  

_ _ IU
END
flL~~ZO



~~
.—

~~
--

~~
-- —-

~
-
~~~~~

.—-- _.JLmi~ _~.~ — -.~ _._.___.,~~~~~
__

~~~ _—_‘~ .. _
~~~~ w

~~ Unclassified /j  ~~~~~~~~~~~~~~~~SI V CLASSIF ICATION OF THIS PAGE ~1I%.e D~~. &iS r.~~

~~~ ~~~~~~
.. 

~ READ INSTRUCTIONS
I~~~r~j I~ U S~~~~..IJRICU~ I ~~ U lUl l 

~~~~~~~ BEFORE COMPLETING FORM
I. I NUN ~~~~~

- 2. 3OVT ACCESSION NO 3. RECIPIENT S CATA* .OO NUMSER

1 3268.1
~~~~~T ___________________

lYLE (~~d SubffU.~ OF REPORT A PERIOD COV ERED

~~
Mechan 1sm of Pyroelec trici ty in Pol~vInYl idene

] 
7~Fl uori de Fl ms. ___ . ,. ._. - , -... — —-.- - - -  . .r. r pnp. n~ D~~~~nw. n rwn r N

PP..AUTHOR(.) S~~~ ONTRACT OR GRANT NUM SEN(.)oq 
~~~~ Tak~~~~~~~ 7

~ J~: ~~~~~~ ~~~~~~~~~~~~~~~
• ERFO~~~IN~ ORGANIZATION NAM E AND ADDRESS ID. PROGRAM ELEMENT. PROJECT. TASK

AR EA I WORK UNIT NUMSERSTemple Univers ity
~~~ Philadelphia , Pennsylvania 19122

It . CONTROLLING OFFICE NAME AND ADDRESS 12. REPORT DATE
U. S. Army Research Office ( / 1 ~~y r
P. 0. Box 12211 “....~~.d ...

Research Triangle Park NC 27 0 -

~
IA. MONITORING AGENCY HAM I Cant roll S Olfic.) IS. SECURITY CLASS. (of thS• vspovf)

~~ 

_ _ _ _ _ _

- Unclassified

• 
is. . 

~~~~k~~~~~
scATsoN/ oowNGRADIwG

‘ IS. DISTRIUUTION STATEM ENT (off Ala R.porl) 

c
Approved for public release; distribution unlimit .

LL.. i~ . DISTRISUTION STATEMENT (of IA. .b.Iract .nt•r.d In Block 20. Ii dSII.r.nI h~m R.porf) -

IS. SUPPLEMENTA RY MOTES
The view, opinions, and/or findings contained In this report are those of theauthor(s) and should not be construed as an official Department of the Armyposition, policy, or decision, unless so designated by other docimientatjon.

I~ . KEY WORDS (ConSMu. oi. r•v.r.. .ld. If n•c... ~~ y wd Id.nUI~. by block n.~~b.r)

Pyroelectrici ty Polar Polymers
Polyvinylidene Fluoride Films Pyroelectric Coefficients

~~~~~~~~~~~~~ Pylymers Polymeric Pyroelec tri cs

V ASSTRACT (CanIImi. an r .Ir•ø .ld. II n•c••• 17 and Identify by block .nanIse)

The objectives of this study were the exploration of the mechanism(s) of
pyroelectrici ty In polymers i n order to achieve the highest poss ib le pyroelectri
coefficients with polar polymers, a determination of whether or not polyvinylide
fluoride (PVF4~) is an optimum material In this regard, and a determination of
means of imprövlng the performances of these polymeric pyroelectrics. This repo t
contains the results of this study.

00 I 1413 EDITION OF I NOV 1~ 1 ~~~~~~ Unclassified 7 ~~~- - - •r....a .e.. .. •ee.•.ra..aa C •.s.e a . t  Ss flat



__ - _ _

~~Q~A~ ISM OF flRO ~~RICI~~ IN POL~~I~~LID~~E ~~UORIDE FIU~

4
Department of Chemistry /

Temple University

F Philadelphia, PA 19122

FINAL REPORT

November 1978

Grant No. DAAG29-76—G—0040

I

U. S. Army Research Office

Department of the Army

Research Triangle Park, NC 27709

~~~~~~~~~~~~~~~~~ a s ~j~.j.,’1&iJJi~

79 01 02 018
I- ~~~~~~—



FINAL REPORT

1. ARO PROPOSAL NUMBER: 13268C

2. PERIOD COVERED BY REPORT: October 1, 1975 through October 31, 1978

3. TITLE OF PROPOSAL: Mechanism of Pyroelectricity in Polyvinylidene

Fluoride Films

4. CONTRACT OR GRANT NUMBER: DAAG29-76-G-0040

5. NAME OF INSTITUTION: Temple University

6. AUTHOR(S) OF REPORT: K. Takahashi, R. E. Salomon and M. M. Labes

7. LIST OF MANUSCRIPTS SUBMITTED OR PUBLISHED UNDER ARO SPONSORSHIP DURING
THIS PERIOD, INCLUDING JOURNAL REFERENCES:

See Attached

8. SCIENTIFIC PERSONNEL SUPPORTED BY THIS PROJECT AND DEGREES AWARDED
DURING THIS REPORTING PERIOD:

K. Tak.ahashi —— Post Doctoral Research Associate
C. S. Bak—— Post Doctoral Research Associate

H. Lee —— Graduate Research Assistant (Ph.D , January 1978)

I

ci

• L

\___

- 

79 01 02 o i j

_ _ _ _ _  _ _ _ _ _ _ _ _  _ _ _ _ _ _ _



_ _ _ _  _____ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -

BRIEF OUTLINE OF RESEARCH FINDINGS

The objectives of this study were the exploration of the mecha-

nism(s) of pyroelectricity in polymers in order to achieve the highest

possible pyroelectric coeff icients with polar polymers, a determination of

whether or not polyvinylidene fluoride (PVF
2

) is an optimum material in this

regard, and a determination of means of improving the performances of these

polymeric pyroelectrics.

Theoretical Work

Theoretical work was done on developing three models for pyro-

electricity in polymers. The first of these deals with the rotation of rigid

cylindrical dipolar rods in a viscous fluid. The importance of this model

stems from the difficulties inherent in either the rotation of portions of a

polar chain segment or the rotation of an entire chain in the presence of a

crystalline environment created by other polymer chains. See paper (1) listed

below. This particular approach has received some support from the findings

of Kepler et al IR. G. Kepler and R. A. Anderson, J. Appi. Phys. 49, 4918

(1978)].

The second and third models deal with the possible effects that

space charge may have on pyroelectric activity. We consider the phenomena

of quadratic electrostriction and how it may interact with a space charge in

a f ilm to give a current when the quadratic electrostriction constant is

temperature dependent. Although the film itself is homogeneous, the space

charge distribution is not. Evidence for this inhomogeniety can be found in

the following references: EL. F. Hu, K. Takahashi, R. E. Salomon and M. M.

Labes, .1. Appi. Phys., to appear Feb. 1979 (see paper (8) listed below)] and
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ER. L. Peterson, C. W. Day , P. H. Cruzensky and R. J. Phelan , J. Appl. Phys.

45, 3296 (1974]. Lastly, we consider the case of an inhomogeneous film in

which the dielectric constants and thermal expansion coefficients vary with

position. See papers (2) and (3) listed below.

Pyroelectricity in PVF2-PMMA Blends

Polymer blends of PVP2 with both poly (methyl methacrylate) and

poly(vinyl fluoride) were prepared and evaluated for pyroelectric activity.

Percent crystallinity and extent of ~~, B, y and amorphous phases were evaluated

• by both x—ray diffraction and infrared spectroscopy. The correlations observed

are supportive of a dipole reorientation model for pyroelectricity. See paper

(4) listed below.

Electrode Effects on the Poling of PVF2

By analysis of steady—state current—time—voltage—temperature

relationships, it was concluded that a Richardson—Schottky process is dominant

at the high fields and temperatures typically employed in poling PVF2. Data

on pyroelectric behavior with different layer configurations and with different

electrode configurations suggest that hole injection is of major importance.

See paper (5) listed below.

Mechanistic Studies of Pyroelectricity in Polymers

Inferences as to the mechanisms of pyroelectricity in PVP2 were

made from the experimental results obtained with different layer configura-

t ions , different electrode configurations , polymer blends of PVF2 with poly—

(methyl methacrylate) and poly (vinyl fluoride) , and a copoly.er of 202

acrylonitrile—80Z vinylidene chloride (P(AN—VC 12)). The importance of the

dipole—reorientation process and hole injection during poling were both
— 3 —



~~~~
-

~~
--

~
-

~
-- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- _ _ _ _ _ _ _ _ _ _  — TT~~JLT - ~~~~~~

emphasized in the interpretation of these experiments. See paper (6) listed

below.

High Voltage Poling at Low Temperature

In “Fluorinert” and vacuum media, the thermal breakdown voltage

of PVF2 films has been greatly enhanced. The poling temperature was extended

0down to —78 C using this dielectric liquid. The results show that even at

a poling temperature of —72°C, a large pyroelectric coefficient of 2.12 nC cin 2

O
K
_i 

was obtained at a poling field of 4 x 106 Vcm ’. See paper (7) listed

below.

Frequency Dependence of Pyroelectric Current in PVP2

The frequency and temperature dependences of pyroelectric activity

in PVF2 have been studied from 1O°K to 369°K using both mechanically chopped

and steady state radiation as the heat source. From these data, thermal

diffusivity and a parameter indicating the polarization inhomogeneity were

calculated using a Fourier transform technique. The pyroelectric coefficients

were moderately temperature dependent from 1O°K to the glass transition

temperature and exhibited a T2 dependence from the glass transition tempera—

0ture to 369 K. See paper (8) listed below.

Pyroelectric Effect in Chira]. Smectic C and H Liquid Crystals (partial support)

The ferroelectric—like structure of the chiral smectic C and H

phases was confirmed by the experimental observation of a pyroelectric effect.

See paper (9) listed below.

Pyroelectric Effect in P(AN—VC12)

P(AN—VC12) shoved a small, negative pyroelectric current. A space—

charge model was invoked to help explain the negative pyroelectricity observed

•::
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in this material (which is known to trap charge very effectively). See paper

(10) listed below.

Discharge Currents in PVP2

To evaluate the nature of the processes in which trapped charge

is released, the change of discharge currents for a sample after charging at

various dc voltages was measured. The discharge characteristics after the

application of high voltages were markedly different from those obtained with

low voltages. This observation indicates that the trap states which are filled

at high voltages have a trap level distribution and detrapping rate which are

significantly different from the traps associated with low voltages. Since

this high voltage range corresponds to the onset of efficient poling, the

trap states filled during poling may play an important role in pyroelectricity.

I
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Relaxation of polar cylinders in strong electric fields*
Byung K. Oh, M. M. Labes. and R. E. Salomon
Deportment of Chemist,y. Temple UnlversAey. Philadelphia Pe.msylvai,ia 19104
(Reccived 29 October 1973)

The problem of rotation al diffusion of a polar cylinder about its long axis in an electric field has been
solved. The solutions apply to the high as well as the low field limits. The results are presented as a
(unction of a reduced time end the variable ic, which is $ measure of the ratio of mean electrical energy to
thermal energy. Asymptotic expansions are obtained for the distribution function and the fractional
polarization. The esgenvalues and even solution of a Whittaker—Hill-Ince differcntial equation have been
calculated as functions of K. Asymptotic expansions of the eigenvalue and solution of this equation Ire
givc~.

I. INTRODUCTION 
~~~~D,V’f + dl v ( af V V ) , (1)

The general theoretical problem of rotat ional diffu-
sion in the presence of external fields has a number of where D, is the general diffusion coefficient , o is the
applicat ions. Recently we studied a problem of this orientat lonal mobility, V Is the potential energy , and V
type , n~iiuely, rot4tion of polar cylinders Immersed in and V 1 bear their usual meanings. We apply Eq. (1) to
a viscous fluL l in an external electric field with the mo- the case of the polar rods In a nonpolar viscous medi-
meat normal to the cylinder axis. This two-dimension- urn. We assume that the only motion allowed for the
al problem was analyzed In a manner which provides rod is reorientation about the long axis. We further as-
numerical solutions for various values of the diffusion sume no deformat ion In the dimensions of the rod. In-
constant and electric field. By way of comparison , we troducing cylindrical coordinates we obtain from Eq. (1)note that the problem of relaxat ion of spherical dipoles
which were partially aligned in an electric field was 

~~~ D(~
1
~
f 

+ 
av0P~E .

~~ f , (2)treated by Debyet in his classic work on dielectric re- 81 ‘~89 DR
laxat ion . Since dielectric relaxation is typically studied
at fields sufficiently low so as to avoid saturation , van - where D Is the rotational diffusion coefficient , R is the
ous approximations (expansions) are made which aim- radius of the rod , v~ is the volume of the rod, P, is the
puffy the mat hematics considerably. Such approxirna- saturat ion polarization per unit volume of the rod , E is
tions are part of the Debye theory, the field acting on the dipole , and 0 is the angle between

the field and the polarization vector of the rod. At equi-Our interest in this problem stemmed from a search
for a model which might explain the phenomena of py- libnium , bf/ai=0, and! should be proportional to the
roelectricity produced In polyvinylidene fluoride (PV F1) Boltzmann factor exp( v~P0 E coso/k T) from which we

obtainwhich has been poled (maintained at a very high field at
an elevated temperature).1 The limited structural data a =DR /kT . (3)suggested to us that the phenomena might be due to the
rotation of rigid rods of crystalline PVF1 (consisting of III. DEPOLARIZATI ON
the polar planar zig—zag phase) in an apolar , amor-
phous matrix.~ The kinetics of both poling and depoling We first consider the decay of the polarization of al-

ready oriented rods. In the absence of the externalas well as the equilibrium spontaneous polarization 
field , Eq. (2) becomeswere the objects of our attention.

A search of the literature failed to reveal a general ~t = D !.C (4)81 80solution of this problem which could be applied to the
situation of high fields, I. e. , EM/ kT>>  1, where £ is The distribution function I is even and periodic:
the field, j~ Is the moment , Tia the absolute tempera- f ( 9 f l~ f ( 9 t) f ( 9 *3en 1) n = O , 1, 2, ... (5)turn, and k l~ the Boitzma.zm constant, Laurltzen and
Zwanzlg studied a two-site model for the relaxation of The initial condition Is given by
a single axis rotor in which the relaxation occurs In the
presence of a potential energy barrier, 4 Although our “(9,0) = exp(sc coal) /2w1,(gc) ,  (6)
study wag motivated by a desire to explain the pyro- where 10 (K) Is a modified Bessel function’ and
electric data obtained with PVF1, lila clear that the re .
suits are applicable to other problems such as elec- K ~ v5P0 E/ kT . (7)

tion of
II. FORMULATION OF THE PROBLEM

/(9, Or. x (e) r (s) (I)
In general, the distribution function / for a diffusion 

~~ Eq. (4) yieldsproceu occurring in the presence of an external field
• 
I 

• 

trical polarization and relaxation in strong fields. We solve Eq. (4) by separation of variables, Substttu-

is governed by the equation’ Xx (9)-A 5 cosA +B5 sinxO , (9)

The Journal of Chs,nieal Physics. Vol. 64, No. 8, 15 A9r11 197$ Copyrigis~ 0 1976 AmerIcan Institute of Phyiics 3315
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(10) l1mX~,— m 1, m = 0 , 1, 2,... (20)

Owing to the periodic boundary condit ion given by Eq. The correspondIng solution will be denoted by the super-
(5), we have script m, i.e. , C~~. It is noted that the smallest elgen-

A = ±  ,n, m= o , 1, 2,... , (11) value X = 0 leads to the equilibrium solution given by Eq.
(6), as will be shown later.

which lead s Eq. (8) to the form
Using Eq. (20), we write the distribution function as

f ( 0 , I) = A 0 +E e
_
~M h*(Am cosm0+B m sinm9) . (12) follows:

After determining the coefficIents by Incorporating Eq. f(0 , 0=1(8 , ~°)+ ~~~~ e~~~”A~ C~~ . (21)
(6) with Eq. (12), we obtain for the distribution function ut’t

f ( 0 , 1) We determine the equilibrium solutionf(9 , ’o) and the
coefficient A,, using the initial condition assumed to be

+ e 0mhhI ~(K) co sp n 8 . (13) a random distribution of dipolar axes;
2~ irI 0~g,  m.

The residual polarizat ion correspond ing to this distri- 1(9,0) = j ,  f 1(8 , 0) dO = 1 . (22)

bution function is given by
Si 

The equilibrium solution satisfies the following differ-

= f fcos8 de = [11(K)/ 10(K)] e~~t 
, (14) entla l equation:

which shows that decay of polarization from the ecpai- d 5f ( e~°°) +Ic if(0 , Øo ) sino=0 , (23)
libnium state is a first order rate process. dO dO

IV POLARIZATION 
obtained by letting A = 0  In Eq. (16). Its even solution
which we are Interested In Is nothing but Eq. (6). To

Let us now consider the solution of Eq. (2) which determine the coefficient A,, we use m c c ’s normaliza-
deals with the polarization of Initially unpoled sample. tion condition for C?~ given by
As before , we solve the differential equation by separa-
tion of variables; substitution of Eq. (8) into Eq. (2) ~~ a ’11 1, m > ~ 1 (24)
yields

- -DI.~~ ~, and the following orthogonality,
~l5,

i p SI

d ’X dx ‘ ‘
~~
°“ “‘ Ct  d

+Ksi nO ~~~~
. ÷ (A 1+sc cos0)X..0. (16) W “~ -z

If we let 0 = 2x , Eq. (16) becomes a Whittaker—Hill—Ince 6,,,, ( 1)” a .”’a ,.(1..,,. +I ,,..,,) , (25)
differential equatlon~~’ (i. e. , p = — 2, ~ = 2K , and ,

~ 
= 4A’ n~ ~ 1

in the standard notations). However , the solution cor- where 6 ,,,, Is the Kronecker delta. This orthogonality
responding to the present problem , I. e. , p = — 2, is not can be proven using Eq. (16) and the perlodicity of C~~.
available in the literature. Letting f = 0  In Eq. (21) and applying Eqs. (24) and (25)

to It , we obtain the following result for A , :
Following Ince , we denote the even and odd solut ions

by C4(9 , K) and S.,(e, K), respectively; A ,, =
— (26)

C_1( 0,K) =~~~ a , (K) cosn8 , (17) -1
Z~~~~~(— 1) hb a 141~.( ~~ (—

S~ (O ,K) =~~~ b,,(K) sinnO . (18) “

Thus, the distribution functIon given by Eq. (21)
Since by assumption f ( 9, 1) should be even and have the takes the form
periodicity of 2r , we need only the even solution. Sub- 1 ,
stitutlng Eq. (17) Into Eq. (16) and gathering terms hay- 1(0 , i) =1. j e~”°’ + 2L e~°uI.tZ, C~~)  . (27)
Ing the same value of coMae), we obtain the following
recurrence relation between the coefficients a,,; Before going further it is interesting to observe from

Eqs. (22) and (27) that

(19) I ,,=— ~~~ a ,,Z,,,. (28)

,,a,1+( A’—,I ’)( 2/g)a,,—na,,,1s0 , s~~2 .  When ir is small, Eq. (27) becomes
Notice that 5 = 0, 11 A * 0. Eigenvalues A which satisfy 1the above recurrence relation give periodic solutions. f(0 ,0~~~~

[ 1+ K ( l_ e
~~

)CO59]+0( K ’) , (29)
It Is customary to arrange A according to the limiting
behaviors at *t— 0 . That is, f rom Eq. (16) we can show where use has been made of the asymptotes of C~ and
that A~, given by

J. Oum. Phys., Vol. 64, No. 8, 15 April 1976
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(34)

for Eq. (2) In the three-dimensional case. When ir—~°,
Eq. (33) reduces to the form

~~~~~~~~~~~~~~~~~~~~~ (-. ) “a ’), (35)

- 

which Is comparable to the well-known Debye solution’

2 
~~

for which we have used the fact that I ,(sc) depends only
on i ra s ,c— ~~.

One of the obvious applications of the present work is
in the calculation of the frequency dependence of non-

- 

~~~~~~~~~~~~~~~~~~~~~~~~ application is the calculation of the time needed to
linear dielectrics which conform to this model. Another

0 5 10 15 achieve a specific polarization In pyroelectric polymers.
k Unfortunately, to make such a calculation one must

have a knowledge of the temperature dependence of the
FIG. 1. Coefficients a~~(K) of the Ince polynomial C.?(K, B) vs rotational diffusion coefficient as well as the rod (crys-
ic for several values of m and ~~. tallite) dimensions, both of which are not available at

this moment.

K( 
111+ 1 m — 1 . ) APPENDIX A: ASYMPTOTIC EXPANSIONS OF C~’3(8 ,g)C~~= cosmO÷— cos m + 1)9 + co~~m 1)82 2 r n + 1  2 m — l  AND X~, (.c) FOR SMALL K

ic *(rn + 2 in -.2 
M m  — 2)e)+... 

For this purpose it is most convenient to introduce
‘ 16 2 cos(rn +2)+ co another normalization condit ion that the coefficient a:’i n +l  2 m — 1

(30) of c~ is taken as unity. We then make the following
in s perturbation expansions of C~ and A~, :A~,=in 2 + 8 5 2 K 2 + ’ ’ ’  

C~~= cosm O+irf 1+ir 5f5 +... , (Al)
The derivation is shown In Appendix A. When K IS not = in 2 + icc, + K +... , (A2)
too small, we need to know the elgenvalues and coef-
ficients as functions of ic and in . As pointed out pre- where!, and c1 are the expansion coefficients. Sub-
viously, the case in = 0 gives the equilibrium solution stituting the above two equations into Eq. (16) and gath-
given by Eq. (6). When m ~ 1, the recurrence formula ering terms having the same powers of ir , we arrived at
given by Eq. (19) becomes (i tf

(A 2 — l ) ( 2/,c)a1— a 2 =0 (32) 
ic ;  -~~.1+ ,n2f 1 =— -k [ (m + 1 ) cos(m+ l)9

a ,,..,+ [ ( x 2 —n 2) / nJ (2/ i r) a ,,—a ,,,, =o , n~~2. 
‘—(in — 1)cos(,n—1)9+2c,cosniO) , (AS)

Since this is a three-term recurrence formula, we may K 2; + in = — [c 1 cosm9 +f ,( c 1 + cosmO)
solve it numerically using the continued fraction meth-
od developed for MathIeu’s function. tO The detailed + (df, / de)  sln8] . (A4)
procedure has been described in Appendix B. We have
summarized the results In Table I and FIg. 1, which
show the elgenvalues and the first few o ’, respectively.
Notice from Table I that for ,c< 10 the asymptotic cx- 

I-
presston given by Eq. (31) becomes quite good. We al-
so note from Fig. 1 that a ’— 6 ,,,,, as ir— 0.

Finally, the fractional polarization corresponding to
the distribution function given by Eq. (27) takes the
form

cosO = (I i/I o) (1÷E e~’”~ s *(a ~ /I t) z .) .  (33)
-SI

In Table II we have presented values of the coefficients
(a ,“/11)Z_. In Fig. 2 we have plotted coaO as a function
of the reduced time, DI, for several values of K. Since
the scaling factor of the abscissa is D, the average po- I I
larization depends strongly on D and Increases as D da- 0 0.5 1.0 1.5H-- creases. Di

When ir Is small, Eq. (29) yields the following exprea- y~~. a. PracUo~ai polarization ~~~l as functions of a reduced
sin for 

~~~~~~~~ time Dt kir several valuss of K.

J. chew. Phys., Vol. 64, No. 9, 15 Apr11 1976 
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TABLE 1. Eigenvalues A~,(ic) c- . Eq. (16>.

in cuil.0 g=2 .0 ui3,0 ic=4,0

1 1.16549653 1.64736539 2.39819200 3.33421380 4.35503251
2 4 .13375275 4.54058837 5.24051706 6.27057315 7.66286492
3 9.12877537 9.51757750 1.01740608+1 1.111186224 1 1.2352509:1 1
4 1.61271021 I 1 1.65098299-’ 1 1.71524814+1 1.80623456 ’ 1 1.92499.121 - i 1
8 2.51263391 1 2.55062757 I 1 2.61425761 4 1 2.70398818 1 2.820-17668 +

6 3.61259276-~ 1 3.65043525 +1 3.71372041+1 3.80277078-i l 3.91804042+]
7 4.91256804÷1 4.95031953+1 5.01339662+1 5.10203664+1 5.216572804 1
8 6.41255204+1 6.45024452+1 6.51318649 +- i 7.02219026+1 7.21558434~ 1
9 8.11254109+1 8.15019314 +1 8.21304243+1 8.30123288÷1 8.41496619+1
10 1.00125332 +2 1.00501564+2 1.01129393÷2 1.02009988 +2 1.03144983+2

,n K~~6.0 ic=7. 0 ic=8 .0 x=9.0 ic lO.0

1 5.39012510 6.41609316 7.43276834 8.44375039 9.45147505
2 9.39411012 1.13673096÷1 1.34539231+1 1.55565222+1 1.76368774*1
3 1.39287201+1 1.58841422+1 1.82524014+1 2.10098415+1 2.405145394 1
4 2.07295110+1 2.25200645+1 2.46475511 + 1 2.71486348 + 1 3.00669391 4 1
5 2,96458423+1 3.13739441 +1 3,34024722÷1 3.57480333+1 3.84316948+1

6 4 .06011824+1 4,22973365÷ 1 4.42776599 +1 4.65525978+1 4.91344973+1
7 5.35743556+ 1 5.52515473+1 5.72036304+1 5,94380156+1 6.19632801+1
8 6.85569545+1 7.02219026+1 7.21558434+1 7.43643635 +1 7.68538708÷1
9 8.55450212+1 8.72015896+1 8.91231432+1 9.13140621+1 9.37793475÷1
10 1.045:16481+2 1.06187058+2 1.08099766+2 1.10278138+2 1.12726199+2

,,, k=11 .0 ,c=12.0 K=13.0 .c=14.0 K 15.0

1 1.045723954 1 1.14617334+ 1 1.24653489÷ 1 1.34683273÷ 1 1.44708267+ 1
2 1.96935409+1 2.17339618 +1 2.37641534 +1 2.57877263+1 2.78067673+]
3 2,72302238- il 3.04264732+1 3.37641534 +1 3.67062649+1 3.97956681+1
1 :1.34391208-f l 3.72426965+ 2 4. 13691790 +1 4 .56574555-’ 1 4.9967251341
5 4.14813143 -’ 1 4.493-16275-F l 4.88383911+1 5.32295746+1 5.80900287+1

6 5.20386296+1 5.52809378+1 5.88854110+1 6.28804784+1 6.73050476÷1
7 6.47892928÷1 6.79274048+1 7.13907438+1 7.51946912+1 7.9357695741
8 7.96316446÷1 8.27059083+1 8.60859327÷1 8.9782183541 9.38065379+1
9 9.65246449+1 9.95562774+1 1.02881291+2 1.06507519+2 1.20443664+2
10 1.15448474+2 1.18450009 + 2 1.21736395+2 1.25313792+2 1.29188976+2

Solut ion of Eq. (A3) takes the form coefficients d of coan8 In the above equation are re-
latecl to those from Ince’s as follows,m + l  i n — i1, = cos(m + 1)8 + cos( m — 1)0 , (A5)2(2m ÷ l) 2(2m — 1) 

A c— ~~~~ s .
ii, L.., s — a,,,

c, = 0 .  (AG )
the conversion factor a takes the form according toSubstituting these Into Eq. (A4) and solving the resultant 
~ (B7)equation , we get

•, K 2 1/ m+l’12 f i n — i  \~1
ía lG(2ni + i) cos(ni ÷ 2)8 + 12(2 1) cos(iii — 2)0 , (A7) a ,,, 1 

8I.~i.2m+ 1) ‘k2m — i) j~ 
O(ic ) . (A12)

2 It is noted that the elgenvalues given by Eq. (MO) are
e 2= 2(4m 5 — 1) 

(A8) independent of normalization conditions.

Accordingly, the asymptotic expansions of C~ and X~, APPENDIX B: CALCULATION OF THE EIGENVALUES
take the forms AND COEFFICIENTS OF C~’2 (8 ,ic)

— ic/ rn  + I in — 1 We next consider the numerical evaluation of theC..,= cosm0 +—i cos(m÷ 1)0+ co s (m— 1)9,2~2m + 1 2m — 1 / eigenvalues ~ for a given ic. The technique is very
similar to that for Mathteu’s equation. ’° We rewrite

,c’/ m+2  m — 2  Eq. (32) as
, cos(m+ 2)0 + ,, cos ( m— 2)0J + . . .  ,

~ ~.m+1 Sm— /

(A9) Un ui
l () ,u/,, u~+( ~/S,,) u , (Bl)

A
~~

=ifl 2 + 
~ 

ic 2 +- . ’~ . (AlO) where8m — 2

Conversion of Eq. (A9) to m c c ’s Is simple. Since the u,,=a _/ a,,..~ . (B2)
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TABLE 11. CoefficIents (i4’/I j ) Z,, in Eq. (33).

in K 1.O 11 2.0 11=3.0 ic=4.0

1 —1.01539267 +- UI) —1.07605419+00 —1.20501604 + 00 — 1. 39233573+00 —1.57689055+00
2 1.54508123—02 7.72315963—02 2.12561871—01 4.21143613—01 6.57084994—01
3 —5.82401371—05 —2.18547184 —03 —7.66349381 —03 — 2 .96223394 —02 — 8 . 38629686—02
4 9.91503380—08 8.10107679—06 1.18696410—04 8.27199881—05 3.75916995—03
5 —9.56631225— 11 —3.13001576 —08 — 1.03429258 — 06 —1 .28693695—05 —9 .20589529—05

6 5.93035995—14 7.76513587—11 5.77901092—09 1.28060413—07 1.43563253—06
7 —2.55888513—17 — 1.34053930—13 —2.  24581624 — II —8.85-199134 —10 —1. 55333619—08
8 8.12374728—21 1.70255095—16 6.41934174—14 4 .50179728—12 1.23487894—10
9 —1.97651747 — 24 — 1.65705469—19 —1.40597167 — 16 —1.75335479—14 —7. 51846271—13
10 3.80222767 — 28 1.27512732—22 2.43454479— 19 5.39838587—17 3.61800356—15

‘ii ic= 6.0 11=7.0 11=8.0 .c=9 .0 ~=10.0

1 — 1.70531750 + 00 —1.78001621-’ 00 —1.82381129+00 —1.85200954 -i 00 — 1. 87189643+00
2 8.82363872—01 1.09892643 + 00 1.29723528 + 00 1.45013449 + 00 1.55272066+00
3 — 1.89486756 —0 1 — 3 .53221800—01 —5.53652660—0 1 —7.59921005—01 —9. 61699435—01
4 1.289034 56— 02 3.60445531—02 8.57430616—02 1.76876033—01 3.17187185—01
5 —4.60183616—04 —1 .78714884 —03 —5.74298086—03 —1.58862683-.02 —3.87795806—02

6 1.03837584 —05 5.52957348—05 2.34681150—04 8.35260890—04 2.57979310 — 03
7 — 1.62157472—07 —1. 17945638—06 —6.57159739 — 06 —2.98183210—05 —1.14864129—04
8 1.85864752—09 1.84351943—08 1.34523998—09 7.75491106 —07 3.70742643—06
9 — 1.63072408 —11 — 2 .20394175 — 10 — 2 .10389028—09 —1.53839054—08 —9.10725253—08
10 1.13052653 — 13 2.08108860—12 2.59731823— 11 2.40696999 — 10 1.76244931—09

In 11 11.0 K’~12.0 1 1 13.0 ic”14.0 11=15.0

1 —1.88684699 +00 —1.89857480÷00 —1.90805277÷00 —1.91588550+00 —1.92247370 + 00
2 1. 62033535+00 1.66765596 + 00 1.70343064 + 00 1.73055325 + 00 1.76107077+00
3 —1.15003841 + 00 —i. :10375961 + U0 —1. 41391392+00 —1 .49005696÷00 —1. 54497113+00
-! -l.~1I54-I9-l7—01 6.81378644—01 8.73134098 —01 1.05155858 + 00 1.20493475+00
5 —8.47045266—02 —1.661-18136—01 —2,90975940—01 —1 .51884769—01 —6.29042109—01

6 7.07977945—03 1.75465284—02 3.96895870—02 8.23148599—02 1.56415731—01
7 — 3 .86832935—04 —1 .16341631—03 —3 .17416209—03 —7 .94427706—03 — 1. 83827295—02
8 1.52148683—05 5.49714654—05 1.78210190 — 04 5.25756357 — 04 1.42240970—03
9 —4 .54061914 — 07 —1. 96268446 —06 —7.51847609—06 —2 .59500108—05 —8.08269003—05
10 1. 06587027—08 5.50063270 — 08 2 .48312603 —07 9. 99157322—07 3. 53516260—06

Repeated application of Eq. (Bl) yields an infinite con- Then, defining the function G,, as follows
tinued fraction which is convergent accordi’lg to the
rule given by Perron. ” We write the Nth convergent = i — 

~

———
~~~~~

. + + EN.,,; n ~ 2, (DO)
of u,, as follows:

we see that G,, will be zero for A = A ,,,. We now describe
ic/2 _ (~~, )2/(~~~ 1)n (4, c) 2/ n(n + 1) the procedure of calculating A ,,. We first specify no .

1 — ( x5/ n9+ 1 — [ X ’/ (n + 1)1+ We let n m +1 and choose an appropriate N value.

~ 5/ (N + n — I) (N + ) Using an approximate A ,, we calculate E N.,,,., and F,,,,1
EN.,, . (B3) from Eqs. (B3) and (B5) followed by the calculation of1—[A 2/(N+ n)i G,,,~1 accord ing to Eq. (B6). If G ,,,1>0, we increase the

We can also write Eq. (91) into the following finite Initial A,,,. If C ,,,, <0 , we decrease it. We continu.
this until we find a A ,, value which gives C,,,, =0 wIthincontinued fraction , the tolerance preset. For a given ic we can find the

(.c/2) 
______  

inItial A,, as follows: When ic is smaller than 5, Eq.
— 

(n — i) U,,= 1 — 
— 

— ~, c/ [( n — 2)u,,.,J (Alo) Is quite good. We gradually increase ic and find
approximate A,, by extrapolating the A,,, values already

= 1—
~~~~ 

+ F,,; (~ 4) determined for smaller ic’s.

~~
. (~ .c)’/ (n — l)(n —2) (4ic)’/(n — 2Hn —3) To calculate the coefficients aT, a’ ,..  .wi th the re-- i — [Jt ~/ (n  — 2)’I+ 1 — [A ’/ (n — 3)’] + sultant A ,, we first cA.otain ii , using Eqs. (93) for 1 >m

and Eq. (94) for I -’z m , respectively , and then obtain
I — ( A ’/4)+ ~~ — A (B5) the coefficients using Eq. (B2). In this way we can

avoid heavy cancellations which might occur if we use
with 7,.. 0. the recurrence relation given by Eq. (33) dIrectly. We
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Space charge, therma l expansion , and pyroelectriclty in
polymers

A. E. Salomon. H. Lee, C. S. Bak, and M. M. Labes
Dep ortment of Chem.sl’y. Temp le University. Philadelp hia , Pennsylvania 19122
(Received 2 February l976; in fInal form l7 May 1976)

The nonlinear thermal expansion of an insulating film containing trapped space charge leads to a

reversible pyroelectric current . A general expression for the pyroelectnc coefficient of such a system which

also includes a contribution from a nonuniform dielectric constant is derived . A simplifIed expression

applicable to insulators with small gradients is also derived and used to make an order.o(.magnitude

estimate of the pyroelectric coefficient of PVF,.

PACS numbers: S2.50.Nv , 77.70 +a. 65.7O.+y

The role of trapped space charge on the pyroelectric ed. We shall now explore the effects that these gradients

currents observed in polymers such as polyvinylidene can have on the reversible pyroelectric activity of mat-

fluoride (PVF~) is difficult to assess although some erial which also contains frozen space charge.
workers have suggested that trapped charge plays a role
In pyroelectricit? and piezoelectricit? in this material We let x represent position in the film at a reference

as well as in other polymers. ° One can show that a uni- temperature T0 and let x represent the position of the

for m thermal expansion of the lattice in the thickness same point In the film after thermal expansion due I

direction in a material containing trapped space charge the temperature change ~ T. The relation between x

does not lead to any pyroelectric current even if the and x is

space-charge distribution is highly asymmetric. x = x + A Tf 0  a (x) dx , (1)

In the following we shall consider the thermal expan-
sion only In the thickness direction of the thin films where a(x) is the linear coefficient of thermal expansion.

which are used in pyroelectric and piezoelectric expert- Using the symbols C, E, and p to represent the dielec-

ments. To show that a uniform thermal expansion of a tric constant, electric field , and space-charge density,

material containing frozen space charge, i. e., space respectively, we write Poisson’s equation in one dl-

charge bound to the lattice or in deep traps does not mension as
lead to pyroelectnicity, one sets up Poisson’s equation d(cE
and calculates the surface charge density necessary to —~~r- = P (X ’) .  (2)

maintain a vanishing potential differenc e across the
sample. It is found that this surface charge density I. The pyroelectric current is typically measured under

invariant to expansions or contractions which do not din- conditions of zero potential difference across the film

tort the space charge as long as the potential difference and hence -

across the sample is maintained at a zero value. Con-
versely, distortive transformations will indeed lead to f E(x ’) dx’ =0, (3)

pyroelectric currents and if these dIstortions are ther-
mally reversible, then they will lead to reversible pyro- where L is the film thickness at T= T, + ~ T. Using the

electric currents of the type observed In PVTa.’ superscript zero to denote conditions at T T, we write
for the condition of a frozen space charge

La a previous work5 we have shown that the finite tern-
perature dependence of the quadratic electroetriction p( x’) dx’ = p °(x) dx. (4)

does lead to a finite reversible pyroelectric current In
a homogeneous sample with an asymmetric space-charge In the following we assume A T is small and therefore

distribution. Quadratic electrostri.~tion, although ~8g.. the dielectric constant can be expressed as the sum of

ven al, is a rather weak effect,’ and hence Is not ex- a temperature-Independent part and a temperature-

pected to be of particular importance in accounting for dependent part which is proportional to AT.  In passing

the rather large pyroelectric coefficients (4 X 10 ’C/ we note that there Is a relation, although not a direct

cm’°C) found in PVF,.’ one, between the dielectric constant and the thermal-
expansion coefficient. We allow both parts of the di-

Polymer films, by the very nature of their fabnica- electric constant to vary with position. We therefore
tion, may be expected to be far from homogeneous in write
their physical properties. Without extensive discussions = + ~ T
of the causes of this lack of b~mogeneity, we tempora- 

(~ C S X . 5

nily assume that a gradient In various properties may It is convenient to regard the film at x 0 as fixed In
• exist across the film. In particular we consider a pa- space, i.e., clamped at x =0 only. The variation of the

dient in both the linear coefficient of thermal expansion surface charge with time at x = 0 can then be taken as
and dielectric constant in the thickness direction. En - the pyroelectric current. At other points we have a co-
dence for nonuniformity in other properties of Pit?,, ordinate system that moves with temperature and this
such as the polarization, have previously been report- would complicate the calculation of the displacement
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current. We emphasize that the current we consider is in p and hence, if we express p° In power-series form,
entirely displacive in origin. In the subsequent calcula- namely,
tion we shall require the quantity c0E0, which for small
AT may be expressed as P ° 1_, C~(x/ L ,) ”, (15)

“ .0
( ,E,= C~E~ + vAT, (6)

then we may evaluate each term and Its contribution towhere the subscript zero denotes x = 0 and V Is the py ro- the pyroelectric coefficient independently. The resultelectric coefficient. The solution of these equations be— to first order In ~ Isgins by Integrating Eq. (2) between zero and x’. Equa-
tions (5) and (6) are then incorporated into the integrated
form of Eq. (2) which leads to v = — ~Lo(~~c S + a o ci* _ ...

) 2i C.~., (16)

(7) where— (‘(X) + O(x)AT

Noting from Eq. (1) that j

dx ’=dx[l + a(x)ATJ (8) ~~~~~~~~~~~~~~~ (17)

we combine Eqs. (3), (4), (7), and (8) and obtain a vanish- For these small gradients Eq. (16) tells us the follow-
ing power series in AT. Setting the constant term and ing. U a’ = 0, i. e., no gradient in the coefficient of ox-
the term linear in AT to zero separately, we obtain two pansion, then a pyroelectric effect is possible provided
new equations. The first Is that both the dielectric constant is temperature depen-

Eg€~= 
_~f f ) (  

i~~
0 dx ~ dent (a0 *O) and that there be a gradient in either the

(9) temperature-dependent or temperature-independent part
of the dielectric constant . To be noted Is the fact that

and the second is not only the magnitude of the space charge, but Its din-
ft 0 dx \ ~ trIbution within the film , determines the magnitude of

v= (_ f ° ~ (x) f p°(v) dx+E 00Cg dx) (i
~ ~~~~~~ 

, the pyroelectric coefficient. From Eqs. (16) and (17)
0 one sees that a uniform space charge (coupled with Us-

(10) ear variations in the dielectric and thermal-expansion
constants) leads to a maximu m pyroelectric coefficient.where
Although Eq. (16) suggests that the pyroelectric coeffi-

a(x ) a(x) (11) cient should increase with film thickness, the nonuni-
formity In the space-charge distribution may also in-

Let us first consider the especially simple case where crease with increasing film thickness and this could
the dielectric constant is invariant with respect to space override or simply nullify the advantages of a thicker
and temperature. In this case the pyroelectric coeff i- film.
cleat is written Because of the large number of attendant assumptions

I t 0 a(x) in Eq. (16), we will not attempt a calculation of the pyro-
— 

0 ~~~~~~~ electric coefficient of a poled polymer. In the case of
/ 1 0 p °(x’~ d

~
.dx) 

PVF,, sufficient data are available, however, to permit
dx . (12) an order-of-magnitude estimate of V. The space-chargex( J p°(x) dx — L0 ~ 0 distribution has not, however, been determined for this~~ 0

From Eq. (12) it Is apparent that V is zero if a is con- material and hence one can only estimate the space
stant In space. charge as of the same order of magnitude as that pro-

duced in other insulating polymers. For example,It is of some Interest to compare the contributions Monteith’ found t rapped-electron densities of the orderthat ç a, p, and their gradients make to the magnitude of 1015/cm’ in Mylar Irradiated with a nonpenet ratingof the pyroelectric coefficients. A method we use to electron beam. Seivatzt° using a Townsend dischargeevaluate these relative contributions is a method of his- method produced trapped-electron densities of 101 /cm’.ear variation where the gradients are small. Thus we Of particular interes t here is the finding of a space-write charge depth of penetration of a few microns at fields
= c ( 1  + c’ ~ x/L,), (13) of 10’ V/cm. A detailed description of the related work

on M~j 1ar Is given by Creswell and Pen man.’1 In Teflon,where ~ Is a parameter allowed to go from zero (no on the other hand, Sesslert’ reports trapped-electrongradient) to unity (full gradient). ( C E / L 0 is of course densities of the order of 10”/cm’. Accordingly we shallthe gradient in °(x). The conclusions reached in the take a value of i0~ electrons/cm’ as applicable tofollowing analysis are strictly valid only for the tYPe of strongly poled PVF5. If we now assume equal gradientsgradients described . The corresponding equations for in the temperature-dependent and temperature-inde-a(x) and a(x) are pendent parts of the dielectric constant and further take
a(x) = a,(i + a’~ x/L~), the change in the thermal-expansion coefficient as 10%(14) from one end of the film to the other, then using thea(x) = a0(1 + a’ ~ x/L 0) . value of 2 x 10” T’1 as the linear coefficient of thermal

Inspection of Eqs. (9) and (10) reveals that ) Is linear expansion, 1$ we calculate a pyroelectnic coefficient in
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a 6- ~m film ut 1.6 x 1~~*3 C/cm’ °C. The assumption of (unknown) spuce-charge distribution is required . Ex-
equal gradients In the temperature-dependent and tern- periments are underway to elucidate the trapping cha-
perature- independent parts of the dielectric constant Is racterIatic~ of PVF,, but at this writing, the mechanism
not crucial since the entire temperature dependence of ‘ (or mechanisms) of pyroelectricity in PVF, is not fully
the dielectric constant of PVF, is only about 104°C ’. ““ understood .

This estimate of the pyroelectrlc coefficient of 10 ” This work was supported by the U.S. Army Research
C/cmbo C Is four orders of magnitude lower than the Office under Grant No, DAAG29-76-G-0040.
measured pyroelectric coefficient in PVF,. We have
some experimental indication” that the trapped-electron
density In PVF~ may be ‘IO”/cm’, and Ionic trapped 1G . Pfister , M. Abkowttz , and R .G ,  Crystal , J. AppI . Phys.

44 , 2064 0 973).cha rge might also contribute to the pyroelectric coeffi- 2T ~~~~~~~ Y. UemaPau , K . Asakawa , and V. Wads, J.d ent; nevertheless, it is unlikely that these modifica- Appi . ~~iym . Set. 12 , 2675 (1966).tiona would lead to a prediction of ‘~ of is ” . Thus a 2A .W. Stephens, A .W. i.evine , J. Fech , Jr. , T.J. Z rebiec,space-charge mechanism seems unlikely unless a pecu- A .V . Caftero , and A .M . Garofalo , Thin ~bltd Films 24 , 361
liar distribution of this charge, or a particularly ad- (1914).
ventltlous case of the more general Eq. (10) Is involved . 1H . B1i I~k~I’d and C.. l’flstcr , J. Appi, l’hys. 46, 3360 0974),

S
L F. Salomon . )0 .K . Oh , and M. M. Lahea , J. Chem. Phys.

The more frequently Invoked mechanism07 ’1’ for pyro- 64, 3375 (1 975).
electricity in PVF, is to attribute It to a spontaneous ‘P . W. For sburhg, J r . ,  in Na ad back der P kysik, edited by S.Flugge ~Spr1nger-Verlag, BerlIn, 1956) , Vol. XXVI.polarization caused by reorientation of the dipoles asso- 

~~~~~~ ~~~~~~~ C.A . Hamilton , R. L. Peterson , R.J.elated with C—F bonds. The reorientati on is caused by Phelan, Jr. , and L.O. Mullen , AppI. Phya. Lett. 24, 456rotation of polymer chains or segments in a strong fieLd (1974).
at elevated temperatures—the poling process—and the ‘R. I . Peterso n . (‘, .W . D8y, P.M. Gruzenaky, and R.J.
pyroelectric currents are viewed as involving a thermal Phelan, Jr. , J . Appi. Phys. 45, 3296 (1974).

‘LK . Monteith , .1. AppI . l’hys . 37, 2633 (1966) .oscillation of dipoles about a fixed mean position. The ‘° ~~ . Setvatz and J . .7. Ilrophy , An n. Rep. Cont. Electr. m aul .lack of direct structural evidence for such changes in Dielectr. Phenom . 1, 1356 (1965) .
orientation , and the form of the pyroelectrtc current ALA . Creawell and M .M . Perlman , J. Appi. Phys. 41, 2365
dependence on poling conditions have led to doubt about (1970).
this mechanism, and implied that trapped charges play 12C .M. Sessler , J . Appi . Phys. 43, 405 (1972).
some role in the pyroelectric behavior. Murayama ~ 

t3 }~ Sasabe , S. Salto , M . Asahina , and H. Kakutan i, J.
Polym . Set. A— 2 7, 1405 (1969) .at ” have concluded that piezoelectricity In PVF2 cannot “s. Uemura , J. Polym. Set. 12, 1179 (1974).be attributed to the stress dependence of the polariza- t I H Kakatani, J. lk4vin . Set . A-2 6, 1177 (1970) .

tion but to trapped charges, i.e., that 43-form PVF, IO Ø• Lee, C. S. Bak , R. E . Satomon , and M .M , Labes
favors trapping as compared to the a form and that the (unpublished) .
structure Is only important to facilitate this trapping 

7G. Pf tster and M .A. Abkow ttz , J. AppL. Phys. 45, 1001
(1974).function. The relation between space charge and a non- ‘0J. H . McFee , J.G. Bergman , and C.R. Crane , Ferroelec-linear dielectric constant (as in ferroelectric crystals) tries 3, 305 (1972) ,

baa previously been discussed . 20 9N. Muraya ma , T. Olkawa , T. Katto, and K. Nakamu ra , J.
Polym. Set, Polym. Phys. Ed. 13, 1033 (1975).We have seen In this work that in order for trapped 20P.E . Bloomileld , I . Leflcowltz , and A .D. AronolT, Ploys.charge to explain pyroelectricity in PVF,, a special Rev. B 4, 974 (1971).

t
4208 J. Appi. Ploys., Vol. 47, No.9, Ssptsmbsv 1976 4208 

~~- - --—



—

~~~

. 

I
On the possibility of pyroelectr ic current s produc ed by
nonlinear space-charge I *

A. E. Salomon, Byung K. Oh, arid M. M. Labes
Depa rtment of Chern&u,y. Temple Unioersity. Philade lphia, Pennsylvvania 19122
(Received 21 iuly 1975; in final form 16 October 1975)

The inhomogeneous electnc field in an insulator containing fized space charges leads to electrostriction.
This eiectrostnction is temperature dependent and as a result a temperature change causes a distortion of
the charge distribution which then leads to a pyroelectric current. This current is calculated in terma of the
charge dist nbut ion lad temperature coefficient of the quadratic electrostriction constant.
PACS numbers 77.70., 78.20.11, S5.50.L. 77.50.

Solids containing immobile or deeply trapped space where il ls the quadratic eLectrostrlctlon constant. ”7
charge have a rather widespread occurrence. The con- As applied to the problem under consideration , the in-
cent ration of charge required to affect the electrical homogeneous field arises from the space charge itself.
properties of such systems Is extremely low; further- The distortion of the lattice as a result of temperature
more , the direct determination of such space charge is variation comes about through the temperature depen-
a difficult task , particularly when this charge is not dence of 17. Consider a film of thickness L, dielectric
readily released by thermal means. It is of interest , constant e, and space-charge distribution p°(x) for
therefore , to develop nondestructive means to demon- 0~ x’ L with 17=0. ImagIne the film to be divided Into
strate the existenc e of space charge of either ionic or rn regions of length X0 = Lint wIth space charge p°(k),electronic origin. i ~ k’ m, In the kth region . The quadratic electrostric -

tion constant is now allowed to attain its true value , (I ;One experiment directed towards this goal is the 
because of electrostriction the length of the kth regionmeasurement of the reversible pyroelectric current
Is transformed from x0 to A~ and p~ becomes p,.produced when samples are heated or cooled at a uni-
Poisson ’s equation and the boundary conditions of zeroform rate. The experiment consists of measuring the

current under short-circuit conditions (I. e .,  zero potential differe nce and electroneutrality lead respec-
tively to the equationspotential difference between electrodes applied to either

side of a flat sample). Although the experiment is E1,1 — E,=p , x,/ e , (2)direct , the interpretation of the results is not , The
spatial redistribution of space charge which accom- ~~ E,x, 0, (3)panics ordina ry (linear) thermal expansion does not
produce any current In the external circuit. This can be p, x, = p°~ A0. (4)demonstrated theoretically by applying the boundary
conditions (zero potential difference between the elec- By combining Eqs. (2) and (4) one obtains
trodes and electroneutrality ) to the solution of Poisson ’s

(5)equation for the problem. The surface charge density
and hence the current Is Invariant to a simple linear ex- where E0 is the field at x=0, By substituting Eqs. (1)

— 
pansion. The related problem wherein there is a spatial and (5) into Eq. (3) we obtainredistribution among the traps has been treated

a

On the other hand , nonlinear expansions or contrac-

elsewhere . 2 .3 
0 rn(E0 + E~il)  +(1 + 317E ) 

~~ ~~~ (p ~~e)

tions of the lattice can produce a pyroelectric current . + ~i ~~ x~(~ 
(.p0

i/~
)) 

+ 3E017 
~ 

x ( ~ (pyc)’). (6)This current Is a displacement current and occurs even
with blocking electrodes . Such transformations, rather To find E0 in terms of 17 we expand E0 about 17 = 0.- than simply enlarging or contracting the distribution,
distort it. Such a distortion of the lattice occurs in the E0 =y 0 +y~Q 

~~
-
~~~“ +y,, fl” + ‘ ‘.  . (7)

phenomenon of electrostrlctton. We consider In parti-
cular the phenomenon of quadratic electrostriction Combining Eqs. (6) and (7) one obtains
which , unlike linear electrostriction , Is characteristic E0 =r —a +f l (3a b —2a° .- c)  +.‘. , (8)of all materials and we specifically exclude ferroelec -
tri c materials from consideration. Related treatments where
dealing with space-charge distributions in ferroelec- * ~

a =( 1/ rn)~~ ~ 2.~ p~/ e =(1/ rn) f1 {f5~~~ (p~(x)/iJdx}dktrics are described elsewhere.” A definition of qua -
dratic electrostriction can be made by relating the (9)length of some 4th region of a flat film A5, in the pres- a Sence of a field E5, to the length A~ of the same region b = (1/rn) ~~ A ( ~~ ~ fe)in the absence of a field . The relation is

+ (1E:), (1) = (1/rn) ~~~~~ f p °(x) / ejdx} ’dk , (10)
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~ I ~ Independent measurements of p, e, and dfl/dT leavec = (1/ ,n )~~ A~~E p’~ie) the two unknown quantities Q, the total charge, and s,
the exponent of the distribution. If Q can be determined

~~~~~~~~~~~~~~~~~~~~~~~~ (11) by releasing all the space charge, the two measure-
As an example of this result, consider a simple mono- ments can be combined to give the distribution, It is
monial distrIbution given as clear that p 18 zero for n = 0 (a constant space charge

and hence no asymmetry in the system) and for e = 0,p°(x) =A ,,x ’ (12) which amounts to a simple charge double layer. The
wIth optimum Is found numerically to be about 3.5.

f ,,’~ p°(x) dx = Q We note the possibility that Insulating dielectrics in-
tended for space applications , which contain spacerA ,,L” ’/ (~ +1). (13) charge produced by ionizing radiation , may produce

In this manner , one has the same total space charge spurious currents due to electrostriction during thermal
for all ~i. A ,, is given as changes. We are unaware of any previous experimental

work to which Eq. (16) can be applIed. All pyroelectric
A,, Q( n + 1 ) / L~~’. (14) measurements to date have been made with materials

that show linear electrostriction .
As applied to Eqs. (9)—( 1l) we find

‘Work supported by the U .S. A rmy Research Office under
G rant No, DAAG29-76-0040.and €c ‘ (15) ‘B. Gross , Charge Storage lit Dielectr ics (Eleevier ,2n+3 3n + New York , 1964) .

The pyroelectric coefficient , p, associated with this 
2L. K. Montetth and J. R. Hauaer , J .  Appi. Phys. 38, 5355
(1967) .distribution is given as 3M. A. Lampert and Peter Mark , Cer ’rmt Is,j ectioa is
Solids (Academic , New York , 1970) ./ dT

~i. Lefkowitz , Nature 198 , 657 (1963) .
~P.E . Bloomfield , 1. Lelkowits , and A.D. Aaronoff ,
Phys. Rev. B 4 , 974 ( 1971) . - 

—

-- ~~ dll ,/ 3 2 1 
), (16) 5P. W. Forsburgh . Jr. , In Hand back der P hysik , edited by— dT ~ I.(n +2)(2n +3) — (n + 2 ) 3  — (3n +4) S. Flugge (Spr inger-Verlag, Berl in , 195w , Vol. XXVI.

~I. S. Zheludev , Physics of C,ystaUine Dielectrics, Vol. 2where i is the current density . (P lenum , New York , 1971).
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Pyroelectricity in Polymer Blends of
Poly(vinylidene fluoride)

H. Lee, R. E. Silomon, and M. M. La be,
I) epa rtrnent o/ Chemistry, Temple University, Philadelphia , Penn~ylL ’ania 19122.
Received August 31, 1977

AI3STRA(i’: Polymer blends of poly(vinylidene fluoride) with both poly( methyl methacrylate) and polyl vinyl fluo-
ride) were prepared and evaluated for pyroelectric activity. Percent crystallinity and extent o1~,, 

~, ‘v. and amorphous
phases were evaluated by both x-ray diffraction and infrared spectroecopy. The correlat k,ns i,bserved are supportive
of a dipnle.reorientation model fo~ pyroelectricity.

Pyro- end piezoelectricity in poly(vinylidene fluoride) correlate pyroelectric behavior with the extent of crystalline
(PVF2) are thought to be due to the existence of an oriented phase present. If such a correlation exist s, it would be hard to
dipolar structure induced by “poling” polymer films in a high rationalize it in terms of a space-charge model, i.e., further
dc field (“dipole.reorientation” model),’~ or to the existence credence would be added to the dipole.reonentation model
of a nonhomogeneous space charge distribution (“space. Morphokjg,cal studies’~~” have shown that there are three
charge” model),6 °‘ or both phenomena superimposed.”2 crystalline forms of PVF2. The a form (form II) has the
The purpose of this study was to vary the crystallinity and trans-gauche-trans-gauche’ configuratio& and the 0 form
ph es of PVF2 by blending it with poly(vinyl fluoride) (PVF) (form I) has the planar zigzag conformation.” The structure
and poly (methyl methacryiiite) (PMMA ) and attempt to of~~~ ~ form (form III) is not established. However, there are

0024-9297/78/2211-017 1$0l.00/0 c~ 1978 American Chemical Society
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1.3 X i0~ C cm 2.4 The a form contains two antiparallel chains
and four monomer units6 per unit cell. The average dipole

2 0  moment per monomer unit in the individual a chains is ap-
PVC 1- PMMA proximately half of that in the ~ chains, hut the net polarize-
PVF,-PuMA. .5~ c4 .d tion in the a phase is zero due to the antiparallelism of the
PVF,— PVF chains.

‘[‘he fraction of the planar zigzag form can he increased
~ is (about 50%) by stretching the r ilm.~’21 22 by crystallization
~‘ 

~f \ 
from dimethyl sulfoxide solution ,~° or by crystallization fromq \ 
the melt under hi gh pressureY’2’ The crystallinity of PVF2
can also be changed by making blends with other polymers.
PMMA is compatible with PVF2 and the crystallinity of PVF2

-I in this mixture decreases as the fraction of PMMA in.
creases.24’25 On the other hand , blending with PVF increases: \ the crystallinity of PVF2, especially of the planar zigzag

\ \.,
,, 

forms.~~
°~~ 

\ \ ~~~~~~~~~~~~~~~~~~~~~~~~ Experimental Section

\ \ Films of polymer blends were cast from hot solutions of the blends
in N,N .dimethylIormamide ( DMF). The concentrations were ap-
proximately 15% for PVF2/PMMA blends and 3-15% for PVF2/PVF
blends. Number average molecular weights of PVF2. PVF, and

‘~~° ° 
% PVC 

~~ 20 0 PMMA were 120 000,87 500, and 24 2.50. respectively. In forming a
film , the solution was first spread uniformly on a glass plate using a

Figure I . (‘hange in py rnele tric coefficients of polymer blends with Gardner Ultra App licator and dried in an air oven at 110 °C for 30
change in their compositio n mm . This was followed by subsequent heating at 200 ( for ap-

proximately 30 mm . which reduced the roughness of the surface. Such
an annealing procedure was fou nd necessary to prevent electrical

some repor ~ l.h1 ,20 claiming that the -, form is very similar to breakdow n during subsequent poling . The thickness of the films
obtained was typ ically 20- 25 ~m for l’Vl IPMMA and .S—l. Mm for

thej~ form. The -( l.~ group of the monomer unit has a dipOle PVF ../PVF. Ni chr ome electrodes of 1.26 cm 2 area were vacuum
moment al 2. 1 1).-’ ‘l’he j~ form contains two parallel chains and ‘vaisirated u nto ls,th sides of the films , and electrical leads were at-
two monomer un ib~ per unit cell~’ with a net polarization of t-zwhed to the electrodes u sing conducting epoxy adhesive (Acme 

:1 _  

‘:i .IL   

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

30 20 22 12 4 0

20 (d. r.. s ) 20 (degrees)
PIg.., 2. X-ray diffraction intensity patterns of the polymer films: (a) ~1.PVF2; (h) PVF2; (c) PVF,,/PVF (88.5-11.5%); (d) PVF5/PVF (70-30%);
Ic) PVF; (fl PvV,/PMMA (90.10%); (g) PVPa/PMMA (50-110%); (h ) PMMA. All films were heated at 200 °C for 30 mm after casting from
1)MF solutions, with the exception of (a) which was crystallized from dimethyl sulfoxide solution.
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560 540 520 500 460 460
Wove number , cm ’

Figure 3. 1K spectra of the polymer films: (a) PVF2; (b) PVF2/PVF 188.5- I 1.5%); Ic ) PVF 2/PVI” (7)) -30%); (dl PVF 1IPMMA (90-10%); (el
PVF2/PMMA ( - - -50%). All films were heated at 200 °C for 30 mm after casting from DMF solutions.

X-ray diffraction patterns of pure polymers and their
blends with other polymers are shown in Figure 2. Although
many papers 13 9.2i. 2 l~~~~ have been published concerning
polymorp hism in PVF 2. the actual designation of the $ and
~y forms varies from author to author. Gal ’perin et al. 1TM re .

: ~ ‘e..~~., ported characteristic x-ray diffraction patterns for each form
t of PVF2, and the x-ray diffraction pattern of our ~-PVF2

ew,~ Pvr N~~ (Fi gure 2a) is identical with that of Gal ’perin ’s $ form. JR
a N ,, spectra of the samples (shown in Figure 3) were taken for

N cross-checking purposes. ‘rhe IR spectrum of our (~ form is in
Pv Pl— P ~~$A . . ‘ 1 1 17 2 1good agreement with data in the literature . - ‘

4 The cast films of pure PVF2 show an x-ray diffraction
pattern (Figure 2b) which is very similar to the pattern ob-
tained with the a form. ’8 However , since the film has been

______________________ heated above its melting point , it must also contain a certain
(00 90 80 70 50 50 amount of$ and ~‘ forms. ’7 PVF.2 does not seem to be corn-

% P V C: patible with PVF and the x-ray diffraction patterns of these
Figure 4. Proportion of phase as a function of composition, blends give the characteristic peaks of each component (Figure

2c and 2d). On the other hand , PVF2 is compatible with
Chemicals No. :1021). Samples were poled under a dc electric field of PMMA and the characteristics of each component have al-
10” V cm ” fo r ~1.O torn at 80 °C. The electric field was removed and most disappeared from the x-ray diffraction patterns of the
the sample was kept at the poling temperature for approximately is 50:50 mixture (Figure 2g). -

mm before it was cooled to room tem perature. The pyroelectric cur- Two difficulties which arise in analyzing the data concern
rent was measured in a manner previously described.~’ X-ra y diU the separation of the area under the diffraction curves into
fraction patterns of the fllms wer:obta rned u s i n g a Cu K v r a d i a t u ~n crystalline and amorphous componen ts and the determination
kin-Elmer 225 spectrophotometer. of the amount of each phase. There seems to be no unique and

generally accepted method for this analysis. However, several
Results and Discuasion empirical methods uN2M ~~ appear to work satisfactorily. A

The changes of the pyroelectric coefficients with composi- simple method which has been established by Gal’perin and
tion of polymer blend are shown in Figure 1. In PVFSIPMMA his co-workers ’8 has been applied in this work , in which per-
the pyroelectric coefficient decreases monotonically as the cent crystallinity is obtained simply by measuring the percent
PMMA content increases and vanishes when the PMMA of the area in the diffraction patterns corresponding to each
content is greater than 50%. Films of PVF 2/PMMA blends cr ystalline phase.
could be easily stret ched . The pyroelectric coefficients in the In these diffraction patterns, the a form shows peaks at 20
stretched films were about twice those in the unstret ched 18.2, 188, 20.4, and 27.0°; the 0 form leads to peaks at 2$
films, and these coefficients also decreased monotonically as 18,8 (very weak) and 20.5°; and the ~p form leads to peaks at
the content of PMMA was increased . In PVF~’PVF. the py- 29 = 18.8 and 20.5°)~ It is questionable if the small peak at
roelectric coefficient shows a maximum at 11.5% PVF content. 20 — 27° in (‘,al’perin ’s work is really due to the .y form or due
On increasing the PVF content fu rther, a decrease was oh- to a small amount of the a form in the sample. We may with
served which approached the value of the pyroelectric coef- confidence consider the peak at 20 27° to he purely due to
ficient in pure PVF. 0.30 nC K ’  cm—k The PVF,Z/PVF films the a form. The relative area of the n peak , S,,,, is plotted as
were relatively brittle and all attempts to stretch them were a function of composition in Figure 4. Since the peaks in the
unsuccessful. range of 20 — 17 to 21° ti re due to all three of these forms, we
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Figure 5. Change olS 17 21’ with composition. Figure 7. (‘omparison of S17 2i• and percent (0 + ~ ) obtained from
1K spectra.
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Figure & Proportion of amorphous phase as function of composi- , , -Figure 8. ( orrelation between pyroelectric coefficient and .S,7 21’

can not consider them separately. The change of the relative the amount of 0 phase seems to increase largely at the expense
peak area , Si7. 21•. composition is shown in Figure 5. of the -~ phase (Figures 3band 3c). The peak height of the IR

In the PVF2/PMMA blends, the amount of amorphous spectra was calibrated with respect to the x-ray diffraction
phase increases almost linearly with the PMMA content data. The percent crystallinity of ($ + ~y) obtained in this way
(Figure 6), while at the same time the amount of the crystalline shows good agreement with that from x-ray diffraction data
phases decreases (Figures 4 and 5) and at 50% PMMA . the (Figure 7).
sample becomes almost completely amorphous (Figure 6). In Since the amount of the a and amorphous phases is not
PVF2/PVF blends, the amount of amorphous phase stays closely correlated with the pyroelectric coefficients, it may be
more or less at a constant level (Figure 6). However, the inferred that these phases are not pyroelectric. On the other
amount of the a phase decreases as the PVF content increases hand , S 17 21. changes in a fashion similar to the change in the

- ( Figure 4) . It is interesting to note that the relative peak area pyroele ctric coefficient as the composition changes. Since
in the range of 20 = 17 to 21°, S17. 2 i • . shows a maximum at S17~21. represents the amount of crystalline phase and the a
II  .5% of PVF content (Figure 5). phase is already known to be nonpyroelectric, the pyroelec-

A similar change is observed in the IR spectra (Figure 3). tricity is mainly due to the 0 and ‘y phases. The relationship
T)~e jeaks at 5:32 and 510 cm~~ are due to the a and $ forms, between the pyroelectric coefficient and S,7..21. is shown in
respe~tiveIy.’3~”~ All the JR spectra were normalized for the Figure 8. A similar correlation is obtained between the py-
same amount of pure PVF2 per unit area (1 mg of PVF2 cnr2). roelectric coefficient and the percent (0+ ‘y) estimated by IR
The a peak at 532 cm~~ is relatively well separated from other spectro scopy (Figure 9).
peaks. Absorption by the 50-50 mixture of PVF2/PMMA Consequently the pyroelectricity in PVF2 is mainly at-
(Figu re 3e) is similar ti) the absorption by molten PVF2 ”32 tributed to the 0 and ~y phases and the contribution by the a
and is therefore assumed to be due to the amorphous phase. and amorphous phases is negligible. This fact strongly sup-
The peak at 510 cm~~ is considered to be due to absorption ports the dipole-reorientation mechanism for pyr’oelectzicity
by 0 and amorphous phases. The absorption around 490 cm~~ in PVF2. It is not possible to determine the differences in ac-
is due to overlap ul several different absorptiona . Most of the tivity between $ and -y pha.ses, and since these two phases have
absorption by the -, pha se and some by the amorphous phase similar structures, they might be expected to have comparable
app ears around 490 cm ’. ~~~~°‘~~~ It is intere sting to note that pyroelectric activity. 
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polymer blends of PVF2 is consistent with a dipole reorion.
tation model. It would be highly fortuitous if the extent of
trapped charge and its distribution correlated with crystal -

‘S linity in blends with both PVF2 and PM MA. and this letter
2 explanation seems unlikely.

0
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polarization to give any observable pyroelectric current in the Part A-2 . 8, l07 :1(l970) .
second heating cycle. (29)  -I . I’. I.uongo,J. I’nlvni . Si,., Pur l A-2 . IS, 1 1 1 9 ( 19 7 2) .

12:1) K. Okuda , ‘I’ . Vin hida. M. Sugit,,, a~d M. A,ehina. Po!y m tA t!., 5, 405The crystalline phases are of course dispersed in the (1967).
amorphous phase and the polymer chains extend into the (24 ) T. NisH and T. T. Wang, Macrom,,Ieculrs , 8, 909( 1976).
amorphous phase. Since the amorphous phase is relatively ( 25) J. S. Noland , N. N -C. Hsu . K. Sagon. and J. M. Schmitt , Ado. Chera. Ser .,

No. 19, 15(197 1) .fluid at temperatures well above the glass-transition tern- 
~~ G, Natte,G. AlLegra,LW . Bassj , D,Sj anes , G.Capo,jc~jo.and E. Togt(.

perature of the polymer , partial rotation of the polar domains J. Polym. Sri.. Part A. 3.4263(1965).
can he expected. In uniaxia Hy stretched PVF2, the remanent (27) A. I. Raise. H, Lee, 8. Oh, R, K. Salomun, and M. M. Labes. App!. FSiy.s.

Let!.. 19, 428( 1975).polarization at room temperature is about 4 X 10” ’ C cm ’2 .5 
(28) W. W Doll and .1. 13. Landu , J Macrosin!. Sri . Phys , 4,897 (1970).

This is equivalent to about 3% orientation assuming pure 0 (29 ) C. Challa , P. H. Herman . and A. Weidinger , Mahrn mnl. (‘hem. 54, 169
phase for the uniaxially stretched film. In the PVF2/PMMA (1962).

(:10) B. K. Oh. M. M. Lahea, and K. K. Salomon, J. (‘hem Pay,., 44, 5176blends, the pyroelectricity becomes zero before S17 21. be- 
(1976).comes zero(Figure 8~. This fact may be explained as follows. (:11) S. Enomoti,, V. Kawa, , and M. Sugita . J.  Pn!yrn. .Sci , Part A-2. 4, 861

When the percent PMMA increases, the formation of a phase (1968)
(32) C. Cortili and C. 7,erhi. Spertroc’hirn. A d o , Part A , 23,286(1967).is favored over the formation of other crystalline phoses, and 
~~ V. J. McRrierty, I). C, Douglass, and T. A. Weber. J PUlym Sc .. IWym.

the fraction of the pyroelectric phases becomes proportion- Pa ys. Ed., 14. 1271( 1976).
ately smaller. At the same time only a small amount of PVF2 (:14 ) H. Saaahe, S. Saito. M. Aiiahina . and H. Kakutani , J.  Pniym. .S’ci., Part
can crystallize so that the average size of crystalline domains A.2. 7. 1405(1969).

(:15) H. Kakutani, J. P ulvm Sri., Par t A.2, 8, 1177  (1970).becomes very small. Accordingly, the torque exerted on the ( 36) s. Yano,J. Polym. Sc, - Part A-2, 8, 1067(1970) .
polar crystallites is too small to align them along the direction 37 K. Nakagawa and V. Ishida , J. Po!yrn. Sc,.. Polym. Pa ys. Ed., I I , 1603
of the applied electric field. (1973).

(38) A. Peterlin and J. EIweIl, J. Mater .5ci., 2, 1(1967).In conclusion, the correlations observed betwesn pyroe. 
( :19 ) A. Callens, K. De Hatiat . *nd L. FieraeI~, Nwwo (‘ menlo H. 33, 4~~4lectric activity and percent of 0 + crystalline phases in (1976). 
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Nature of injection processes during poling of
poly(vinyl idene fluoride ) and their relationship to
pyroelectri cit ~

)
K. Takahashi, H. Lee, R. E. Salomon, and M. M. Labes
Department of Chemistry; Tempi. University, Philo4elpI,io, Pessuyivani. 19122
(Received 1$ April 1977; accepted for publication 30 June 1977)

By an*lysis of steady-state current.titne.vollage-Iempersturc relalionihips, it is concluded that a
Richardson-Schouky process is dominant at the hi gh fields and temperatures typically employed in poling
poly(vinylidene fluoride) to nnpsrt pyroelectric and piezoclecinc properties. Data on pyroelectric behavior
with different layer contigurations sad with different electrode configurations indicate the primary
Im portance of hole injection.

PACS numbers: 77.70.+a, 77.30,+d , 73.40.0k. 73,40.Ns

I. INTRODUCTION and temperatures, analysis in terms of the ES equation
Piezoelectric and pyroetectric effects in poly (vinyll- is preferable. These high field-temperat’.re conditions

dene fluoride) (PVF2 )’~~ are moat pronounced when the are typically employed in poling PVF2, and data on the
polymer film is “poled” by placing it in a high dc field pyroelectric behavior taken with different electrode con-
white the sample is held at a temperature just below f igurations indicate that hole inj ection is an extremely

important factor in inducing pyroelectric activity.its melting point. The magnitude of the polarization is
a function of field, temperature, and time, and typical-

I I. EXPERIMENTALly the sample Is quenched to room temperature rapidly
with the poling field still applied . Three different mech- PVF2 was obtained from Kureha Chemical Co. in the
anisms have been invoked to explain the persistent form of stretched 6- gi and unstretched 30- ~ L sheets.
polarization : (1) alignment of C-F dipoles in a crystal- Metal electrodes of Nichrome, gold , or aluminum were
line phase (~ phase)4~~; (2) Inj ection of charges into the vacuum evaporated onto the films. The area of all the
film from the e1ectrodes3”~~

2 ; (3) a combination of (1) metal electrodes was 1.3 cm2 . Electrical leads were
and (2). 13 ,14 ExperImental evidence exists in support of attached using conducting epoxy adhesive (Acme Chemi-
all three mechanisms, and it is extremely difficult to caIn , No. 3021). For measurements of pyroelectricity,distinguish among them, the samples were heated in a microscope hot stage

The purpose of this study was to focus on the nature having controlled heating and cooling rates (Mettler
Model FP2) . The samples were carefully shielded toof trapped charges in poled PVF2 by analyzing the 
eliminate electrical interference from the hot stagesteady-state current- time-voltage-temperature relation-
heating coils. For a first heating cycle, the poled filmsships. Many studies have been made of electrical con-
were heated at 10°C/mm up to 80°C and kept at 80°Cduction at high fields in polymer films. Several Possible 
for 10 m m .  Thermally stimulated currents were mea-types of steady-state currents can be observed in an 
sureci during this heating cycle. Then the samples wereinsulating solid: thermal bulk generation of carriers; 
cooled to room temperature and, in a second heatingspace-charge.- limited currents (SCLC) in solids (with

trap, t rap-free, or trap-filled limit cases); emission- cycle, the samples were heated at 2 °C/min and pyro-
limited currents such as Richardson-Schottky (Es) electric currents were measured . P3rroelectric coeffi-

cients were calculated at temperatures of 35°C. A de-field-assisted thermionic injection of carriers from
tailed description of this measurement and the subse-the electrode, or a Poole-Frenkel process. Indeed, quent calculation of the pyroelectric coefficient are re-these processes have been invoked to explain the high-
ported elsewhere. 1

~field behavior of several polymers. For Mylar film ,
conduction has been interpreted alternately as Schottky Layered film experiments were performed on stacked
emission’1 or a space-charge effect. 15 Richardson- films of PVF2-My lar. PVF3-Mylar (samples A , B, and
Schottky field-assisted thermionic injection of carriers C) films were made by spraying PVF2 solution in N , N-from meta l electrodes modified by the Poole-Frenkel dimethy liormamide (‘- 3 g/20 ml) on one side of a piece
effect has been suggested as the mechanism of conduc- of Mylar film followed by subsequent drying in an air
tion in poly (tetrafluorethylene) ’7 and poly (a- oven at 100°C and annealing at 200°C for 30 mis. PVF,-vtnylcarbazole), ” Nichrome-Mylar (sample D) film was made by vacuum-

In this paper , analyses are presented of the steady- evaporating a Ntchrome electrode on a Mylar film and
state current-t lme-voltage .-temperature relationships spraying the PVF2 solution on the metal. The same heat

treatment described above was given to this sample.in PVF2 in terms of both SCLC and ES processes. At
the lower temperatures and fields employed, the data The poling conditions and the pyroelectric coef.ficisnts

of the layered polymer films are shown in Table I.are consistent with either analysis, but at high fields
For steady-state conductivity measurements, a PVF3

sample with gold electrodes was first poled at a field
aIwerk supported by the U .S. Army Research Office under of l.0X 10’ Vcm 4 for 10 m m  at 90°C. The sample was

Grant No. DAAG29-76-G-0040. placed in an aluminum box for electrical shielding, and
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TABLE I. Pyroelectrlo coeff to tents at 35C for PVF3-Mylar stacked samples wIth Ntchrom. .lectrod...

Pyroel.otr(c oo.Iflct.nta it 35’C
cm4 K”4)

Poling Field on lit heating cycle 2nd heating cycle
Configuration Voltage ~ Polarity of PVF2 layer a Total of pyy, Total of PVY5

Sample and thickness (‘i!) PVF2 layer (V cur’) two layers layer two layers layer
A PVF1 - Mylar 2000 + 9.4X10’ 0. 156 4.50’ 0.065 2.05’

O.68 M 6.3M
B PVF2 — Mylar 2000 — 9.4Xl05 0.078 2.27’ 0. 012 0.25°

O.68 M 6. 3M

C PVF2—Mylar 2300 + (ist) 7.7*10’ 0.550 2.42 C 0.278 1.22’
5.5 M 6.3 U — (2nd) 7 7  Xj ( )5 0.025 0.11 C 0.027 0.12 ~

D PVF1-NICr—Mylar 2300 + (lst) 7.3*10’ . .. 3.12 0.520 1.67
6.8u 6.3M — ( 2 nd) 7.3*10’ . .. 3.U 0.610 2.08°

1.98
2,44 °

5Ali samples poled at 80C for 30 m m .  CCaj cu~~~ from Eq. (4).
~~~~~~~~ from Eq. (3).

the assembly was put into a Delta Design 2300 tempera- with
tare-controlled oven. Measurements were performed 

~ e ~~1/2 (2)
in the temperature range 10—90°C. A Keithley 160 

~~~~~~~ ~~cc,~j)Digital Multimeter with a copper-con.tantan thermo-
couple was used to measure the temperature accurately, where J is the current density, A is a constant 120
In the steady-state current measurements, the order €1 A/cm2 °K2, T is the absolute temperature, e is the d ee-
measurement was such that the applied voltage In- tronic charge, V is the voltage, •~ is the Schottky elec-
creased and the temperature decreased . A Keithley trode barrier, k is Boltzman’s constant, d is the film
610C electrometer was used for the current measure- thickness, c is the dielectric constant, and C~ is the
ment, and a Hewlett-Packard 7100BM strip-chart re- permitivity of free space. The linear behavior of the
corder was connected to the electrometer. isotherms in Fig. 3 is in accord with Eq. (1). The

slopes were calculated from Fig. 3 and experimental
HI. RESULTS 

~~, 
was found to be in the range 0.15—0.26 V412. Table

A. Tlms dspsndsncs of th.cunsnt U compares theoretical values of ø. for d=6 i~ and C
=12 with experimental values at different temperatures.

A plot of current versus time at a temperature 
~ The experimental 0, values were found to be sligI~1y

90°C Is shown In Fig. 1. A small time dependence ~~~ larger than the theoretical values.
seen over a long-range time scale. Since the change of
the current over the long time period w-~ ~~~~ 

The linearity exhibited by the plots in Fig. 4 of logJ/
the decaying slope on the plot of logl versus logt ~~ -- A7 versus lIT is also In accord with Eq. (1) and is
about the same for different fields, the steady-state used to calculate activation energies. The steady-state
current was taken as that current observed at about currents were measured for both heating and cooling
40 mis after the voltage was applied . The .s~~~ 

cycles. The current reached a steady state within 5 mlii
currents as a function of voltage and temperature are after changing the temperature. Activation energies
shown in FIgs. 2—4.

B. SCLC analysis

To determine If the steady-state currents fit a SCLC
analysis, the voltage dependence & the steady-state
currents is plotted in FIg. 2. Slope. were measured to
be 1.5 and 2.6 at 90 and 10°C, respectively, with the 

I 
a a - SOOV

slopes Increasing with decreasing temperature. A SCLC 

~~~~~~~~~ ~should show a dependence on voltage equal to or greater
than V’,” and one would expect the slope to increase as
the temperature Increased, i.e., the opposite of what
Is in fact observed. Nevertheless, at the lower tern- • s -

C. RS sn.lys~ p0-I ‘ 
..‘ - - ~

io’ 10~ 10~The ES effect predict s a current-voltage relationship 
,
~~~~~cUbe form

I 

p.ratures, a SCLC analysis is consistent with the data. ~~—‘-—---‘——.s.--.-,__ .~~~.,., ,~~

FIG. 1. Log-leg plot of ourrs~ -tIrn. relationship at oonstm~J Ale exp (-. ~ ,/ hT)up Ø,V’1) (1) voltsgs far a I-es-thIck PVF5 film with Au electrodes at 90C.
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Vollog. (V) FIG. 3. Log current versus V112 at various temperatures for
FIG. 2. Log—log plot of current-voltage relat ionship for a 6-M- a 6-U— thick PVF2 I1~m with Au electrodes.
thick PV F, film with Au electrodes ,

V, (3)were obtained for these two cycles and are listed in Li =~~ +Table Ill. Current s measured while decreas ing the tem-
perature were about the same magnitud e as the steady - assuming parallel-plate capacitor spacings d1 and d2
state currents shown in FIg. 3. The activation energies with dielectric constants of C~ and C~ for the two dielec-
obtained were considered to be experimental 4 , values trics , respectively. V0 is the total applied voltage and
from Eq. (fl. Li is the field on the PVF, layer. Values of ~ and ~for PVF2 and Mylar are 12 and 3.7, respectively. In
0. Pyroel.ctricity for PVF2 films with different order to calculate pyroelectric coefficients of the PVF1
ilectrods configuratIons layers, the PVF,-My lar films were assumed to be two

parallel capacitors. The capacitor which containsPyroelectric coeffIcients of several Au-PVF 2-A1 charge produced by temperature change in the PVF2samples were measured . In all cases, a larger pyro- layer should charge up the other capacitor , the Mylarelectricity was observed for the sample with the Au layer. With this assumption, the measured pyroelec-electrode positively biased or with the Al electrode tricity for stacked samples is simply due to a chargenegatively biased . The results are shown in Table IV. flow from a charged capacitor to an uncharged capacitorPyroelectricity observed with a 6- ~ sample in which the
Au electrode was positively biased was generally about

~ 30% higher than the case when the Al electrode was
positively biased and the pyroelectricity observed with TABLE U. Comparison of experimental and theoretical p,
the 30.41 film was 50% higher. The thermally stimulateri ValUes.
currents were in all cases more than 10 times larger Temperature ji, (Th.or.) ~~, 

(Eapt.)than the reversible pyroelectric currents. (y4/~) (V.4 12)

363 0.144 0.16E. Pyroelsctriclty for layer configuratIon films 353 0.148 0, 18of PVF2 and Mylar 343 0.152 0.23
323 0.162 0.26The results of pyroelectric measurements on PVF2- 303 0.173 0.26

calculated from the relation4 Mylar layers are given in Table I. The poling field was 283 0.185 0.26
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10 0 TABLE UI. Activation energies calculated from the data In
FIg. 3.

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ Applied voltage Increasing Decreasing
(V) temperature (eV) temperature (al)

20 1.07 1.13
100 0.80 1,05
400 0.74 0.90

‘0
_a

.

poled with the positive bias on the PVF2 side. After‘I

3 
measuring the current f or the first and second heating

.~ 10 cycle, the polarity was switched and the current was
again measured. Reverse pyroelectricity was observed
in samples C and D after switching the polarity, as re-
ported previously. 5 PVF2 -Mylar films which were poled
with a positive voltage on the PVF2 side always showed
a higher pyroelectric coefficient than those samples
which were poled with a positive voltage on the Mylar

__________________________________ side with the excepti on of sample D. Sample D always
2.8 2.9 3.0 3.1 3.2 3.3 showed a higher pyroelectric coefficient for poling with

IITemp .catur e (v ~~xp 03 either a positive or a negative voltage on the PVF2
aide.

FIG. 4. LogJ/AT2 versus l/T at several voltages for a 6-u—
thick PVF2 film with Nichrome electrodes. ~~: Increasing tern- IV. DISCUSSION
perature; V: decreasing temperature during measurement.

Steady -state currents were found to follow the
Richardson-Sch ottky equation closely . LogJ/AT ’2 was
calculated from the logl-vs- 0 “~ intercepts at V = 0in the configuration of two parallel capacitors. Thus ,

the pyroelectric coefficient Q of the PVF2 layer can be from Fig. 3 and plotted as a function of lIT in FIg. 5.
calculated from the measured pyroelectric coefficient The slope gives the Schottky barrie r , which was calcu-

Q’ by means 01 the following equation: lated to be about I eV. Steady-state current measure-
ments at constant applied voltage of 100 and 400 V gave

— (i + 
~ d2)Q ’ (4) two different values for the Schottky barrier 4,, “'1

and —0.8 eV, for decreasing temperature and increas-
For sample D in Table I the directly measured value as tag temperature , respectively . The value of 1 eV for

decreasing temperature is consistent with the valuewell as the calculated value of the pyroelectric coef-
obtained from the intercept of the logl-vs- V1 ~‘ plot officient of the PVF2 layer is given. The calculated values

agree with the measured values reasonably well, mdi- Fig. 5. In the studies of layered films, the largest
cat ing the validity of Eq. (4) pyroelectrlcity was always observed when the PVF,

film was in contact with the positively biased metal
Samples A and B were made identically, except that electrode. There is a report2° that for Mylar f ilms

sample A was poled with a positive bias on the PVF3 steady-state currents were not limited by Schottky emis-
side, whereas sample B was poled with the positive sion but by space charge. Table I shows that Mylar
bias on the Mylar side. Samples C and D were first films poled with a positively biased metal electrode

TABLE IV. Pyroelectrlc coefficients at 35CC for gold and aluminum electrode configuration s. The polarity In the parenthesis livil-
cates the poling polarity on the gold electrode.

Measurement number’
1 2 3 4 Standard

Sample (nC cm”2 ic’1) Avenge deviation
s—i’ (+)1.02 ‘ ‘ ‘ ‘ ‘S~2~ (—)0. 79 (+)0. 98 (—)0. 72 . .. (+)1.07 0.1424
8—3’ I+)1.12 (—)0.60 (+)1.29 . . . (—)O .71 0.0785
8—4 k (—)0. 71 . . . . .
8—5k (+)o• 93 . . . . .. . .
u-is (—)0.069 (+)O.162 (—)0. 052 ‘ . ‘ (+)0. 122 0.0344
U—2 ° (+)0.091 (-)o. oeo ~+)0.107 . . . 

~.40.O54 0,0116
11—3 ° (—) 0.052 (+)0.157 (—)o. 038 (+)0.095

a’~’0 repeat the measurement, the sample was heated up to ‘The 30-li unstretched samples were poled at 8.0 x10 V cm’t
130 °C for 20 mm in order to annihilate previous at 25°C for 8 mis.
pyroeleetricity.

‘The 6-~r stretched sample, were poled at 1.3xlOS V om4 at
25’C for 8 m m .
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‘0-Is ~ may be due to impurity effects associated with trapping.
After applying a high field at high temperature , the

\. impurities (probably ionic impurities not originating
from defects in the PVF2 crystalline structure) are

10” \ swept away to the surface of the polymer film. The dif-
\ ference of the steady-state current measured at increas-
\ ing and decreasing temperatures In Fig. 3 indicates

two different discrete trapping levels .

\ To determine whether the steady-state currents are
\ emission-limited (a Schottky eniiseion current in this
\ case) or bulk-generated currents (probably a space-

N • \ . charge-limited current), measurements were made of
\ steady-state currents in a PVF, film with a gold and an
\ aluminum electrode. The results as shown In Fig. 6

suggest that the steady-state curr ents are due to elec-
10-” \ trode effects and not bulk effects, since the currents

\ are clearly different for different metal electrode con-
\ figurations. When the gold electrode was made positive

-~~ \ . relative to the aluminum electrode , the current mag-
nitude was about 10 times higher than in the reverse
case. This difference Indicates that hole emission is
more favorable than electron emission, and this Is con-

10-2 ~~~~~~. . . • .  sistent with the results of measurements of pyroelec —
2.6 ~7 2.8 29 3.0 3.! ~~ 33 3.4 ~.s 3.6 trlcity with thes e two polarities.

3 Tins finding suggests that either a hole current en-I/Temperature (1/ K Xi 0 
hances pyro electr ictty or an electron current militates

FIG. 5. Log J/A7’2 , calculated fro m the intercepts in Fig. 2 , against pyroelectricity. The latter may be due to space-
plotted as a function of lIT, charge—produced variation in the electric field. How-

ever , the currents are so small as to rule out space-
charge limitation. 21 ,U The hole-electron concept is not

were less pyroelectric, which is consistent with less entirely appropr iate to a tightly bound insulator such as
charge injection. The data also show the importance of PVF2. Holes, if they exist, must be highly localized
interfaces between PVF 2 and Myla r and between PVF 2 and should serve to weaken hydrogen bonding (H-F) be-
ad Nlchrome. One of the possible explanations for this tween adjacent polymer chains. We suggest that this
is the occurrence of different values of the Schott ky
barrIer 4’, at different interfaces, I.e., the Schottky
barrier 4’, for PVF2-Mylar might be larger than for
PVF2 -Nichrome. Hole emission from a positively biased 

~~~~~~~metal electrode into a PVF, film seems to occur with
samples that are pyroelectr lcally active , whereas elec-
tron emission occurs together with sample s that are
much less pyroelectrically active. 0’
From measurements of pyroelectricity of PVF2 films .7’ .4

with the different electrodes shown in Table IV, one
sees that the ratio of pyroelectricity for the positively ‘ 0’biased Au electrode to the positively biased Al d cc-
trode was abou t 0. 66 for the 6-li film and 0.44 for the
30- M films. These ratios indicate that Richardson-
Schcttky hole emission is not the sole criteria for the ~ ~~10
production of pyroelectricity. ,- ‘ 0

Pliater et ~f, 1 also measured current-vs-temperature -
. 0

relationships for various dc fields In PVF2 (Fig. 11 in ,, o -
-

Ref . 3). In their results, the relationship of measured 10
currents versus lIT was not linear , and the magnitude
ci current was larger than that presented In this paper.
Indeed, we obtained some results winch indicated about ~.ui
the same magnitude of the current level from fresh 0 5 0 IS 20 ~ 30samples as observed by Pfiater et a!.,’ but after apply-
big a high f ield ( 1 0  V cm4) at high temperature V
(—90 °C) for more than 5 mis, the current magnitude FIG. 5. I.~g cUr2~est versus V111 it 30°C for a 6-li-thick PVF,was reduced and became reproducible. The reason for I tim with one Au sad one Al electrode. 0 Au po.Itlvelj blued;this high magnitude of the current for fresh samples U: Au negatively blaned.

4655 J. AppI. Phy~. Vol. 48. No. 11, November 1977 TakakishI it ii. 4606

L. ~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~-- -  .~~ . ----- ~~~- . - -~~~~~~ —— -—-.- .-— ~~~~~~~~~~~~ . -—- .- .~~~~~~~- .- —- --- -



——-.  - . -- -—
~~~~~

-—
~~~~~~ — - ~~~~~~~~~~~ -~~.-- - ~~~~~~~~~~~~~~~~~~~ -~~~~--~~~~~-.- 

.- - - - - . ..—~~~ -~~~~~~~

—-p — 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~—.———————-—~~~ .——-- . - -. —~~~— . . .. — — —

I
hydrogen bonding works against poling Induced dipole N. Murayama and H. Huhlaume, J. Polyin . Sd. 14, 969
orientation. Further experiments are necessary to (1976).
e If this on4ecture 10J .J . Crosnier, F. Micheron, C. Dreyfus, and .1. L.wkser,v r Y c ~ • J. AppI. Phys. 47, 4798 (1976).

“N. Murayania , J. Polym. Set. -Polym. Pliys. Ed. 1$, $20
ACKNOWLEDGMENTS (1975).

“N. Mursyasna, T. Olkaws, T. KaUo, and K. NWmsra, J.The authors acknowledge with thanks helpful and Polym. Set. -Polym. Pliys. Ed. 13, 103 3 0075).
stimulating discussion s with Dr. P. Love, Dr. L. F. “N~j . Sleaford , A. F. Wilds, J.J. Rices, and 0. R. 1~~~ u,
Nichols, and Dr. C.S. Bak. Potym. Erg. Set. 1$, 1 (1975).

~ H. Buka rd and 0. MIster, J . AppI. Phy.. 41 3300 (1S74).
“0. Lsagyel, J. Appi. Phy.. 37, 807 (1010).
“A.C. Lilly, Jr. and J.R. McDowell, J. Appi. PWs. 55, 141

0958).
1H. Kawat, Jpn. J . Appi. Plays. 8, 975 (1969). “W. Volimsan and H. -U. Poll, 1t~i Solid Films IS, 3S1
2E. Pukada and S. Takasbita , Jpe. J. Appl. Phys. 8, 960 (1975).
(1969) Sp,j~ Reucroft and S.K. Cheek, J. Na.-Cr~~ . SoLids 3.1, 395

3G. Pflster , M. Abkowltz , and R.G. Crystal, J. Appl. Plays. (1974).
44, 2064 (1973). 1 A.I. Raise, H. Les, B. CIa, R.E . Salomas, and M .M

1J .H. MoFee , J.G. Bergman, Jr., and G.R. Crane, Perro- Lab.i, Appi. Plays. L~~ . 2*, 428 (10751.
etecfrtcs 3, 305 (1972). “H.Sch.r, D. Pat, and J. Mort, J. Appl. Plays. 44, iue

S1), Buchman, Ferroelectrlca 5, 39 (1973), (1973).
6K. Nakam ura and Y. Wads , J. Polym. Sd. A-2 9, 161 ~1R.E . SoLomon, C.S. Bela, and M.M . Labs., J. Appi . Phys.
(1971). 47, 1710 (1076).

TE. W. Aslaksen, J. Chem. Plays. 67, 2358 (1972), ~See W. Helfrtch, Ph ysics a,.4 C4ei.ustrv of the O , e  Sa!~4
M. H. LLtt, C. Hsu, and P. Ban’, J. App!. Plays. 48, 2208 State, edited by D. Fox, M.M . Lebss, sad A. WoLaab...,.a
(1977). (lntersclenc. Publishers, New York, 1557), VoL. II.

4690 J. Appi. Phyt . Vol. 48. No. 11, November 1977 Tskahashi it ~~ 4600

- ~~~~~ . —--- -.-- . - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ,~ - -.- .-.-- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
_ . _

~~~~~ A



F ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

L — -

I
ORGANIC COATINGS

and
PLASTICS CHEMISTRY

VOLUME 38

PREPRINTS OF PAPERS PRESENTED
AT THE ~75th MEETING OF THE
AMERICAN CHEMICAL SOCIETY

DIVISION OF
ORGA NI C COATINGS

AND
PLASTIC S CHEMISTR Y

ANAHEIM , CA LIFORNIA
MARCH ~2-~7, ~978

AMERICAN CHEMICAL SOCIETY

— -. -.--- .~~~~~~ .— ---— . 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

-..
~~~~~—--~~.-~~~~.--~-.-—----- .-— _ _ _



-~~~~~~-~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ 

~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~ u n c N_ ~ n n P V C ~~~ a n ...
a O f l — N  ~~~~~~~~~~~~~~~~~~~ 0.•4,..~

‘ 
~~~~~~~~~~~~~ O N  N n n~~~ 0~~~8~~ 

a ’ e a — c o a ’ o a N  .4 0 a. a a ’ n

~~~~~~~ 0 0 N 0 0  a . . a a n O  •N Cu ’ 4 0’ D P ~
~~C 4 , C DNp.. c ... a a ’A a ’  A N N  S d S D n n a 4 , W O  .ag

~~~~~~~~~~~ ~~ W n  fl~~~~~4 , 0 N ‘I a .. • o .  N a a
~~~

4
~~~~

j  A 4,00 •~~‘ a 4 ,  ~4 f l~~~~•~~~~~• N 
I~~1 ~~a D Ø A ’ 4  0

NM. ON ’Ia. ~~~ 4, 4. a N N  —
~~~~~~~~~~~~~~~~~~~~~~~ a 2 N ~~~~~~~~4~~ a, a o .’. Na N c a ~~~

’ ., ° ” 0 ’ a~~~~.4 ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~ r’ ~• 0’ 0 0 0’.’ N N a’ ,. ‘ N — a a a a a.N — ~ N ~ ~~• a • . : ~4 N A 0 0 4 , a . 0 VN Ca. . 4 , c N  .~~ a s .  .I ’ 4 4 ,~~~ 0 0 0  0.1‘I A 4 V 0  f l . . .9 Ø  4,.. ’~a’.4 a - S a n
•~~ •~~ a a ..,.aNa N a

~~~~~~~~ 

4 D a ~~~~~. N s o g .0 0 4 ,  a’ ,. • .I_ *~~~~— • . a.a a’ a 0’ S a N 41 N a’ a ,— a n 41 N “ Aa .u n a e a  ., ,. .~~~~ 4, ~iap.. no 0 . 4 — 0 0, ’ ..~ a ‘~~0 0 0 5 A a’ N 0.

n a e a a  :a.a. .1a a ’ o n z P J a e  ‘4 . ,a n ’c ., ~~a a~~~a ~~~~~~~~~~~~~~~~~~ 
~~~~~~~~~~~~~~ 0 g a ~~~~ 5~~~ ~~

•No.~.’aNfl n.naN,..P a a a o a a x C C a  45“~ g a ’u a . .a  , - xa  a , ’ n a  a ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~al~’ .. c .iD , , o a a a  O D a  0. O a ’ N a ’0 a’ •n ’4 ~~4~~’a a  0 ~l O”4~~~ u . - o o aa U . 1  a a a n ~~~~~~~~~~~~~~~ a~~~ •~~~ 
a.

~~~ N 0 . 4  O C . I 0 , n . .,,.. V 0 4 , a , - ’ , ” f l a n D .  a’ ‘1 ,.’ ‘ 5~~~~ D ’ 4  •~~ 5 4 1~~4 , p .~ e’0 a”4 0. • O S ’ . ’ 5  A0 0  ~. ‘ n a o .,. .a ~“ A A .’’ 4 N A 0 a’  ‘4 4 1 0 M I a O C  0 N a  N a n  a ’4 0 ., N a.a n n , . . . n A Ø n . O N  • N n a Q ’ . ’ a ’ O D P  0 ‘( a .0 . . na  ~0o a a ~~~~~~ 2 ’~’~~.~~~~~’ . , I  ~~ 24~~~~~~ 1 N 4  .4 ~~~~~ 2 I M . ” 0  ;o ~~~~n . 1 0  a a . , n a a ’ aO A N I . ’. ., ’5 0 a .  I n f l  0 0 A 
~~~~~~ 

0 5 4 4 5.’ ... a N a ’ ..’A A N v c a a : . _ 0 0 0 0  U N N ~ ’ D O ~ l a,~~ a 0 a ’ a ’ A 0 , .” ,.. n f l O a N n a ’  a a  .1a . .o  aA N  ~~~~~~~~~~~~~~~~~~~~~ 
n I — . N E p ’4 PI V a b p e a a9 .  ~~~~~~ ., ,— a a ’ ’ 4 n~~~~N o o N  ~o N o Na .  4 , N 4 ’  0 f..~ f l N n P a.’~~O 0  n U N . ’  

~~~~~~~~~~~~~~ I44 N N  a a n a .
a N U a n n a a N N A 0 N a a. N 5-’ 

~~ ~‘ ~. ~. ‘4 g ,~~~ 
0’ 0 N N a N N a N

A N a c p . . a a . , oa  ‘4, 0 ,... . n o
~“

~4, ~~~~ p..~ a. V 5-’ ‘4
ca  a o.

~~~: a’ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ ~~(a -( ,‘o4 ’..a
O R~~ N P 4 4  

~~~~~~
‘[ ~~~~~~~~~~~• U •  ~~ C 0 , O  N O~~~ V ‘4N a  O N ’  C a .  a c ’4  • N N A a a’ I N —.I s a n . .-~~~ o N a  a a  

~~~~~~~~~~~~~~~~ 
~‘‘ P’~~4’.~~~ N 0 ’ . - a ,.. n a  ~~~~~~ 

5 - a 4 ,~~~~5- ~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ N~~~N . ’ . 4 N .  a~~~~f l a a ’  A N ’ 4 . l 0 ’ a  No ,a c . , , ,~~~~~~~~ , r ” ’ ”  0’a. .. a’ a 5 l a a  N 5 - . 1 . 1 O N 5 . ’ 0 ’ ~~~~~~~~~~~ ~~~~~~ a e N N O  a N0 a o a n  a a n D ’  a a a . . n~~~~a N P4 A 0  N a N ~~~ . n n ~ 4, o ~‘• 0 4 ,
N a o a ’ a , .  • a C n a . c D  0.4a’ , a a ’ a N o n o  n~~~~a a ” 4 A P  • O 0 , N D ,’ W  • a,

. N a ’  V a O . • 0n — 0  a a N n ~~~~a .N n o .  O~~~~U N  Na ’0. N n . ~~, O a a N o .  0 ’D. n 0 5 1 C a ’ n a  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ N N a ’ 5 .. a ’ N C  ‘I N  ‘US~~~ V a o n 0 4a n o a ’ a  ~~~~~~~~ n a ’ s  SI AO N N  V, . N a n . ,  U U N  • M . P 0 . N N  a
~~~~

. N a N I .  ~~~~ O N a N N O  0’N a N N  c a ’ a ’ . i a a . a  . 4 n N O . 0 ’ U  O N  U 0  N a , — 0 0 4 4  ‘ 4 n U 0 A  N A
‘U a n ’ I 0 0 n 8 n 1 5  O~~~~4 , , . - n a  a a a  p a a . o ’  ~~~~~~~~~~~~~~~~~~~~~~~ ~‘

A N 5 . ~ 0. o p a D n  ,-‘ s N o a 0 ’ a  I .  a ’ O a A a O O , - ’ A N  • Z  Nn a e 0 .0  0 41 a a N a a. a, U N 4 5 4, 5-a a a. a’ N 5-~ N 5 N ~-‘ ‘4 0 .4 a a0 — ‘4 a , O A N U , p’. a. ;‘ a • a a .  O C a ~~~~N U S  N~~~~~~r O : ~~~~~i. tN a — ~ .u ~ 0.0  .4 0. U • N N 0’ • O n  0. n . , a . a — .  a — x  rO a . - a’ a . , .  a’ ,. a v . p~~~~’s .,n ~~~~~o a a  ~~~~~~~~~~~~~ n n ,~ . :a. a
0.4,  4, 41A 0 0  O - .’ n n N a ’ . a n  .4 45 14 .4 U N ~~~~N I 0 P 4  n a a a . a ’ . ,  N
a a ’ a~~~~~~ % 0 5 0~~ 1 N 0 ’  

~~
N I  u NO . 0. a A S  - u v a ’ o a e N a . s . a  a Z ~~~~s—~~ 0 ’ N V N N

U . 4 <  O N  0 ,-.‘ .1~~~~< U 0  0 0  44 U n ? ,  a.‘0 ’_ . o a  0’ n + ‘ ( N
~~~

0 N  .4, 4  ‘ U a ’ N S O  N • 5 5 5  0. n a ’ U . 4 a u o , . ’  aA N 0 ’ N O S Ca . n, - ao  a0. 4, 4*0 N 4, 4, 4, 0, . fl 4 ~ 4 0 5 N N a. 0 ep- .4, 4, 55 4, p a  N 0 0 .4 0. g 2. —.~~‘ V •~ ‘~ ~a e 0 a ’ a . , 0 ,, ‘I N  s— e s, a a sV A o a a n o a d f l o V  D C  ‘0 4-’ U N g. a.a
~~~

N a
~~~~~~

U N .  a. 4 , ’ I
0 0 .  U a’ a e c e  ~~ N f l a ’ 0  U S  ~ ‘4~~~ N ( N  ~~~~~~~~~~~~~~~~~ A s  C O ’ I U O .
U U . ’ e .  5..~~~ 0’~~~ a ’Ø~~ n a . ‘ m o a n  n u . e  ., as,  . ( N s , O ~~~~~~~~~~~~~~~~~~~~~~N n a , — a V a o p . .  0 . O~~~~fl~~~~N 0 0  a a n N a , — a n a
. 4 4 , 0 ’ C  O 4 * U U a ,  S e 0 ’ . a . i a, n o  s a . o a ’ a N a~~~~n ~~~~~~~~~~~ C U S O O N C  ~~ N5. N A  O a N N n . . ’. NN a a p - g  O S  O N N  . , a N U N a n ~~~ 0. 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 0 , 4 , a~~~~0,~~~ s - 4 , . ’ ’ U  pa~ ~~~~~0 X 0 ~~~~a ’ 0 A 5  N U 44 _
A N N 4 N N NS1  0

n N a U 4 , p , Ø I a a ’ n , —  ‘I a~~~~a , . 0 O a ’ N  a r e  ~~ a ’A  0 5 .  N a ’ O C <  Nn o a  0 ’ N N  O O C A ’ I ’ 5— 0’ 0 a a e  ao, a ~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~N .1.- S O N a s , M . n a a p a0 SI 0 a ~ a N AV a n a  S~~~~N 5 - A  • a~~ ~~ O N= ‘4 s ... 4 a’ a 5.’ A 0 0• 0N ’ ‘

~~ U U ~~~ e a c g ’ .-.
.4 , . - a n p ’ i 6 .,..‘ .4 a l j ( .~ ~~~~~~a ~~~~~~~~
~ s - a . C a u~ 

~~

a a n a e a a a .  n g ~~N a ’  N 5 . ’ O N O N O 0 ’ P N N  N
0

s o  a n

I I ,  
a~~~ I”~1 N

S 0’ • a  s- ’.V an a

U U hU  ~~~~~~~~~~~~ ;i;~~~~~~~

0 ~~ ~~~~~~~~~~~~~ pj r, A~~ :~
.n .

~~~I 

5 0  “ ‘ 4  ~~~~~~ :~~~~~~~~ 4- ..4j ’2~~ 
‘

j 
‘ ‘I — ‘a n a n  a • p” a

0 .0  ‘ I f l ’ 4 0 , &~~~~ a n ~~~~~~~~ L ”  I~~~~~
~~~~ ~~~~i N n a a  A N
~ 0 5-’0

I .  
N a o n . s i a a  ~~~~~~~~~~~~~~~~~~~~~~~n a p a a  p

• p’. n a . a O O ’  a’ 5 4 , 0
j I r.~~~

___________________  
~~ ~~~~~~~~~~~~~5 - a N n  e 4 4

~~
’ 2 ( D 5( :

~~I~~~~ 
I
,u__________________________ a p e  p..

5 - C
~ f 4 A N ~~~~~~C~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~

.
•PJ a ’ N U

~~ t 1 s. s a # . a S e a  ‘ u a l a v ~~.;~~~ g’
A N Ca N N P

N A A N P ’

~~rSIIU4III U.U•II Sat t.C~~~~~~’) 0 a a ’ s- a  a. a S a s  N 
•0-’ N N N N N O  A

a. ~~~~~~~~~~~~~~~~ ‘:~~~~
‘
~~~~~~~~ I I  qA

~~~~~~~~~~~~~~~ 
~~~~~~~ N~~~~N~~~’4 •  ‘

;I

~~ ~~~~~~~~~~~ ~~~~~~~~~~~~~~~~ 54

. i i
~~~~ 

‘
\~~~~ ~~

N
~~~~~~ba  

ii
ii  ~ U U A N  ~~~~~~~~~~~~~~~~~~~~~~ ~~~~
1’  . ‘ . i A O~~~~~
‘ I 

~~~~~~~~~~~~~a ,

____________________ it

L I  S 
~ 

~~~~. N  E 3~~~ 
g ’~

~ 4 .
~ 

i

I -  -~~~ 
- -_  —  

—_ .- .~-- . -. --.—.~~~~~~~ .~~ 



_ _ _  -~~~~~~~ ‘~~~~~~~~~ ~~~~~~~~~~~~

3/AT’
VAT’ ~~ ~.i L 

a,

I

a“ i i  0

_ I’S i . .
’ 7

.
. _~‘ lii

~

___________________  

:~
‘
~I

__________________________________ 
i J r

14 ‘0 .-IA.4 5-5 ‘4 0’ 0 . 0 .  0~~~~~N U O N ’ 4  ~ 91~~~~~~~~~
U12S ~~~11~~~UI11g~~In N S •  4 — .0a  a N O . 0 a A N n s - ’ n s , a . n a a a a0 4 4  ~~~A C n a  a~~~~~S I N N a Aa s -a a , 4  0 . 5 -N  N N S . J ~~’.

4, ‘4 N 0 S I~~~.S  • 4 -~ ~~ ‘
~ N N W  N a  s- I  A . A a I N N

A 0 10 N I N A N N N A an O O N  a N Ot I -’Ua  ~‘ •A A U 5  
~~ 

a ’ A A c aN P ’  5 0 4 4  540.0 A O * V  N~~~ N C a
‘4 A Ø N N C  r p .~~:, 

00 O n  ~~O S.b P~~~ 5
N A  S 5 N  I N N 5 4

P4” II N N P ’A  N ~ ~~ 
a ’P•~~’N  ~~~~~

S - -’ I f l .  ~.*I I~~~~~ g~~ 0~~~ N
~~~ A N

N ’4 O  ~~~~~~~~ 44 5 1 0 4 4  as li N ‘S s, ’iCa ~.-fl S’S.a~~~~t,~~ N 05~7 o a ’ I  • N • N A  ~ 5 0 0 . W
‘0 N 5 A  • IL, 5 C 2 4  * A N N

~~~~~ ~~~~~~~n f l  0.
S ~~‘a S5’ a •~~ es- a n ; ,~~~.n u  

~~ g~ *n 
‘ 

g . N a  1;L IN : 4*“. •1~~~ ~~~~~~~ a s -  5 44 
14 

A S O W  0.S~~~~~~ N N• P J U O  • N.4— V N S W  5 0  0.

~~~ 
...~~~ 

~~~~~~~~~~ 
.NL~~~~~~P’ .~~~ i*d. ”

~~a’NI5 -• ~~~~~~~~~ ‘I •g~~~ N o s
IS N ..~~r ‘ 2 r 4 4 # ” 44 ’— A f l N

I “ ~~NA4 4 0~~~~ I a .  0 ~~~~~~~~~~~~~~~~~ 
I’

~~~
•f  ~~~~S NO’S Ø N  r

~~
P’;

~~~~
i :~~~~M . l a u  

~~
, 

~
g~~ , r. 

~~
s-,-

~~ 
‘4 o~~~~~~~~ .i U 5 . N I 4 I’.,

U S* a..0’N N A —r P’
~~~

P’P’
NA

n o  ;~~~~~~~ ~~~~~~~~~~ 

~~ 
aIii.

q
i

~~i;
.~ a a ~~~~~~~~~~~~~~~ N

~~~~ 

~~~~~~~~~ a.44~~a~~~~
S

Ul.

545 1
N 4 ,  

Li 
~ ~s-

a

~~~~~~~~ a m  ~:4~I ~~8 N ’fl~~~1~~~~If ~~ ~.I 
~~~

,
~; ~~~~ ~,

2.*, 12.
~
‘
I1 2~i!‘5555 5 4 4 4 5 4  A

“~~1
a.I ,.. 54

IN qz.. ~ ~~~~~~ g~
.

• N •15 r ~. g A
S~~~ A a

.54 “i: R !.g ~~~~~~~~~ ~~~~~~~~I~~~~~~ Jr

2.g•~~N
A i f li  ~~

; _ .~~fl 1~. ~‘2.~i
~~ !I ~~i N 

~ 
~]‘ ~a

— a. ~~

-

L.1 . _ _ _ _ _ _ _ _



Abstract Submitted
for the Washington D.C. Meeting
of the American Physical Society Piezo and Pyro-

PACS #77 27—30 Match 1978 Electric Effects

111gb Field Poling of Polyvinylidene Fluoride
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Frequency Dependenc e of Pyroelectric Current in Poly (vinylidene fluoride)

Heat Sinked at Various Temperatures -

L. F. Hu , K. Takahashi , R . E. Salomon and M. K. Labe s*

Department of Chemistry, Temple University, Philadelphia , Pennsylvania 19122

Abstr act

The frequency and temperature dependences of pyroelectric activity
0 0 -

in poly(vinylidene fluoride) have been studied from 10 K to 369 K using

mechanically chopped and steady state radiation . From these data , thermal

diffusivity and a parameter indicating the polarization inhoinogeneity can

be deduced and compared with a mathematical model .

I
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INTRODUCTION

In the utilization of poly(vinylidene fluoride), PVF2, as an

optical—radiation detector , the frequency response characteristics have

been mathematically modeled by considering the interaction of two factors:

(a) the inhomogeneity (or homogeneity) of the sample polarization as a

consequence of the poling conditions, and (b) the thermal diffusivity of

the pyroelectric material)~
”4 In this work, the frequency response to a

pulsed heat input of a heat sinked PVF
2 

film is examined. The temperature

of the heat sink is varied from 369°K to l0°K. Pyroelec tric coefficients

and thermal diffusivity are determined for PVF
2 
in this temperature range.

These experiments allow one to measure thermal diffusivity over a sufficient

temperature range to check the validity of the mathematical model proposed

by Peterson et al 1 to ascertain the inhomogeneity of polarization, and to

determine the temperature dependence of the pyroelectric coefficient well

above and below the glass transition temperature(s) of this semicrystalline

polymer .

THEORY

A general description and solution for various boundary conditions

of a pyroelec tric detector have been described elsewhere in detail.’ In

this paper , the specific case considered is one in which one side of a PVF
2

film is kept at a fixed temperature with a heat sink, while the other surface

is exposed to a chopped optical beam . Assuming that the input heat of the

chopped optical beam is absorbed on the front surface without any loss, and

heat flow is only in the x direction normal to the surface , one can express

the current density resulting from changing the temperature of the pyro—

4 
- 2 -
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electric f ilm as’

J(t) l/Lf dx 
dP dT(x ,t) (1)

where L is the thickness of the pyroelectr ic film, T is the temperature,

t is the time and dP/dT is the pyroelectric coefficient. For convenience,

the functional relationship to express the nonuniformity nf the pyro—

electric coefficient throughout the film used in this calculation is

dP/dT P
0 

exp (—~xIL) (2)

where P
0 

is the surface pyroelectric coefficient and E is the parameter of

nonuniformity.’ One dimensional hea t flow in the film gives

dT/dt — ad2T/dx2 (3)

where a is the thermal diffusivity. The term a is defined as

a~~~k/C (4)

where k is the thermal conductivity and C is the heat capacity per unit

volume at constant pressure . Eq. (3) is solved using the following

boundary conditions: a perfect heat sink keeps one end of the film at a

constant temperature,

T(x L,t) — T
0 

; (5)

heat is supplied in some specified manner to the exposed face at x — 0,

expressed by the equation

Q °—k dT/dx (6)

where Q is the heat input. The steady-state current response to a ainu—

— 3 —
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soidal heat input at frequency v0 is given in Ref. (1) as

IJ(v0)I (P0%/LC)I~ (iw0)I (7)

where Q0 is the incident heat. The complex response function ~(iv) to the

heat input is
-2W -2W -~-W

~(iw) p(e P_ 1) + ( i  + e P) — 2e p 
(8)

( l + e

where W — (iw/a?~L and p — FJW . The magnitude of the current density

IJ(W 0)I in Eq. (7) is obtained by calculating (~(iW0)~*(iW0))½.

EXPERIMENTAL

Both sides of biaxially stretched 6 p PVF
2 
films, obtained from

Kureha Chemical Corporation, were vacuum deposited with nichrome electrodes.

The thickness and area of the electrodes were 150 and 1.3 cm2, respectively .

Electrical leads were attached with conducting epoxy adhesive (Acme Chemical,

No. 3021). The samples were poled at 60°C with f ields of 1,2 or 3 MVcm ’.

For the first heating cycle, the poled films were heated at 10°C mm 1

from the poling temperature of 60°C up to 80°C and kept at 80°C for 10

minutes in the short circuit configuration. The samples were then cooled

to room temperature. During a second heating cycle, the samples were heated

at 2°C min”~
1 

and pyroelectric currents were measured . Pyroelectric co-

efficients were calculated at a temperature of 35°C. A detailed description

of this measurement and the subsequent calculation of the pyroelectric co-

efficient are reported elsewhere.5 For poling of f ilms at f ields of more

than 2 MVcm’
~ ’, a dielectric liquid (Fluorinert FC—77) was used. During

_ _ _ _  

_ _  
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poling, the f ilms were dipped in the liquid to prevent short circuits in

the film.

The poled films were mounted on two different heat sinks, one

for the experiments at room tempera ture , and the other for experiments at

various temperatures ranging from lO°K to 369°K. For the experiments at

room temperature , Cry—Con Grease (Air Products and Chemicals) or General

Electric No. 7031 adhesive Insulating varnish was used to attach the sample

to a copper plate heat sink. The copper plate was mounted In an aluminum

box for shielding to prevent extraneous noise. For experiments at various

temperatures , the films were g lued to the p lane of a copper column, which

was used as a heat sink, with General Electric No. 7031. The copper

column was mounted in a Displex Cryostat (Air Products and Chemicals ,

Model CSA—202). A chromel—alumel thermocouple was placed in a hole in the

copper column with Cry—Con Grease so that the heat sink temperature could

be read out with a millivolt potentiometer or Keithley 160 Digital Multi—

meter . For both cases, the back nichrome electrode was grounded to the

heat sink. The upper nichrome electrode was connected to a lock—in amplifier

(PAR Model 124) . A load resistor of 47 Kfl was inserted in parallel with

the sample. A tungsten lamp was used as the heat source. The light beam

was chopped with a PAR Model 222 chopper to form a square wave. The signal

response was measured from a low frequency of 10 Hz to a high frequency of

4500 Hz.

Experiments with the heat sink at various temperatures were

carried out in a vacuum since this is a requirement for use of a Displex

Cryostat. At 290°K experimen ts were conducted .in both vacuum and air.

— 5 —
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Since the results were essentially the same, the thermal conductivity of

air could be neglected. To determine the effect of the thickness variation

of the heat absorbing nichrome electrode, a sample in which the electrode

thickness of the exposed side was half of that of the typical thickness

(150 ~~) was prepared. The results in terms of the chopper frequency , the

magnitude of the maximum pyroelectric current, and the overall shape of

the curve were the same indicating a negligible effect of the absorber

thickness, at least in these experimental ranges of heat sink temperature

and chopper frequency.

To check linearity of response (which will be crucial to the

subsequent analysis), the incident light was varied by placing screens

between the light and the sample and was measured with a thermopile. It

was found that the pyroelectric response varied linearily with the incident

light of the frequency range used in this experiment .

RESULTS AND D USSION

Typical curves of the pyroelectric current vs. the chopper

frequency are shown in Fig. 1. The chopper frequency at the maximum pyro—

electric current in the curve shifted with the heat sink temperature . At

the lower temperature, the maximum current appeared at the higher frequency .

Pairs of samples were examined for a comparison between the cases for

radiation absorbed on the positively and negatively poled side. At any

temperature of the heat sink, the positively poled side always had a larger

pyroelectric current than the corresponding negatively poled side , as shown

in Table I.

The results in Table II show that the distribution of polarization

— 6 



through the f ilm is not uniform. It i~ generally assumed that dP/dT

varies with x as P0exp (—~x/L) , where x is the distance through the film

from the irradiating electrode , L is the thickness of the film, and P
0 is

the surface pyroelectric coefficient .’ When the measurement is made with

the negatively poled side exposed to the chopped radia tion, dP/dT can be

expressed as P0 xp(—~)exp(~x/L) . Prom the results, it is obvious that

the value of ~ should be positive. The thLoretical and experimental curves

were superimposed enabling us to find a value for ~ by matching magnitudes

of the maximum pyroelectric currents and frequencies.

These F~ values determined for samples measured at low

temperatures and at room temperature are listed in Table II.

It is apparent that the larger F, is due to a greater nonuniformity of the

polarization. When the poling field is smaller , a greater inhomogeneity

of polarization is produced through the film. These results are basically

in agreement with the literature results.
4

According to the theoret ical model ,’ V
P 
is a function of the

thermal diffusivity a. Thus, the quantity V
P 

is temperature dependent and

causes the frequency of the maximum pyroelectric current to vary with

temperature. To verify this, it is necessary to determine whether the

shape of the frequency dependent pyroelectric current and hence the F value

was affected by changing the temperature. Data obtained at three different

temperatures were replotted as shown in Fig. 2. It is apparent that the

overall shape of the curves are not affected by varying the temperature ,

although the original frequency dependent curves have different frequencies

and magnitudes at the maximum pyroelectric current. Also , the values of ~.

— 7 —
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at low temperatures were not significantly changed as listed in Table fl.

Therefore, the value of F~ or the distribution of polarization is temperature

independent and the shift of the frequency at the peak pyroelectric current

is caused by the change of a at different temperature, that is, the value

of the thermal diffusivity (k/C
e
).

Using available da ta for thermal diffusivity,
6 

theoretical

response curves were plotted at different temperatures as shown in Pig. 3.

In each curve a single peak appears at a certain frequency below 10~ Hz

and the shift of the frequency at the peak is observed at different temp-

eratures. The peak arising for the case of irradiation on the positively

poled side appeared at a slightly higher frequency than the one for the

reverse case even at low temperatures . This characteristic was observed for

all the experimental results shown in Table III.

Experimental values of thermal diffusivity at different temperatures

were calculated from the peak frequencies . Using these thermal diffusivity

data and available hea t capacity da ta,7 the thermal conductivities at

differen t temperatures were calculated . These results are listed in Table

III and thermal conductivities vs. temperatures are plotted in Fig. 4.

Some slight differences exist between the results obtained and the available

literature values. The peak frequency in the theoretical curve is at 600 Hz

at room temperature , and does not match precisely with the peak observed

experimentally (1000 Hz). These discrepancies are probably due to such dif-

ferences as molecular weight distribution in the polymer samples and the

differences ir the methods of preparation , one set of data being taken on

film pressed from a powder and the other on a biaxially stretched film.

- 
The thermal conductivity of the fil, can be treated by a two phase

H: ‘:i
.~~~~~~~~~~~~~~~~~~~ - 
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model in which the conductivity of the amorphous regions is essentially

isotropic while that of the crystalline regions is highly anisotropic.

The thermal conductivities obtained here are for the direction perpendicular

to the crystals with the chain axes parallel to the stretching direction.-

At temperatures of more than i00°K, a leveling off of the thermal conduc—

tivity was observed. This is probably due to the conductivity via the weak

Van der Waals interactions perpendicular to the chains , which is undoubtedly

much smaller than through the strong covalent bonds along the chains. Thus

crystallites aligned parallel to the stretching direction contribute more

to the thermal conductivity. At temperatures lower than l00°K, a sharp

decrease of the conductivity was observed. As the phonon wavelength becomes

greater than the size of the crystallites at these temperatures , the acoustic

mismatch at the crystalline or crystalline—amorphous boundaries may give

rise to a sharp increase in thermal resistance.
P Q

The pyroelectric current J is given by Lc ’~’ The quantity of

heat Q and the thickness L are constant . The magnitude of the pyroelectric

current J is a function of P and C which are temperature dependent

parameters. Using literatur: data for C ,
7 

the relative pyroelectric co-

efficients of a given film at different temperatures can be calculated by

taking a ratio. The results are shown in Pig. 5. It can be seen that the

relative pyroelectric coefficient increases with increasing temperature.

The nature of the temperature dependence changes at ~ 220°K. Below this

temperature, the pyroelectric coefficients are moderately temperature

dependent but above this temperature they exhibit a T
2

. dependence. The

temperature of 220°K is close to the glass transition temperature of PVP
2
.
8

Probably below the temperature of 220°K the material becomes stiff with no

— 9 —
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expansion of volume and the primary coefficient is the main contribution,

while above this temperature , the thermal expansion of the film becomes

large and the secondary coefficient contributes significantly . The pyro—

electric coefficients in the temperature range between 253°K to 373°K are

found to exhibi t a T3 dependence using the conventional method of pyro—

electric measurements.9 The reason for the different temperature dependences

of the pyroelectric coefficients in this temperature range may be related

to the temperature dependences both of the heat capacity and thermal conduc-

tivity. A dilatometric study shows an “ T
2 dependence of thermal expansion

of PVF
2 
in the temperature range between 243°K to 373

0
K
]O offering

additional evidence that pyroelectric coefficients in this temperature

range are associated with thermal expansion .

CONCLUSIONS

Pyroelectric coefficients for PVP
2 
have been measured from l0°K

to 369°K. The pyroelec tric coefficients are moderately temperature dependent

from l0°K to the glass transition temperature and exhibit a T2 dependence

from the glass transition temperature to 369°K .

The inhomogeneity introduced by poh.ng is shown to be temperature

independent . This strongly suggests that the origin of pyroelectricity in

cannot be based on an equilibrium thermodynamic model , such as the

Devonshire model of ferroelectrics .11

Thermal diffusivity dedu:ed from data on pyroelectric current

produced by pulsed heating from 20 K to 290 K is consistent with data in

the literature. Even over this extended temperature range, the mathematical

model of Peterson et al ,1 based on considering only the temperature dependence

— 1 0 —
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- of the thermal diffusivity and the extent of polarization inhomogeneity

is adequate to explain the results.

I

I
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Table II. Nonuniformity Parameter E for Various Samples as a Function of

Temperature

Sample - Values of ~ at Various Temperatures
20°K 50°X 100°K 150°K 200°K 233°K 250°K 290°1(

20 0.6 0.7 0.8 1.0 0.9 —- 0.9 0.9

21 0.3 0.0 0.0 0.3 0.3 0.3 0.3 0.3 
- 

-

25 0.4 0.4 0.4 0.3 0.3 0.3 0.3 0.3

: 26 0.2 0.2 0.2 0.2 0.3 0.3 —— 0.4
1 —— —— —— —— —- -- —— 0.8
2 —— —— —— —— —— —— —— 0.3
3 —— —— —— —— —— —- —— 0 .4

4 —— —— —— —— —- —- —- 0.0I
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Table iv. Comparison of Calculated Thermal Conductivity and Diffusivity with
Literature Values

Temperature Thermal Conductivity Diffusivity

Calculated Literature7 Calculated Literatui~e
7

(V m~~ °K
4) (V —1 0K

_i
) xl07 (m2sec~~) x107(m2 sec~~)

290 0 200a 0.200 092~ 0.92

250 0.199 0.196 1.07 1.08 —

233 0.204 0.193 1.21 1.13
200 0.222 0.187 1.58 1.29

150 0.205 0.172 1.86 1.54

100 0.178 —— 2.25 —_
50 0.113 —_ 2.75 ——
20 0.038 —_ 3.21 --

(a) Calculated values were obtained by a comparison with this value which was
taken from the literature .7
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Figure Capt ions

Figure 1: Pyroelectric response vs log frequency at different temperatures

for sample 21+.

V ,290°K; 0 ,250°K ; 0 ,150°K; A ,50°K.

Figure 2: Relative pyroelectric response vs relative frequency at three

different temperatures .

0 ,290°K £~,l50°K; 0,so°K.
Figure 3: Pyroelectric response vs log frequency using literature thermal

diffusivity data.

(a) F 0 (uniform polarization);

(b) ~ = 0.6, positively poled side irradiated ;

(c) ~ = 0.6, negatively poled side irradiated.

The five curves from left to right are for temperatures of 290°K,

250°K, 233°K, 200°K and 150°K, respectively .

Figure 4: Log—log plot of thermal conductivity vs temperature.

Figure 5: Log—log plot of normalized pyroelectric coefficient vs temperature.
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Observation of Pyroelectricity in Chira t Smectic.C and -H Liquid Crysta ’s

L. J. Yu . H . Lee . C. S. Bak . and M. M. Labes
f l ef sarf ,nenl o( Che ,,,lslrv. Temple (~,iversil~, Ph iladelphia . P ennsvlva,, ia 19122

(Received 10 November 1975)

Pv roelectricity has been observed in the smectic-C and smectic-H phases of 1—p--de—
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ after the material Is poled in a dc
field - The observed pyroelectric coefficient is consistent with an estimate of its theo-
retical value.

Recently Meyer tin !.’ have presented both the- the smectic-C and smectic-!! phases of the I-en-
oretical arguments and some experimental evi- antiomer of DBC after aligning the phases in a
dence that P-decyloxybenzyLtdene-p ’-amtno-2- dc electric field , and verified that no pyroelec-
methylbutylcinnamate (DBC), when prepared as tric effect is observed in the racemic form of
a pure enantlomer (using i-an:y l alcohol), is fer- DBC .
roelectric in the smectic-C and smectic-H phas- 1- and di-DBC were synthesized in the follow-
es. It occurred to us that an indication of spon- ing manner2: ft-nitrocinnamic acid was convert-
taneous polarization in these phases would be the ed to the acid Chloride via treatment with thionyl
presence of a pyroeiectric effect. We have sue - chloride ; I -arnyl alcohol or *I!-amyl alcohol was
ceeded in measuring a pyroelectric current in then added to form the p-nitrocinnamate ester ,
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which was reduced to the p-aminocinnarnate en should have a macroscopic dipole moment and
ter with stannous chloride and hydrochloric acid. should therefore show a pyroelectric effect. As
Finally , the Schiff base DBC was made by con a control exper inient dF-DBC was treated in an
densing the p-aminocinna rnatc ester with n-dc identical manner; because of the alElar cha rac-
cy loxybenzaldehyde. The phase transition tern ter of this material , no py roe)ectric effect should
peratures were in good agreement with those pre be observable.
viously reported .’ Pyroelectric currents were measured in a man-

The pyroelectric measurements were performed net previously described.5 The samples are first
on samples of l—DBC and dl-DBC aligned between held at a fixed teiripe~-t t ur e  w~fl ! .~ stable back-two glass plates which had been coated with m d i  ground current is observed and recorded ; heat- j

~m oxide and then with silicon monoxide to pro ing rates of 75 and 10 ‘ rnin for the smectic-C
m ote homogeneous alignment .3 A 6 3-pm or 127 and smectic-lI phases , respectively, were ap-
gnu Mylar film with a 1.2x 1.2-cm 2 hole was used plied and the phasc’s heated to a 5 higher temper-
as a spacer. The samples were heated to 125C, ature. As can be seen in Fig. 1, this heating pro-
8’ higher than the isotropic transition tempera duces a current pulse as well as a risc in the
ture , kept under a dc electric field of Sx 10~ V background current . The background current
cm ’ for 1 h. and quenched to the smectic-C stabilizes again as soon as the temperature sta-
phase with the field still applied. Thi s treatment bilizes. When no pyroelectric current is pro-
serves two functions: Undesirable ionic species duced , as in the experiments with dl-DBC , one
are removed by electrolysis, and the sample is observes the rise in the background current , but
“poled” ; i.e., the dipoles are aligned in the field . no pyroelectric current pulse.
Alternatively , the sample can be poled starting The pyroelect n c  coefficient dP/dT can be cat-
from the srnectic -A phase (115—95”C). In the culated fro m the data of Fig. 1 from the following
smectic-C and -H phases, the “spontaneous” cur expression for the pyroelectric current 1:
rents are measured after the “background” cur 

~ =A(dP / dT) dT dl (1)rent stabilizes, which takes — 2  h. A small re — ‘

sidual background current is always observed; where A is the elec t rode area and dT/dl  is the
in i-DBC a pyroelect rlc current is also observed heating rate. The highest value of the pyroelec-
when the sample is heated (or cooled ) at a rapid tric coefficient in the smectic-C phase is — 2
heat ing (or cooling) rate. The pyroelect ric cur x 10~~ C deg ’ cm 2 , and — 3x 10~~’ C deg ’ cn, 2
rents were measured in the smectic -C and -H in the sniectic- 11 phase. The magnitude of the ob-
(< 63 C) phases. In the smectic-A phase, in ac-
cord with theory , no pyroelectric current could 

~~~ _~~~~~ _

be observed . However , the background current Smecti c -C Smectic— H
in this phase was always quite high, and it would 3.6 7
therefore be difficult to distinguish a pyroelec  I
tric current in this phase in any event. -~~ 33 I 

6
In the experiments reported in this work , the 

,
~~ 

I .~molecular axis is parallel to the glass; i.e. , the ~ 
30 5

smectic planes are perpendicular to the glass ‘2 2 7 (_)  I 
~~ 

‘2
and an electric field is applied perpendicular to
the glass plates. A macroscopic dipole moment 24 I 3
will only occur when the heLicoidal smectic ar I A 1
ray is “untwisted,” i.e.. when the pitch approach ~ 2 I (± ) I IL I ( +) 2
es infinity. We found that after poling, the infin- ° f (— )j  _J 0

ite-pitch srnectic -C and -II phases were partially 1.8 J - I
i-etained for several hours even after the field _t T’ _~._j~~~~was removed : i.e.. a memory state was achieved . 0
Microscopic observations indicated that a large T(ME ( I d w ’ S  minutes)

lx rlion of the sample did not relax back to the
so-called fingerprint texture ; the helical array ch~~~ (—) and racernic ( i i  DI3C. The compounds arc“may be partially restored but w&th a large pitch. heated from Si to 70’C at a rate of 7 i’/min In the
For th is reason , the stnictures of both the smec - smect[c-C phase , aiv i from Sot~’ 55’C at a rat4’ of
lie-C and the smectic-ii phases, being untwisted. 10/min In the srn ectlc-I l phase.
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served pyroelectric coefficient was often as much work on describing the properties of these inter-
as a factor of 2 less than this, the irreproduci- eating phases is underway.
bility presumably related to the degree of align 

-

______________

went and memory state which exists in the m di-
Thts work was supported by the U. S. Army Researchvidual sample. 

Office under Grants No. DMICO4-7 1-G-0186 and No.Au estimate of the theoretical value of dP dT 
DAAG29-76-G-0040.can be made in the following manner. Polariza- ‘R. B. Meyer, L. Liebort , L. Strzoleckl, and P. Kal-lion P is defined as the macroscopic dipole fl10 ler, J. Phys. (Paris) , Lett. 36, L-69 (1975).

went per unit volume V: 2 M. Leolercq, J. Billard , and J. Jacques, Mol. Cryst.
Liq. Cryst. 8, 367 (1969) ; A. Psarrea , C. Sandria , awlP = Nf l / V = piT , (2) 
G, Tsatsas, Bull. Soc. Chtm. Fr. 1961, 2145.

where N is the number of dipoles in the voLume 3J. L. Janning, AppI. Phys. Left. 21, 173 (1972). ‘
4Thc lifetime of such a memory state seems to do-1’ . ii is the dipole moment , and p -‘ N / V .  By dif-

pond on the thickness and boundary conditions of theferentiating Eq. (2) with respect to temperature sample. AJthot~ h Meyer ct al . (Ref. 1) did not reportT. one obtains memory effects In their earlier work, observations of
dP~~~ (i~~~ ~ 

long-lived untwisted states have also been made by
d7’ p d7’ ~ 

(3) them (11. B. Meyer. private communication).5A. I. Balse, H. Lee, B. Oh, ft. E. Salomo~, andThe relative change in density ( l/ p )dp /dT is ap- M. M. Labes, Appl. Phys. Lett. 26, 428 (1975).
proximately the volume expansion coefficient 6L. E. Hajdo, A. C. Eringen, A. E. Lord, Jr., and

F. E. Wargocki, Lett. Appi. Eng. Sci. 3, 125 (1975).(negative sign) and should have the value of — — 1 1L. E. Ra)do, A. C. Eringen , .1. Giancola, and A. K.x 10~ ’ deg ’.”7 The magnitude of the second term i.4~’d , Jr., Left. Appl. Eng. Sd. 3, 61 (1975),in Eq. (3) is — 1O~~~ deC.8 and can therefore be 5R, G, Kepler, In ”Proceedtnga of the Second Inter-neglected.” P can be assumed’ to have a value of national Conference on Electrophotography, October
— 125 esu cm 2 (= 4.2x 10” C cm 2) . Therefore 1973” (SocIety of Photographic Scientists and Engi—
an estimate of dP/ dT is — — 4x 10~~ C deg~ cm 2 . fleets , to be published).

Thus the observed value of the pyroelectric ~~~ ~The polarization is expected to change rapidly near
the smeetie-C—smectj c-A transition temperature Isee,effici ent [(2 to 3)x 10” C deg ’ cm _2 ] is quite for example, R. Blinc, Phys. Status Solidi (b) 70, K29close to the theoretical value. Since neither per- (1975) 1. Our measurements for the smectlc-C phasefeet alignment of smectic -C and -ii phases nor were therefore carried out 20’ below this transitionperfect untwisting of the chiral phases can be as- point to avoid any contribution to the current from suchsured , the agreement is rather good. Further a pretransitional phenomenon.
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Pyroelectricity due to a Space—Charge Mechanism in a Copolymer

of Acrylonitrile and Vinylidene Chloride

It. Lee, R. E. Salomon and H. H. Labes

Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19122

Abstract

Polarization due to an Inhomogeneous space—charge distribution
—2 —lcan result in a small pyroelectric coefficient (‘b’ 1—10 pC cia K ) of

opposite sign to the large pyroelectric coefficient (‘~ 1—4 nC cm
2
K’4)

observed in crystalline poly(vinylidene fluoride) which is largely due to

temperature dependent dipole orientation. The former effect is reported

in an amorphous copo].yiner of acrylonitrile (20Z) and vinylidene chloride

(802).
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It has been theoretically predicted’ that trapped charge in an

insulating film coupled with non—linear thermal expansion of the film can

lead to a reversible pyroelectric current. The pyroelectric coefficient

in such circumstance is expected to be of the order of a few pC cm 21C1,

whereas the observed pyroelectric coefficient of poly (vinylidene fluoride) ,

PVF2, is three orders of magnitude larger and is predominantly due to

dipole reorientation.2 7  In an effort to examine pyroelectric activity

exclusively associated with an inhomogeneous distribution of trapped

charge, we turned our attention to those polymers which store charge

effectively , but are essentially apolar. An indicator of the ability of

a polymer to trap charge is its triboelectric activity. In a recent study

of a large group of polymers, Williams8 noted that PVF2 and a copolymer

of acrylonitrile and vinylidene chloride , P(AN—VC1
2
), showed very large

triboelectric effects . Thus, P(AN—VC1 2
) is an appropriate system in which

to observe pyroelectricity , exclusively due to space—charge effects.

The sign of the pyroelectric current in a polymeric film is given

relative to the direct ion of poling, since it is the poling which establishes

the essential anisotropy in the film. In a crystalline material , on the

other hand, the sign may be established relative to the absolute atomic

arrangement. The large reversible pyroelectric current in PVF
2 

is such that

when the temperature is increased , the electrode which was positive during

poling is positive . We shall refer to this as a case of a positive pyro—

electric coefficient. The inagr.i~ude of the pyroelectric current $ is taken

as • — A(dT/d t) where A is the electrode area and dT/dt is the heating rate.
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In the sense described, a given model for both poling and subsequent

t pyroelectric activity is normally expected to be consistent with a given sign.

For instance, if the poling process results in an orientation of dipoles in

the general direction of the electric field , and if a temperature increase

with no field applied results in oscillations of these dipoles above their

mean positions , then the sign of the pyroelectric current is unambiguously

positive (i.e. , the same as is observed lit poled PVF2).

A copolymer of acrylonitrile (202) and vinylidene chloride (802)

was supplied by Dow Chemical Company (Saran Resin F— 310, Lot MM12116C4) ,

Films were cast from the solution of the copolymer (5—20% in acetone) in

a manner previously described7 except that annealing was not necessary in

these experiments. Usually the thickness of the cast films was in the

range of 10 to 20 ~. Electroding , poling and measurements were performed
9in the manner previously described . Poling of the samples was performed

at room temperature and a heating rate of 10°C mm 4 was employed. For

measurements below room temperature, the microscope hot stage (Mettler FP2)

which was used to control the sample temperature was placed in a cold

chamber cooled with dry ice.

The pyroelectric coefficient in P(AN—VC 12) (20—80%) is plotted

as a function of temperature in Fig . 1 and Fig. 2 for two different samples

(A and B). In sample A, a positive pyroelectric current was observed in

the first heating cycle. However, in th. second and subsequent heating

cycles, the polarity of the pyroelectric current was reversed. When the

pyroelectricity was measured one day after the third heating cycle, a sharp

peak was observed at 34~
’C. The pyroelectricity in sample B (Fig. 2) ahows

a similar temperature dependence to that in sample A. In both samples,
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the magnitude of the pyroelectricity showed the largest value at ‘s.’ 35°C

and no pyroelectricity was observed above 40°C. The polarity of the pyro—

electric current was reversed in the cooling cycles.

The pyroelectric current observed in the first heating cycle

(sample A) may be associated with either oriented dipoles or space—charge.

Although the material is amorphous1° and most of the aligned dipoles relax

back to the state of random orientation, a small fraction of the alignment

could be retained below the glass transition temperature of the material.

In the first heating cycle, this residual polarization could contribute to

the positive current and subsequently disappear during the first heating

cycle.

The negative pyroelectric currents observed in the second and

subsequent heating cycles are clearly due to the polarization produced by

injected frozen—in space—charge. Such injected charges are trapped in the

vicinity of the electrodes and form a fairly stable space—charge even in

the amorphous phase. In this case the injected charges have the same polarity

as the adjacent electrodes (homocharge), and the polarization produced by

such space—charge has a polarity opposite to that of the orientational

polarization. It is interesting to note that the pyroelectric coefficient

observed is of the same order of magnitude as that predicted by theory~

ass~aning the same values for the parameters as in the PVF2 case. Disappear-

ance of the pyroelectric effect above 40°C is believed to be related to the

glass transition which occurs at about 35
0C)O
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Figure Captions

Figure 1: Pyroelectricity in P(AN—VC1 2) (20—80% ) (sample A):

• : first heating cycle;

o : second heating cycle;

: third heating cycle;

0 : fourth heating cycle.

The first to third heating cycles were measured on the

same day and the fourth heating cycle was measured on the

next day .

Figure 2: Pyroelectricity in P(AN—VC 12) (20—80%) (sample B):

: second heating cycle;

D : third heating cycle;

o : fourth heating cycle.

Measurement of pyroelectric current was not possible in the

first heating cycle due to high background current . The

second to fourth heating cycles were measured one day after

the first heating cycle.
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