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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 coefficients with polar polymers, a determination of
whether or not polyvinylidene fluoride (PVFZ) 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 [R. G. Kepler and R. A. Anderson, J. Appl. Phys. 49, 4918
(1978)]. 3

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 film 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: [L. F. Hu, K. Takahashi, R. E. Salomon and M. M.

Labes, J. Appl. Phys., to appear Feb. 1979 (see paper (8) listed below)] and
ST
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[R. L. Peterson, G. W. Day, P. M. Gruzensky and R. J. Phelan, J. Appl. Phys.
45, 3296 (1974]. Lastly, we consider the case of an inhomogeneous filn‘in
which the dielectric constants and thermal expansion coefficients vary with
position. See papers (2) and (3) listed below.

Pyroelectricity in PVFZ-PHHA Blends

Polymer blends of PVF, with both poly(methyl methacrylate) and

2
poly(vinyl fluoride) were prepared and evaluated for pyroelectric activity.

Percent crystallinity and extent of a, 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 PVFZ. 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 PVF, were

2
made from the experimental results obtained with different layer configura-
tions, different electrode configurations, polymer blends of PVP2 with poly-
(methyl methacrylate) and poly(vinyl fluoride), and a copolymer of 20%
acrylonitrile-80% vinylidene chloride (P(AN—VClz)). The importance of the

dipole-reorientation process and hole injection during poling were both
. .
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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

down 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-c:lu-2

OK-l was obtained at a poling field of 4 x 106 V*cm_l. See paper (7) listed

below.

Frequency Dependence of Pyroelectric Current in PVF2

The frequency and temperature dependences of pyroelectric activity
in PVF2 have been studied from 10°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 10°K to the glass transition
temperature and exhibited a T2 dependence from the glass transition tempera-
ture to 369°K. See paper (8) listed below.

Pyroelectric Effect in Chiral 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—VClz)

P(AN-VCIZ) showed a small, negative pyroelectric current. A space-

charge model was invoked to help explain the negative pyroelectricity observed
w kT
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in this material (which is known to trap charge very effectively). See paper
(10) listed below.

Discharge Currents in PVF2

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 disiribution 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.
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Relaxation of polar cylinders in strong electric fields*

Byung K. Oh, M. M. Labes, and R. E. Salomon

Department of Chemistry, Temple University, Philadelphia, Pennsylvania 19104

(Received 29 October 1975)

The problem of rotational 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
function of a reduced time and the variable k, which is a measure of the ratio of mean electrical encrgy to
thermal energy. Asymptotic expansions are obtained for the distribution function and the fractional
polarization. The eigenvalues and even solution of a Whittaker-Hill-Ince differential equation have been
calculated as functions of k. Asymptotic expansions of the cigenvalue and solution of this equation are

given.

I. INTRODUCTION

The general theoretical problem of rotational diffu-
sion in the presence of external fields has a number of
applications. Recently we studied a problem of this
type, namely, rotation of polar cylinders immersed in
a viscous fluii in an external electric field with the mo-
ment normal to the cylinder axis. This two-dimension-
al problem was analyzed in a manner which provides
numerical solutions for various values of the diffusion
constant and electric field. By way of comparison, we
note that the problem of relaxation of spherical dipoles
which were partially aligned in an electric field was
treated by Debye' in his classic work on dielectric re-
laxation. Since dielectric relaxation is typically studied
at fields sufficiently low so as to avoid saturation, vari-
ous approximations (expansions) are made which sim-
plify the mathematics considerably. Such approxima-
tions are part of the Debye theory,

Our interest in this problem stemmed from a search
for a model which might explain the phenomena of py-
roelectricity produced in polyvinylidene fluoride (PVF,)
which has been poled (maintained at a very high field at
an elevated temperature).? The limited structural data
suggested to us that the phenomena might be due to the
rotation of rigid rods of crystalline PVF, (consisting of
the polar planar zig-zag phase) in an apolar, amor-
phous matrix.® The kinetics of both poling and depoling
as well as the equilibrium spontaneous polarization
were the objects of our attention.

A search of the literature failed to reveal a general
solution of this problem which could be applied to the
situation of high fields, i.e., Eu/kT> 1, where E is
the field, u is the moment, T is the absolute tempera-
ture, and & is the Boltzmann constant. Lauritzen and
Zwanzig studied a two-site model for the relaxation of
a single axis rotor in which the relaxation occurs in the
presence of a potential energy barrier.* Although our
study was motivated by a desire to explain the pyro-
electric data obtained with PVF,, itis clearthat the re-
sults are applicable to other problems such as elec-
trical polarization and relaxation in strong fields.

Il. FORMULATION OF THE PROBLEM

In general, the distribution function f for a diffusion
process occurring in the presence of an external field
is governed by the equation®
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ZL=DvYsaivarov), (1)

where D, is the general diffusion coefficient, a is the
orientational mobility, V is the potential energy, and V
and V* bear their usual meanings. We apply Eq. (1) to
the case of the polar rods in a nonpolar viscous medi-
um. We assume that the only motion allowed for the
rod is reorientation about the long axis. We further as-
sume no deformation in the dimensions of the rod. In-
troducing cylindrical coordinates we obtain from Eq. (1)

where D is the rotational diffusion coefficient, R is the
radius of the rod, v, is the volume of the rod, P, is the
saturation polarization per unit volume of the rod, E is
the field acting on the dipole, and 6 is the angle between
the field and the polarization vector of the rod. Atequi-
librium, 8f/8¢=0, and f should be proportional to the
Boltzmann factor exp(v. P, E cos6/kT) from which we
obtain

a=DR*/rT . (3)

I1l. DEPOLARIZATION

We first consider the decay of the polarization of al-
ready oriented rods. In the absence of the external
field, Eq. (2) becomes

9 al : 3
é’pao 1 @)

The distribution function f is even and periodic:
f8,)=f(-0,t)=f(6+2m,8), n=0,1,2, ... (5)
The initial condition is given by

£(6,0) = explx cos8)/2xl(x) , (6)
where Io(x) is a modified Bessel function® and
k=0, PyE/kT . 7

We solve Eq. (4) by separation of variables. Substitu-
tion of

(8, ) =X(6)Y(2) (8)
into Eq. (4) yields
X,(0)=A, cosrd+ B, sinAg , (9)

Copyright © 1976 American Institute of Physics 3378
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3376 Oh, Labes, and Salomon: Relaxation of polar cylinders
Ya(l)=(’-mz‘ . (10) l:f:"‘:"”"' m=0, 1, 2,... (20)

Owing to the periodic boundary condition given by Eq.
(5), we have

A=tm, m=0, 1, 2,..., (11)
which leads Eq. (8) to the form

f(8,0=A,+ i e om (A, cosmé + B, sinm8) .  (12)
m=1

After determining the coefficients by incorporating Eq.
(6) with Eq. (12), we obtain for the distribution function

1,0

f(e Ben A B 3 e (k) cosmb . (13)
% 2n  wl(k) & »

The residual polarization corresponding to this distri-
bution function is given by

cosé = f:'jcoso a8 =[I(k)/I(k)] e™®* , (14)

which shows that decay of polarization from the equi-
librium state is a first order rate process.

(V. POLARIZATION

Let us now consider the solution of Eq. (2) which
deals with the polarization of initially unpoled sample.
As before, we solve the differential equation by separa-
tion of variables; substitution of Eq. (8) into Eq. (2)
yields

Y‘=e'°‘z‘ - (15)
d3X dX ,
Ei,usine;o—»f(x +Kkcos0)X=0. (16)

If we let 6 =2x, Eq. (16) becomes a Whittaker-Hill-Ince
differential equation™® (i.e., p=-2, £=2«, and n=4x*
in the standard notations). However, the solution cor-
responding to the present problem, i.e., p=-2, is not
available in the literature.

Following Ince,® we denote the even and odd solutions
by C.4(8,«) and S_4(6, k), respectively;

a8, )= Z“‘ ajx)coms , (17

S.4(8, )= Z“ b,() sinné . (18)

Since by assumption (8, #) should be even and have the
periodicity of 27, we need only the even solution. Sub-
stituting Eq. (17) into Eq. (16) and gathering terms hav-
ing the same value of cos(n8), we obtain the following
recurrence relation between the coefficients a,;

Aa,=0,
3ay+ (A= 1)(2/k)a, - ay=0, (19)
Napy+ (2 =n2)(2/k)a,~na,,,=0, n>2,

Notice that a,=0, if A#0. Eigenvalues A which satisfy
the above recurrence relation give periodic solutions.
It is customary to arrange A according to the limiting
behaviors at k= 0. That is, from Eq. (16) we can show
that

The corresponding solution will be denoted by the super-
script m, i.e., CZ%. It is notedthat the smallest eigen-
value A=0 leads to the equilibrium solution given by Eq.
(6), as will be shown later.

Using Eq. (20), we write the distribution function as
follows:

£(0,0=£(8,2)+ 3. &Pt A C . (21)
mal

We determine the equilibrium solution f(6, =) and the
coefficient A, using the initial condition assumed to be
a random distribution of dipolar axes;

1 2r
£6,0=5-, fo £(6,0)d8=1. (22)

The equilibrium solution satisfies the following differ-
ential equation:

d*f(6,)

d
B +K ;o-f(o,w) sin6=0 , (23)

obtained by letting A=0 in Eq. (16). Its even solution
which we are interested in is nothing but Eq. (8). To
determine the coefficient A,, we use Ince’s normaliza-
tion condition for CZ; given by

2 lan*=1, m=1 (24)
n»1
and the following orthogonality,

1 :' =k Co80 ~m |
;fo e e CnCl,do

=b“" 'l(— 1)"""a,':'a,',:(l,,,,,o +I,..Rc) ) (25)
ny

where &, ; is the Kronecker delta. This orthogonality

can be proven using Eq. (16) and the periodicity of C ;.
Letting ¢=0 in Eq. (21) and applying Eqs. (24) and (25)
to it, we obtain the following result for A,:

A.= z-/ﬂ'lo;
(26)

Z-"';(' ”na:.lnlu('.”z'"(‘ 1)".“‘:“:'(1"“' +In-n'))-l .

Thus, the distribution function given by Eq. (21)
takes the form

78,0 =-z711—°(e“ o, 23 iz, c:',) ; (27)

Before going further it is interesting to observe from
Egs. (22) and (27) that

I,=-:a:2.. (28)
When « is small, Eq. (27) becomes
1o, t)-z—l'[l+x(l-¢'°')c030]+ o(x?), (29)

where use has been made of the asymptotes of CZ and
A% given by

J. Chem. Phys., Vol. 64, No. 8, 15 April 1976
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FIG, 1. Coefficients aj (k) of the Ince polynomial C.}(x, 6) vs
k for several values of m and n.

: cos(m - 1)0)

o Kf m+1 m-
C;=cosmé + (2m+ 1 cos(m + 1)8+————-2m ~

2

2
L (ﬂ_z. cos(m+2)+2":n.2 cos(m—2)0)+... i

+T§ 2m+1 =51
(30)
A2=m2, m? 2 (31)
m= Bmi_g K .

The derivation is shown in Appendix A. When « is not
too small, we need to know the eigenvalues and coef-
ficients as functions of x and m. As pointed out pre-
viously, the case m =0 gives the equilibrium solution
given by Eq. (6). When m > 1, the recurrence formula
given by Eq. (19) becomes

¥-1(2/k)ay-a,=0,
@y +[(® =2 /n](2/x)a, - a,,=0,

Since this is a three-term recurrence formula, we may
solve it numerically using the continued fraction meth-
od developed for Mathieu’s function.'® The detailed
procedure has been described in Appendix B. We have
summarized the results in Table I and Fig. 1, which
show the eigenvalues and the first few aj, respectively.
Notice from Table I that for x< 10 the asymptotic ex-
pression given by Eq. (31) becomes quite good. We al-
so note from Fig. 1 that a3 -3, ,as k=0,

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

w080 = (1,/1.,)( 1+ 3 PR ;w,)z..) : (33)

(32)
nz2,

In Table II we have presented values of the coefficients

(a$'/1,)Z2,. In Fig. 2 we have plotted cosé as a function

of the reduced time, D¢, for several values of x. Since
the scaling factor of the abscissa is D, the average po-

larization depends strongly on D and increases as D de-
creases.

When « is small, Eq. (29) yields the following expres-

sion for cosé,

Oh, Labes, and Salomon: Relaxation of polar cylinders 3377

cosf=3x(1-e"")+ O(x?), (34)

which is comparable to the well-known Debye solution’
for Eq. (2) in the three-dimensional case. When k -,
Eq. (33) reduces to the form

= 2 “1

cosa"hl Ee“"-‘ai'(z (-)"a:‘) - (35)
2 mal )

for which we have used the fact that I (x) depends only

on Kk as K=,

One of the obvious applications of the present work is
in the calculation of the frequency dependence of non-
linear dielectrics which conform to this model, Another
application is the calculation of the time needed to
achieve a specific polarization in pyroelectric polymers.
Unfortunately, to make such a calculation one must
have a knowledge of the temperature dependence of the
rotational diffusion coefficient as well as the rod (crys-
tallite) dimensions, both of which are not available at
this moment.

APPENDIX A: ASYMPTOTIC EXPANSIONS OF C™,(6,k)
AND 22 (k) FOR SMALL «

For this purpose it is most convenient to introduce
another normalization condition that the coefficient a
of CZ, is taken as unity., We then make the following
perturbation expansions of C% and \3,:

Ch=cosmB+Kfi+Kifp+ese , (A1)

Af,:m’+xc,+x'cz+--- s (A2)

where f; and ¢, are the expansion coefficients. Sub-
stituting the above two equations into Eq. (16) and gath-
ering terms having the same powers of x, we arrived at

. 4%, 2 L
K; _d#+m f1==3[(m+1)cos(m+1)8

~(m = 1) cos(m = 1)8 + 2c, cosmé] , (A3)

LY

Kk 7;-";‘ +m2f, = = [c4 cosmb + f1(c, + cosme)

+(df,/de) sind] . (A9)

1 1 1 L L A
(o) 0S5 1.0 15

Dt

FIG. 2. Fractional polarization cos® as functions of a reduced
time Dt for several values of .
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3378 Oh, Labes, and Salomon: Relaxation of polar cylinders
TABLE I. Eigenvalues A3(x) ¢ Eq. (16).

m k=1,0 k=2.0 k=3,0 k=4,0 K=5,0

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 1,11118622+1  1.235250934 1

4 1.612710211 1 .G5098299+4 1 1,71524814+1  1.8062345611  1.92499121 1

2,51263391 + 1

1
2,556062757 1 1
3

2,61425761+ 1

2,70398818 + 1

2.82047668 1 1

() 3.61259276+ 1 3.65043525+ 1 3.71372041+1 3.80277078+ 1 3.91804042+ 1
(i 4.91256804 + 1 4.95031953+ 1 5.01339662+ 1 5.10203664 + 1 5.216572804 1
8 6.41255204 + 1 6.45024452+1 6.51318649+1 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
m k=6.0 K=T7.0 Kk=8,0 k=9.0 k=10.0

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 2.40514539+1
4 2.07295110+1 2.25200645+1 2.46475511+1 2,71480348+1 3.00669391 + 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 1.04536481+ 2 1.06187058 + 2 1,08099766 + 2 1.10278138+ 2 1.12726199+ 2
m k=11.0 k=12.0 k=13.0 k=14.0 k=15.0

i 1.04572395+ 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+ 1
3 2,72302238+ 1 3.04264732+1 3.37641534+1 3.67062649 +1 3.97956681 + 1
4 3.34391208+1 3.72426965+ 1 4.13691790+ 1 4,56574555+ 1 4.99672513+1
5 4,14813143+ 1 4.49316275+1 4.88383911+ 1 5.32295746+ 1 5.80900287+ 1
6 5.20380296+ 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 7.93576957+ 1
8 7.96316446+ 1 8.27059083+1 8.60859327+1 8.97821835+ 1 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

Solution of Eq. (A3) takes the form

# ‘i;"T;‘fT) cos(m+ 1)97(-2-"1—‘—) cos(m-1)8, (AS5)
=0, (A6)

Substituting these into Eq. (A4) and solving the resultant
equation, we get

fz 16("2,;'2 D COS(m +2)9 +l—2?E—-2—)' cos(m - 2)9 (A")
m?
"z=2(4m!- 1) ° i

Accordingly, the asymptotic expansions of C[; and Ag
take the forms

" Kk(m+1 m=1 )
Cly=cosmé + 2(2m+1 cos(m + 1)0+2m_ 1 cos(m - 1)8

k:fm+2 m-2
"‘13(5571 cos(m + 2)0+zm_ 1 cos(m—z)e) yess

(A9)
-

Az_"’ 4mk oee (Alo)

Conversion of Eq. (A9) to Ince’s is simple, Since the

coefficients d of cosnf in the above equation are re-
lated to those from Ince’s as follows,

at=aRd?, ) |df|t=|a%|?, (a11)
n»1

the conversion factor aj; takes the form according to
Eq. (B7)

2 2 2
m K (melY fm=1 ‘
az- -ty (o) oo
It is noted that the eigenvalues given by Eq. (A10) are
independent of normalization conditions.

APPENDIX B: CALCULATION OF THE EIGENVALUES
AND COEFFICIENTS OF C™, (6,x)

We next consider the numerical evaluation of the
eigenvalues A, for a given k. The technique is very
similar to that for Mathieu’s equation.’® We rewrite
Eq. (32) as

Kk/2n
o= TGN+ (6 B o
where
Uy=0,/0p, . (B2)
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of u, as follows:

K/2 BkP/in=1m (3k)7/n(n+1)
Rl ;-h'7n';+ l-hl/(rul;!i-r
5 k:/(N+n=1)(N+n)

1=[2*/(N+n =Exen

continued fraction,

2
5 ((:{zl)i g ‘(,',:—1;! =ik/[(n=2)u,.,]

x‘
—l-(n_—l),+F.,

F Gk /n~1)(n~2) GxF/in-2)(n-3)
] l-Ix'7(n-25'|+ 1=[2*/(n=3)]+

Gl /A3x2)(} )"2
1-Zx'74$+1:x ’

with F,=0,

We can also write Eq. (B1) into the following finite

Oh, Labes, and Salomon: Relaxation of polar cylinders
: TABLE II. Coefficients (aT/1)Z,, in Eq. (33).
: m k=1.0 k=2,0 K=3.0 k=4.0 k=5.0

1 ~1.01539267 + 00 —-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 —1,18547184 - 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 — 11 —8.85499134 — 10 —1.55333619 — 08
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 3.80221767 — 28 1.27512732 - 22 2.43454479-19 5.39838587 = 17 3.61800356 — 15
m £k=6.0 k=T7.0 k=8,0 k=9,0 k=10.0

: 1 =1.70531750 + 00 -1.78001621 + 00 ~1.82381129+ 00 —1.85200954 + 00 ~1.87189643 + 00
2 8.82363872 =01 1.09892643 + 00 1.29723528 + 00 1.45013449+ 00 1. 55272066 + 00
3 ~1.89486756 — 01 —3.53221800 - 01 -5.53652660 — 01 -7.59921005 =01 —-9.61699435 - 01
4 1.28903456 - 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
(i 1.03837584 =05 5. 52957348 = 05 2.34681150 — 04 8. 35260890 — 04 2.57979310 = 03
7 -1.62157472 =07 -1.17945638 —06 -6. 57159739 — U6 -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
m k=11.0 k=12.0 k=13,0 k=14.0 k=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 —1.30375961 + 00 ~1.41391392+ 00 =1.49005696 + 00 —1.54497113+ 00
4 1. 91514917 =01 6.81378644 =01 8.73134098 =01 1.05155858 + 00 1.20493475 + 00
5 - 8.47045266 =02 =1.66148136 =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 —17.51847609 — 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. (B1) yields an infinite con- Then, defining the function G, as follows
tinued fraction which is convergent according to the ) 2
rule given by Perron.!' We write the Nth convergent B, ) e 4 . g nE

n (,! ey 1)! L] Nen» »

3379

(B8)

we see that G, will be zero for A=2,. We now describe
the procedure of calculating A,. We first specify m.

We let n=m +1 and choose an appropriate N value.

Using an approximate \, we calculate E ., and F,,

(B3)

from Eqs. (B3) and (BS) followad by the calculation of

G a1 according to Eq. (B6). If G,, >0, we increase the

the tolerance preset.

initial A,,. If G,, <0, we decrease it. We continue
this until we find a A, value which gives G, =0 withia
For a given x we can find the
initial ), as follows: When « is smaller than 5, Eq.

(A10) is quite good. We gradually increase x and find
approximate A, by extrapolating the A, values already

(B4)

(BS)
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determined for smaller «’s.

To calculate the coefficients a7, a7, ...with the re-
sultant A, we first obiain u, using Eqs. (BS) for I>m
and Eq. (B4) for [ <m, respectively, and then obtain
the coefficients using Eq. (B2). In this way we can
avoid heavy cancellations which might occur if we use
the recurrence relation given by Eq. (33) directly. We




normalize these coefficients according to Eq. (25). We
fix sign of the coefficients using the facts that

Cm(0,x) >0 or Z ah>o0 . (B7)
n»l
In the above method of calculating A, the error caused
by truncating terms corresponding to higher than the
maximum index N +m +1 in Eq. (B3) is of the order of

Nem=2

(-)N'”luﬂoml II u;d 2
i=0
We have choosen N=100. Computations have been car-
ried out using a CDC 6400 computer at Temple Univer-
sity.

*This work was supported by the U. S. Army Research Office
under Grant No. DAAG29-76-G=0040.

'P. Debye, Polar Molecules (Dover, New York, 1947).

’G. Pfister, M. Abkowitz, and R. G. Crystal, J. Appl. Phys.
44, 2064 (1973): J. G. Bergman, J. H. McFee, and G. R.
Crane, Appl. Phys. Lett. 18, 203 (1971): B. K. Oh, A. I.
Baise, R. E. Salomon, and M. M. Labes, “A Study of the

Oh, Labes, and Salomon: Relaxation of polar cylinders

J. Chem. Phys., Vol. 64, No. 8, 16 April 1976

Mechanism of Pyroelectricity in Polymer Films” Night
Vision Laboratory, U. S. Army Mobility Equipment Res.
Center, Fort Belvoir, VA, Contract No. DAAK02-74~C~
0113, January, 1975.

3. B. Lando, H. G. Olf, and A. Peterlin, J. Polymer Sci. 4,
941 (1966): W. W. Doll and J. B. Lando, J. Macromol.
Sci. Phys. 4(2), 309 (1970): N. Murayama, Microsymp.
Electrical Properties Polym., Tokyo, Japan, January, 1972
(1973).

4. 1. Laurentzin, Jr. and R. Zwanzig, Adv. Mol. Relax.
Proc. 5, 339 (1973).

%J. Frenkel, Kinetic Theory of Liquids (Dover, New York,
1955), p. 278.

SE. T. Whittaker and G. N. Watson, A Course of Modern
Analysis (Cambridge U. P. London, 1927), Chap. 17.

'E. T. Whittaker, Proc. Edinburgh Math. Soc. 33, 14 (1914—
1915).

SE. L. Ince, Proc. Math. Soc. London (2) 23, 56 (1923).

°F. M. Arscott Periodic Differential Equations (McMillan,
New York, 1964), Chap. 7.

s, Goldstein, Trans. Philos. Soc. Cambridge 23, 303 (1927):
N. W. McLachlan, Theory and Application of Mathieux Func-
tians (Clarendon, Oxford, 1947): Ref. 7, Chap. III.

10, Perron, Die Lehre von den Kettenbruchen (Teubner,
Stuttgart, Germany, 1957), 3rd ed., Vol. II., Sec. 46.




Space charge, thermal expansion, and pyroelectricity in

polymers

R. E. Salomon, H. Lee, C. S. Bak, and M. M. Labes
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The nonlinear thermal expansion of an insulating film containing trapped space charge leads to a

reversible pyroelectric current. A general expression for the pyroelectric coefficient of such a system which
aiso 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-of-magnitude

estimate of the pyroelectric coefficient of PVF,.

PACS numbers: 81.50.Nv, 77.70. +a, 65.70.+y

The role of trapped space charge on the pyroelectric
currents observed in polymers such as polyvinylidene
fluoride (PVF,) is difficult to assess although some
workers have suggested that trapped charge plays a role
in pyroelectricity’ and piezoelectricity® in this material
as well as in other polymers.3 One can show that a uni-
form thermal expansion of the lattice in the thickness
direction in a material containing trapped space charge
does not lead to any pyroelectric current even if the
space-charge distribution is highly asymmetric.

In the following we shall consider the thermal expan-
sion only in the thickness direction of the thin films
which are used in pyroelectric and piezoelectric experi-
ments. To show that a uniform thermai expansion of a
material containing frozen space charge, i.e., space
charge bound to the lattice or in deep traps does not
lead to pyroelectricity, one sets up Poisson’'s equation
and calculates the surface charge density necessary to
maintain a vanishing potential difference across the
sample. It is found that this surface charge density is
invariant to expansions or contractions which do not dis-
tort the space charge as long as the potential difference
across the sample is maintained at a zero value. Con-
versely, distortive transformations will indeed lead to
pyroelectric currents and if these distortions are ther-
mally reversible, then they will lead to reversible pyro-
electric currents of the type observed in PVF,.*

In a previous work® we have shown that the finite tem-
perature dependence of the quadratic electrostriction
does lead to a finite reversible pyroelectric current in
a homogeneous sample with an asymmetric space-charge
distribution. Quadratic electrostriction, although uni-
versal, is a rather weak effect, ® and hence is not ex-
pected to be of particular importance in accounting for
the rather large pyroelectric coefficients (4%10°°C/
¢m*°C) found in PVF,."

Polymer films, by the very nature of their fabrica-
tion, may be expected to be far from homogeneous in
their physical properties. Without extensive discussions
of the causes of this lack of h~mogeneity, we tempora-
rily assume that a gradient in various properties may
exist across the film. In particular we consider a gra-
dient in both the linear coefficient of thermal expansion
and dielectric constant in the thickness direction. Evi-
dence for nonuniformity in other properties of PVF,,
such as the polarization, have previously been report-

4206 Journal of Applied Physics, Vol. 47, No. 9, September 1976

ed.® We shall now explore the effects that these gradients
can have on the reversible pyroelectric activity of mat-
erial which also contains frozen space charge.

We let x represent position in the film at a reference
temperature T, and let x' represent the position of the
same point in the film after thermal expansion due to
the temperature change AT. The relation between x’
and x is

x'=x+ ATfo' a(x) dx, (1)

where a(x) is the linear coefficient of thermal expansion.
Using the symbols €, E, and p to represent the dielec-
tric constant, electric field, and space-charge density,
respectively, we write Poisson's equation in one di-
mension as

D = pix'). @

The pyroelectric current is typically measured under
conditions of zero potential difference across the film
and hence .

J)f B ax' =0, ®

where L is the film thickness at T= T+ AT. Using the
superscript zero to denote conditions at T=T, we write
for the condition of a frozen space charge

p(x") dx’ = p%(x) dx. 4

In the following we assume AT is small and therefore
the dielectric constant can be expressed as the sum of
a temperature-independent part and a temperature-
dependent part which is proportional to AT. In passing
we note that there is a relation, although not a direct
one, between the dielectric constant and the thermal-
expansion coefficient. We allow both parts of the di-
electric constant to vary with position. We therefore
write

€(x") = ¢(x) + a(x)AT. (s)

It is convenient to regard the film at x=0 as fixed in
space, i.e., clamped at x=0 only. The variation of the
surface charge with time at x =0 can then be taken as
the pyroelectric current. At other points we have a co-
ordinate system that moves with temperature and this
would complicate the calculation of the displacement
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current. We emphasize that the current we consider is
entirely displacive in origin. In the subsequent calcula-
tion we shall require the quantity €,E,, which for small
AT may be expressed as

€ E\= (I‘:Eg +vaT, (6)
where the subscript zero denotes x=0 and 7 is the pyro-
electric coefficient. The solution of these equa'tions be-
gins 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

. €)E} +yAT + [*p"(x) dx
=t ™

Noting from Eq. (1) that

dx'=dx[1+ a(x)AT] _ (8)
we combine Eqs. (3), (4), (7), and (8) and obtain a vanish-
ing power series in AT. Setting the constant term and

the term linear in AT to zero separately, we obtain two
new equations. The first is

L d
Ede)= _(/; o—u(—")f p(t)(inx (f s (';) (9

and the second is

( f (\)/ p°(x) dx + Eje} d")(j:t-o:%).l’

(10)
where

a(x) a(x)

() T EW
Let us first consider the especially simple case where
the dielectric constant is invariant with respect to space
and temperature. In this case the pyroelectric coeffi-
cient is written

,:_f“'S‘*_’
(f o(,,dx__f f °(x')d\'dxdx (12)

From Eq. (12) it is apparent that ¥ is zero if a is con-
stant in space.

B =cry (11)

It is of some interest to compare the contributions
that €, @, p, and their gradients make to the magnitude
of the pyroelectric coefficients. A method we use to
evaluate these relative contributions is a method of lin-
ear variation where the gradients are small. Thus we
write

C(x)=€)(1+€*Ex/Ly),
where £ is a parameter allowed to go from zero (no
gradient) to unity (full gradient). eJe*£/L, is of course
the gradient in €(x). The conclusions reached in the
following analysis are strictly valid only for the type of

gradients described. The corresponding equations for
a(x) and a(x) are

a(x)= a1+ a*tx/Ly),
a(x)=ay,(1+a*tx/L,).
Inspection of Eqs. (9) and (10) reveals that v is linear

(13)

(14)
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in p and hence, if we express p’ in power-series form,
namely,

p'=2; Culx/Ly)",

(19)

then we may evaluate each term and its contribution to
the pyroelectric coefficient independently. The result
to first order in £ is

(16)

Y- EL (_8(‘ + 000‘ -_4')1-1 Cugm

where

5 1
ST gm+ ) n+9)

For these small gradients Eq. (16) tells us the follow-
ing. If a*=0, i.e., no gradient in the coefficient of ex-
pansion, then a pyroelectric effect is possible provided
that both the dielectric constant is temperature depen-
dent (a,#0) and that there be a gradient in either the
temperature-dependent or temperature-independent part
of the dielectric constant. To be noted is the fact that
not only the magnitude of the space charge, but its dis-
tribution within the film, determines the magnitude of
the pyroelectric coefficient. From Eqs. (16) and (17)
one sees that a uniform space charge (coupled with lin-
ear variations in the dielectric and thermal-expansion
constants) leads to a maximum pyroelectric coefficient.
Although Eq. (16) suggests that the pyroelectric coeffi-
cient should increase with film thickness, the nonuni-
formity in the space-charge distribution may also in-
crease with increasing film thickness and this could
override or simply nullify the advantages of a thicker
film.

(6]

Because of the large number of attendant assumptions
in Eq. (16), we will not attempt a calculation of the pyro-
electric coefficient of a poled polymer. In the case of
PVF,, sufficient data are available, however, to permit
an order-of-magnitude estimate of ¥. The space-charge
distribution has not, however, been determined for this
material and hence one can only estimate the space
charge as of the same order of magnitude as that pro-
duced in other insulating polymers. For example,
Monteith® found trapped-electron densities of the order
of 10'*/cm® in Mylar irradiated with a nonpenetrating
electron beam. Seivatz!® using a Townsend discharge
method produced trapped-electron densities of 10'®/cm®.
Of particular interest here is the finding of a space-
charge depth of penetration of a few microns at fields
of 10° V/cm. A detailed description of the related work
on Mylar is given by Creswell and Perlman.! In Teflon,
on the other hand, Sessler'? reports trapped-electron
densities of the order of 10'*/cm®. Accordingly we shall
take a value of 10'* electrons/cm® as applicable to
strongly poled PVF,. If we now assume equal gradients
in the temperature-dependent and temperature-inde-
pendent parts of the dielectric constant and further take
the change in the thermal-expansion coefficient as 10%
from one end of the film to the other, then using the
value of 2x10 T*! as the linear coefficient of thermal
expansion, !* we calculate a pyroelectric coefficient in
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a 6-um film of 1,6x10™!* C/cm?°C. The assumption of
equal gradients in the temperature-dependent and tem-
perature-independent parts of the dielectric constant is
not crucial since the entire temperature dependence of
the dielectric constant of PVF, is only about 10°°C*!, 418

This estimate of the pyroelectric coefficient of ~10™"
C/ecm?°C is four orders of magnitude lower than the
measured pyroelectric coefficient in PVF,. We have
some experimental indication'® that the trapped-electron
density in PVF, may be ~10'"/cm®, and ionic trapped
charge might also contribute to the pyroelectric coeffi-
cient; nevertheless, it is unlikely that these modifica-
tions would lead to a prediction of » of > 10", Thus a
space-charge mechanism seems unlikely unless a pecu-
liar distribution of this charge, or a particularly ad-
ventitious case of the more general Eq. (10) is involved.

The more frequently invoked mechanism'’*!® for pyro-
electricity in PVF; is to attribute it to a spontaneous
polarization caused by reorientation of the dipoles asso-
ciated with C-F bonds. The reorientation is caused by
rotation of polymer chains or segments in a strong field
at elevated temperatures—the poling process—and the
pyroelectric currents are viewed as involving a thermal
oscillation of dipoles about a fixed mean position. The
lack of direct structural evidence for such changes in
orientation, and the form of the pyroelectric current
dependence on poling conditions have led to doubt about
this mechanism, and implied that trapped charges play
some role in the pyroelectric behavior. Murayama e/
al.'® have concluded that piezoelectricity in PVF, cannot
be attributed to the stress dependence of the polariza-
tion but to trapped charges, i.e., that 8-form PVF,
favors trapping as compared to the a form and that the
structure is only important to facilitate this trapping
function. The relation between space charge and a non-
linear dielectric constant (as in ferroelectric crystals)
has previously been discussed. 2’

We have seen in this work that in order for trapped
charge to explain pyroelectricity in PVF,, a special
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(unknown) space-charge distribution is required. Ex-
periments are underway to elucidate the trapping cha-
racteristics of PVF,, but at this writing, the mechanism

“ (or mechanisms) of pyroelectricity in PVF, is not fully

understood.

This work was supported by the U.S. Army Research
Office under Grant No. DAAG29-76-G-0040.
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On the possibility of pyroelectric currents produced by
nonlinear space-charge distributions *
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The inhomogeneous electric field in an insulator containing fixed space charges leads to electrostriction.
This electrostriction 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 terms of the
charge distribution and temperature coefficient of the quadratic electrostriction constant.

PACS numbers: 77.70., 78.20.H, 85.50.L, 77.60.

Solids containing immobile or deeply trapped space
charge have a rather widespread occurrence.® The con-
centration of charge required to affect the electrical
properties of such systems is extremely low; further-
more, the direct determination of such space charge is
a difficult task, particularly when this charge is not
readily released by thermal means. It is of interest,
therefore, to develop nondestructive means to demon-
strate the existence of space charge of either ionic or
electronic origin.

One experiment directed towards this goal is the
measurement of the reversible pyroelectric current
produced when samples are heated or cooled at a uni-
form rate. The experiment consists of measuring the
current under short-circuit conditions (i.e., zero
potential difference between electrodes applied to either
side of a flat sample). Although the experiment is
direct, the interpretation of the results is not. The
spatial redistribution of space charge which accom-
panies ordinary (linear) thermal expansion does not
produce any current in the external circuit. This can be
demonstrated theoretically by applying the boundary
conditions (zero potential difference between the elec-
trodes and electroneutrality) to the solution of Poisson’s
equation for the problem. The surface charge density
and hence the current is invariant to a simple linear ex-
pansion. The related problem wherein there is a spatial
redistribution among the traps has been treated
elsewhere. 23

On the other hand, nonlinear expansions or contrac-
tions of the lattice can produce a pyroelectric current.
This current is a displacement current and occurs even
with blocking electrodes. Such transformations, rather
than simply enlarging or contracting the distribution,
distort it. Such a distortion of the lattice occurs in the
phenomenon of electrostriction. We consider in parti-
cular the phenomenon of quadratic electrostriction
which, unlike linear electrostriction, is characteristic
of all materials and we specifically exclude ferroelec-
tric materials from consideration. Related treatments
dealing with space-charge distributions in ferroelec-
trics are described elsewhere.*® A definition of qua-
dratic electrostriction can be made by relating the
length of some kth region of a flat film \,, in the pres-
ence of a field E,, to the length ), of the same region
in the absence of a field. The relation is

Av=Ao(1 +QED), (1)
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where Q is the quadratic electrostriction constant, &7
As applied to the problem under consideration, the in-
homogeneous field arises from the space charge itself.
The distortion of the lattice as a result of temperature
variation comes about through the temperature depen-
dence of 2. Consider a film of thickness L, dielectric
constant ¢, and space-charge distribution p°(x) for

0< x< L with 2 =0, Imagine the film to be divided into
m regions of length x,=L/m with space charge p°(k),
1< k< m, in the kth region. The quadratic electrostric-
tion constant is now allowed to attain its true value, Q;
because of electrostriction the length of the kth region
is transformed from i, to A, and p becomes p,.
Poisson’s equation and the boundary conditions of zero
potential difference and electroneutrality lead respec-
tively to the equations

Ey - E\ = py 0y /¢, 2)
iE.A.: 0, (3)
Pa Xy = P} Ao (4)

By combining Eqs. (2) and (4) one obtains

Ey=Eo 422 o, )

where E, is the field at x=0. By substituting Eqs. (1)
and (5) into Eq. (3) we obtain

0=m(E, +E30) +(1 +30ED S 5, ‘.\i 0%/e)
L] ] 3 m 3
+ax x:(},: (o‘:/e)) +3EQ ) A;(?r) (p':/e)'). (6)

To find E, in terms of 2 we expand E, about 2 =0,
Eg=y, 4y, Q4o 4y, Q"+ 00, (7

Combining Eqs. (6) and (7) one obtains

Ey==a +Q(3ab~-2a’=c) ++-., (8)
where
n L]
a=(1/m)2 x 23 pV/e=(1/m) ["{ [/ [o(x) /€] dx}d,
9)

b= (l/m)i A}(i: p?/c)'
=(1/m) f:{f:’"" [p°(x)/€]dx} ak, (10)
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L & )
c= (l/m); Az(; p‘}/e)
=(1 /m){fo"" ™ [p°(x)/€)dx}? dk. (11)

As an example of this result, consider a simple mono-
monial distribution given as

PUx)=Ax" (12)
with
[f pPrax=q
=A,L"/(n +1). (13)
In this manner, one has the same total space charge
for all n. A, is given as

A, =Qn+1)/L™*, (14)

As applied to Eqs. (8)—(11) we find

Q Q*

Q!
n+2 2n+3 {a5)

“3n+4

€a = y €=

and ¢€c

The pyroelectric coefficient, p, associated with this
distribution is given as

(dT\" _ (dE,\ (dT\"
r=ar) ) r)

242 3 2 !
i 4 xS R ) 09

where i is the current density.

m J. Appl. Phys., Vol. 47, No. 4, April 1976

Independent measurements of p, ¢, and d2/dT leave
the two unknown quantities Q, the total charge, and n,
the exponent of the distribution. If Q can be determined
by releasing all the space charge, the two measure-
ments can be combined to give the distribution. It is
clear that p is zero for »=0 (a constant space charge
and hence no asymmetry in the system) and for n =0,
which amounts to a simple charge double layer. The
optimum is found numerically to be about 3.5.

We note the possibility that insulating dielectrics in-
tended for space applications, which contain space
charge produced by ionizing radiation, may produce

spurious currents due to electrostriction during thermal

changes. We are unaware of any previous experimental
work to which Eq. (16) can be applied. All pyroelectric
measurements to date have been made with materials
that show linear electrostriction.
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Pyroelectricity in Polymer Blends of
Poly(vinylidene fluoride)
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ABSTRACT: Polymer blends of poly(vinylidene fluoride) with both poly(methyl methacrylate) and poly(vinyl fluo-
ride) were prepared and evaluated for pyroelectric activity. Percent crystallinity and extent of «, /3, ¥, and amorphous
phases were evaluated by both x-ray diffraction and infrared spectroscopy. The correlations ohserved are supportive

of a dipole-reorientation model for pyroelectricity.

Pyro- and piezoelectricity in poly(vinylidene fluoride)
(PVF?,) are thought to be due to the existence of an oriented
dipolar structure induced by “poling” polymer films in a high
de field (“dipole-reorientation” model),!-* or to the existence
of a nonhomogeneous space charge distribution (*“space-
charge” model),® ' or both phenomena superimposed.!!:!2
The purpose of this study was to vary the crystallinity and
phases of PVF by blending it with poly(vinyl fluoride) (PVF)
and poly(methyl methacrylate) (PMMA) and attempt to

0024-9297/78/2211-0171$01.00/0

correlate pyroelectric behavior with the extent of crystalline
phase present. If such a correlation exists, it would be hard to
rationalize it in terms of a space-charge model, i.e., further
credence would be added to the dipole-reorientation model.

Morphological studies!* !9 have shown that there are three
crystalline forms of PVFy. The a form (form II) has the
trans-gauche-trans-gauche’ configuration'® and the g form
(form I) has the planar zigzag conformation.!® The structure
of the vy form (form III) is not established. However, there are

© 1978 American Chemical Society
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Figure 1. Change in pyroelectric coefficients of polymer blends with
change in their composition.

some reports'*!7.2 claiming that the y form is very similar to
the 3 form. The -CF. - group of the monomer unit has a dipole
moment of 2.1 D.* T'he 8 form contains two parallel chains and
two monomer units per unit cell' with a net polarization of

Macromolecules

1.3 X 10° C cm~24 The « form contains two antiparallel chains
and four monomer units® per unit cell. The average dipole
moment per monomer unit in the individual « chains is ap-
proximately half of that in the 8 chains, but the net polariza-
tion in the « phase is zero due to the antiparallelism of the
chains. :

The fraction of the planar zigzag form can be increased
(about 50%) by stretching the film,'21.22 by crystallization
from dimethyl sulfoxide solution,** or by crystallization from
the melt under high pressure.'*2! The crystallinity of PVF,
can also be changed by making blends with other polymers.
PMMA is compatible with PVF, and the crystallinity of PVF,
in this mixture decreases as the fraction of PMMA in-
creases.?425 On the other hand, blending with PVF increases
the crystallinity of PVF,, especially of the planar zigzag
forms.26

Experimental Section

Films of polymer blends were cast from hot solutions of the blends
in N,N-dimethylformamide (DMF). The concentrations were ap-
proximately 15% for PVF2/PMMA blends and 3-15% for PVFo/PVF
blends. Number average molecular weights of PVF,;, PVF, and
PMMA were 120 000, 87 500, and 24 250, respectively. In forming a
film, the solution was first spread uniformly on a glass plate using a
Gardner Ultra Applicator and dried in an air oven at 110 °C for 30
min. This was followed by subsequent heating at 200 °C for ap-
proximately 30 min, which reduced the roughness of the surface. Such
an annealing procedure was found necessary to prevent electrical
breakdown during subsequent poling. The thickness of the films
obtained was typically 20-25 um for PVF,/PMMA and 5-15 um for
PVF./PVF. Nichrome electrodes of 1.26 cm? area were vacuum
evaporated onto both sides of the films, and electrical leads were at-
tached to the electrodes using conducting epoxy adhesive (Acme

l" T T

Intensity (arbitrary units)

A A A "

20 (degrees)

30 26 22 18 4 10
20 (degrees)

2. X-ray diffraction intensity patterns of the polymer films: (a) 3-PVFy; (b) PVFy; (¢) PVFo/PVF (88.5-11.5%); (d) PVF/PVF (70-30%);
(e) PVF; () PVF,/PMMA (90-10%); (g) PVF/PMMA (50-50%); (h) PMMA. All films were heated at 200 °C for 30 min after casting from
DMF solutions, with the exception of (a) which was crystallized from dimethyl sulfoxide solution.
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Figure 3. IR spectra of the polymer films: (a) PVFy; (b) PVF./PVF (88.5-11.5%); (¢) PVFy/PVF (70-30%); (d) PVF./PMMA (90-10%); (e)
PVF./PMMA (50-50%). All films were heated at 200 °C for 30 min after casting from DMF solutions.
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Figure 4. Proportion of « phase as a function of composition.

Chemicals No. 3021). Samples were poled under a dc electric field of
108 V em~! for 30 min at 80 °C. The electric field was removed and
the sample was kept at the poling temperature for approximately 15
min before it was cooled to room temperature. The pyroelectric cur-
rent was measured in a manner previously described.?” X-ray dif-
fraction patterns of the films were obtained using a Cu K« radiation
at 40 kV and 18 mA for 15 h. IR spectra were recorded using a Per-
kin-Elmer 225 spectrophotometer.

Results and Discussion

The changes of the pyroelectric coefficients with composi-
tion of polymer blend are shown in Figure 1. In PVFy/PMMA
the pyroelectric coefficient decreases monotonically as the
PMMA content increases and vanishes when the PMMA
content is greater than 50%. Films of PVFo/PMMA blends
could be easily stretched. The pyroelectric coefficients in the
stretched films were about twice those in the unstretched
films, and these coefficients also decreased monotonically as
the content of PMMA was increased. In PVF,/PVF, the py-
roelectric coefficient shows a maximum at 11.5% PVF content.
On increasing the PVF content further, a decrease was ob-
served which approached the value of the pyroelectric coef-
ficient in pure PVF, 0.30 nC K~! em~2 The PVF,/PVF films
were relatively brittle and all attempts to stretch them were
unsuccessful.

X-ray diffraction patterns of pure polymers and their
blends with other polymers are shown in Figure 2. Although
many papers!3-19.21.2328 haye been published concerning
polymorphism in PVF,, the actual designation of the # and
v forms varies from author to author. Gal’perin et al.'® re-
ported characteristic x-ray diffraction patterns for each form
of PVF,, and the x-ray diffraction pattern of our 3-PVF,
(Figure 2a) is identical with that of Gal'perin’s 8 form. IR
spectra of the samples (shown in Figure 3) were taken for
cross-checking purposes. The IR spectrum of our 8 form is in
good agreement with data in the literature,'*17.23

The cast films of pure PVF, show an x-ray diffraction
pattern (Figure 2b) which is very similar to the pattern ob-
tained with the « form.'® However, since the film has been
heated above its melting point, it must also contain a certain
amount of g8 and y forms.!?” PVF; does not seem to be com-
patible with PVF and the x-ray diffraction patterns of these
blends give the characteristic peaks of each component (Figure
2¢ and 2d). On the other hand, PVF; is compatible with
PMMA and the characteristics of each component have al-
most disappeared from the x-ray diffraction patterns of the
50:50 mixture (Figure 2g).

Two difficulties which arise in analyzing the data concern
the separation of the area under the diffraction curves into
crystalline and amorphous components and the determination
of the amount of each phase. There seems to be no unique and
generally accepted methaod for this analysis. However, several
empirical methods!82829 appear to work satisfactorily. A
simple method which has been established by Gal’perin and
his co-workers'® has heen applied in this work, in which per-
cent crystallinity is obtained simply by measuring the percent
of the area in the diffraction patterns corresponding to each
crystalline phase.

In these diffraction patterns, the a form shows peaks at 20
= 18.2, 18.8, 20.4, and 27.0°; the 3 form leads to peaks at 20 =
18.8 (very weak) and 20.5°; and the v form leads to peaks at
260 = 18.8 and 20.5°.'% It is questionable if the small peak at
26 = 27° in Gal'perin's work is really due to the y form or due
to a small amount of the « form in the sample. We may with
confidence consider the peak at 20 = 27° to be purely due to
the « form. The relative area of the « peak, S,,, is plotted as
a function of composition in Figure 4. Since the peaks in the
range of 20 = 17 to 21° are due to all three of these forms, we
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Figure 6. Proportion of amorphous phase as function of composi-
tion.

can not consider them separately. The change of the relative
peak area, Sy7¢ 3¢, with composition is shown in Figure 5.

In the PVF;/PMMA blends, the amount of amorphous
phase increases almost linearly with the PMMA content
(Figure 6), while at the same time the amount of the crystalline
phases decreases (Figures 4 and 5) and at 50% PMMA, the
sample becomes almost completely amorphous (Figure 6). In
PVF2/PVF blends, the amount of amorphous phase stays
more or less at a constant level (Figure 6). However, the
amount of the « phase decreases as the PVF content increases
(Figure 4). It is interesting to note that the relative peak area
in the range of 20 = 17 to 21°, S;7_2;+, shows a maximum at
11.5% of PVF content (Figure 5).

A similar change is observed in the IR spectra (Figure 3).
The peaks at 532 and 510 cm~! are due to the « and g forms,
respectively.'™!17.2% All the IR spectra were normalized for the
same amount of pure PVF; per unit area (1 mg of PVFz cm=2).
The « peak at 532 cm™! is relatively well separated from other
peaks. Absorption by the 50-50 mixture of PVF,/PMMA
(Figure 3e) is similar to the absorption by molten PVF,3!.32
and is therefore assumed to be due to the amorphous phase.
The peak at 510 cm~"! is considered to be due to absorption
by # and amorphous phases. The absorption around 490 cm=!
is due to overlap of several different absorptions. Most of the
absorption by the y phase and some by the amorphous phase
appears around 490 cm~!,1331.32 [t js interesting to note that
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the amount of 3 phase seems to increase largely at the expense
of the y phase (Figures 3b and 3c). The peak height of the IR
spectra was calibrated with respect to the x-ray diffraction
data. The percent crystallinity of (8 + v) obtained in this way
shows good agreement with that from x-ray diffraction data
(Figure 7).

Since the amount of the « and amorphous phases is not
closely correlated with the pyroelectric coefficients, it may be
inferred that these phases are not pyroelectric. On the other
hand, 8)7_ys changes in a fashion similar to the change in the
pyroelectric coefficient as the composition changes. Since
S17.210 represents the amount of crystalline phase and the a
phase is already known to be nonpyroelectric, the pyroelec-
tricity is mainly due to the g and y phases. The relationship
between the pyroelectric coefficient and S;7_y,¢ is shown in
Figure 8. A similar correlation is obtained between the py-
roelectric coefficient and the percent (8 + v) estimated by IR
spectroscopy (Figure 9).

Consequently the pyroelectricity in PVF; is mainly at-
tributed to the § and y phases and the contribution by the «
and amorphous phases is negligible. This fact strongly sup-
ports the dipole-reorientation mechanism for pyroelectricity
in PVF,. It is not possible to determine the differences in ac-
tivity between 3 and v phases, and since these two phases have
similar structures, they might be expected to have comparable
pyroelectric activity.
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Figure 9. Correlation between pyroelectric coefficient and percent
(7 + ¥) phases as determined by IR method.

Three possible mechanisms are considered for the dipole-
reorientation process: (1) rotation of the individual chain
around its own chain axis; (2) rotation of the polar domains;*
and (3) a combination of (1) and (2). NMR,33-% dielectric,*-8
and mechanical?® relaxation studies have shown that re-
stricted rotations are allowed in the crystalline phases as well
as in the amorphous phases. Furthermore, the onset of rota-
tional motion in the « phase occurs at a lower temperature
(~70 °C at 110 Hz)* than in the 8 phase (~110 °C at 110
Hz).* In the amorphous phase, motion occurs at an even lower
temperature.™ ** If the individual chains could rotate around
their own chain axes and retain this orientation, then they
should exhibit some pyroefectricity. It would be reasonable
to assume that the easier it is to rotate the chains, the faster
the depolarization process would be. Therefore, we suggest
that the amorphous and « phases are not able to retain enough
polarization to give any ohservable pyroelectric current in the
second heating cycle.

The crystalline phases are of course dispersed in the
amorphous phase and the polymer chains extend into the
amorphous phase. Since the amorphous phase is relatively
fluid at temperatures well above the glass-transition tem-
perature of the polymer, partial rotation of the polar demains
can be expected. In uniaxially stretched PVF,, the remanent
polarization at room temperature is about 4 X 10-3C cm~2.%
This is equivalent to about 3% orientation assuming pure 3
phase for the uniaxially stretched film. In the PVFy/PMMA
blends, the pyroelectricity becomes zero before S;7_2;- be-
comes zero (Figure 8). This fact may be explained as follows.
When the percent PMMA increases, the formation of « phase
is favored over the formation of other crystalline phases, and
the fraction of the pyroelectric phases becomes proportion-
ately smaller. At the same time only a small amount of PVF,
can crystallize so that the average size of crystalline domains
becomes very small. Accordingly, the torque exerted on the
polar crystallites is too small to align them along the direction
of the applied electric field.

In conclusion, the correlations observed between pyroe-
lectric activity and percent of 8 + y crystalline phases in
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polymer blends of PVF, is consistent with a dipole reorien-
tation model. It would be highly fortuitous if the extent of
trapped charge and its distribution correlated with crystal-
linity in blends with both PVF; and PMMA, and this letter
explanation seems unlikely.
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Nature of injection processes during poling of
poly(vinylidene fluoride) and their relationship to
pyroelectricity®
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By analysis of steady-state current-time-voltage-temperature relationships, it is concluded that a
Richardson-Schottky process is dominant at the high fields and temperatures typically employed in poling
poly(vinylidene fluoride) to impart pyroelectric and piezoelectric properties. Data on pyroelectric behavior
with different layer configurations and with different electrode configurations indicate the primary

importance of hole injection.
PACS numbers: 77.70.+a, 77.30.+d, 73.40.Gk, 73.40.Ns

1. INTRODUCTION

Piezoelectric and pyroelectric effects in poly (vinyli-
dene fluoride) (PVF,)'~® are most pronounced when the
polymer film is “poled” by placing it in a high dc field
while the sample is held at a temperature just below
its melting point. The magnitude of the polarization is
a function of field, temperature, and time, and typical-
ly the sample is quenched to room temperature rapidly
with the poling field still applied. Three different mech-
anisms have been invoked to explain the persistent
polarization: (1) alignment of C-F dipoles in a crystal-
line phase (8 phase)*~®; (2) injection of charges into the
film from the electrodes®?®=?; (3) a combination of (1)
and (2).'*" Experimental evidence exists in support of
all three mechanisms, and it is extremely difficult to
distinguish among them.

The purpose of this study was to focus on the nature
of trapped charges in poled PVF, by analyzing the
steady-state current-time-voltage-temperature relation-
ships, Many studies have been made of electrical con-
duction at high fields in polymer films. Several possible
types of steady-state currents can be observed in an
insulating solid: thermal bulk generation of carriers;
space-charge-limited currents (SCLC) in solids (with
trap, trap-free, or trap-filled limit cases); emission-
limited currents such as Richardson-Schottky (RS)
field-assisted thermionic injection of carriers from
the electrode, or a Poole-Frenkel process. Indeed,
these processes have been invoked to explain the high-
field behavior of several polymers. For Mylar film,
conduction has been interpreted alternately as Schottky
emission'® or a space-charge effect.!® Richardson-
Schottky field-assisted thermionic injection of carriers
from metal electrodes modified by the Poole-Frenkel
effect has been suggested as the mechanism of conduc-
tion in poly (tetrafluorethylene)’’ and poly (n-
vinylcarbazole).!®

In this paper, analyses are presented of the steady-
state current-time-voltage-temperature relationships
in PVF, in terms of both SCLC and RS processes. At
the lower temperatures and fields employed, the data
are consistent with either analysis, but at high fields

'Work supported by the U.S. Army Research Office under
Grant No, DAAG29-76-G-0040,
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and temperatures, analysis in terms of the RS equation
is preferable. These high field-temperature conditions
are typically employed in poling PVF,, and data on the
pyroelectric behavior taken with different electrode con-
figurations indicate that hole injection is an extremely
important factor in inducing pyroelectric activity.

1. EXPERIMENTAL

PVF, was obtained from Kureha Chemical Co. in the
form of stretched 6-pu and unstretched 30-u sheets.
Metal electrodes of Nichrome, gold, or aluminum were
vacuum evaporated onto the films. The area of all the
metal electrodes was 1.3 cm?. Electrical leads were
attached using conducting epoxy adhesive (Acme Chemi-
cals, No. 3021). For measurements of pyroelectricity,
the samples were heated in a microscope hot stage
having controlled heating and cooling rates (Mettler
Model FP2). The samples were carefully shielded to
eliminate electrical interference from the hot stage
heating coils. For a first heating cycle, the poled films
were heated at 10°C/min up to 80°C and kept at 80°C
for 10 min. Thermally stimulated currents were mea-
sured during this heating cycle. Then the samples were
cooled to room temperature and, in a second heating
cycle, the samples were heated at 2°C/min and pyro-
electric currents were measured. Pyroelectric coeffi-
cients were calculated at temperatures of 35°C. A de-
tailed description of this measurement and the subse-
quent calculation of the pyroelectric coefficient are re-
ported elsewhere.!®

Layered film experiments were performed on stacked
films of PVF,-Mylar. PVF,-Mylar (samples A, B, and
C) films were made by spraying PVF, solution in N, N-
dimethylformamide (~3 g/20 ml) on one side of a piece
of Mylar film followed by subsequent drying in an air
oven at 100°C and annealing at 200°C for 30 min. PVF,-
Nichrome-Mylar (sample D) film was made by vacuum-
evaporating a Nichrome electrode on a Mylar film and
spraying the PVF, solution on the metal. The same heat
treatment described above was given to this sample.
The poling conditions and the pyroelectric coefficients
of the layered polymer films are shown in Table I.

For steady-state conductivity measurements, a PVF,
sample with gold electrodes was first poied at a field
of 1,0%10° Vem™ for 10 min at 90°C. The sample was
placed in an aluminum box for electrical shielding, and
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TABLE 1. Pyroelectric coefficients at 35°C for PVF,-Mylar stacked samples with Nichrome electrodes.

Pyroelectric coefficients at 35°C
@C cm=?K+)
Poling Field on 1st heating cycle 2nd heating cycle
Configuration Voltage® Polarity of PVF, layer® Total of PVF, Total of PVF,
Sample and thickness ) PVF, layer (Vem™) two layers layer two layers layer
A PVF, - Mylar 2000 + 9.4 x10° 0,156 4,50°¢ 0,065 2,05¢
0.68u 6.3pu :
B PVF, - Mylar 2000 - 9.4 x10° 0.078 2.27¢ 0,012 0.25°¢
0.68pu 6,3p
C PVF,-Mylar 2300 +(1st) 7.7%10°% 0. 550 2.42¢ 0,278 1,22¢
5.5 6.3u — (2nd) 7.7%10° 0, 025 0,11¢ 0,027 0,12¢
D PVF,-NiCr-Mylar 2300 +(18t) 7.3x10% . se 3.12° 0,520 1,67
6.8p 6.3u - (2nd) 7.3%10° 3.54 0,610 2,08¢
1,98
2.44°¢

S All samples poled at 80°C for 30 min.
®Calculated from Eq. (3).

¢Calculated from Eq. (4).

the assembly was put into a Delta Design 2300 tempera- with
ture-controlled oven. Measurements were performed e e \1~2 @
in the temperature range 10—-90°C. A Keithley 160 B-=ﬁ (Tuc—,d) 2

Digital Multimeter with a copper-constantan thermo-
couple was used to measure the temperature accurately.
In the steady-state current measurements, the order of
measurement was such that the applied voltage in-
creased and the temperature decreased. A Keithley
610C electrometer was used for the current measure-
ment, and a Hewlett-Packard 7100BM strip-chart re-
corder was connected to the electrometer.

{Il. RESULTS
A. Time dependence of the current

A plot of current versus time at a temperature of
90°C is shown in Fig. 1. A small time dependence was
seen over a long-range time scale. Since the change of
the current over the long time period was small, and
the decaying slope on the plot of log/ versus log? was
about the same for different fields, the steady-state
current was taken as that current observed at about
40 min after the voltage was applied. The steady-state
currents as a function of voltage and temperature are
shown in Figs. 2—-4.

where J is the current density, A is a constant 120
A/cm®°K?, T is the absolute temperature, e is the elec-
tronic charge, V is the voltage, ¥, is the Schottky elec-
trode barrier, k is Boltzman’s constant, d is the film
thickness, € is the dielectric constant, and ¢, is the
permitivity of free space. The linear behavior of the
isotherms in Fig. 3 is in accord with Eq. (1). The
slopes were calculated from Fig. 3 and experimental

B, was found to be in the range 0.15-—0.26 V= /2, Table
1l compares theoretical values of 8, for d=6 u and €
=12 with experimental values at different temperatures.
The experimental 8, values were found to be slightly
larger than the theoretical values.

The linearity exhibited by the plots in Fig. 4 of logJ/
AT? versus 1/7T is also in accord with Eq. (1) and is
used to calculate activation energies. The steady-state
currents were measured for both heating and cooling
cycles. The current reached a steady state within 5 min
after changing the temperature. Activation energies

B. SCLC analysis » i !
To determine if the steady-state currents fit a SCLC
analysis, the voltage dependence of the steady-state
currents is plotted in Fig. 2. Slopes were measured to -
be 1.5 and 2.6 at 90 and 10°C, respectively, with the 5 soov
slopes increasing with decreasing temperature. A SCLC = 0"k -— 400V
should show a dependence on voltage equal to or greater g  T——wyov |
than V2, and one would expect the slope to increase as e 200V
the temperature increased, i.e., the opposite of what T e oV
is in fact observed. Nevertheless, at the lower tem- SE——
peratures, a SCLC analysis is consistent with the data. s SOV
C. RS snalysis 10° m  ———t ]
The RS effect o' o o’ to*
predicts a current-voltage relationship Teme (Sec.)

of the form
J=AT? exp(~ &,/kT) exp(8,V*/?) (1
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FIG. 1. Log-log plot of current-time relationship at constant
voltage for a 6-u-thick PVF, film with Au electrodes at 90°C.
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FIG. 2. Log-log plot of current-voltage relationship for a 6-u-
thick PVF, film with Au electrodes,

were obtained for these two cycles and are listed in
Table III. Currents measured while decreasing the tem-
perature were about the same magnitude as the steady-
state currents shown in Fig. 3. The activation energies
obtained were considered to be experimental ®, values
from Eq. (1).

D. Pyroelectricity for PVF, films with different
slectrode configurations

Pyroelectric coefficients of several Au-PVF,-Al
samples were measured. In all cases, a larger pyro-
electricity was observed for the sample with the Au
electrode positively biased or with the Al electrode
negatively biased. The results are shown in Table IV.
Pyroelectricity observed with a 6- 4 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
the 30-u film was 50% higher. The thermally stimulated
currents were in all cases more than 10 times larger
than the reversible pyroelectric currents.

E. Pyroelectricity for iayer configuration films
of PVF, and Mylar

The results of pyroelectric measurements on PVF,-
Mylar layers are given in Table 1. The poling field was
calculated from the relation
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FIG. 3. Log current versus V1/? at various temperatures for
a 6-u-thick PVF, [iim with Au electrodes.

V
R CvOTA f

assuming parallel-plate capacitor spacings d, and d,
with dielectric constants of ¢; and ¢, for the two dielec-
trics, respectively. V; is the total applied voltage and
E, is the field on the PVF, layer. Values of €, and ¢,
for PVF, and Mylar are 12 and 3.7, respectively. In
order to calculate pyroelectric coefficients of the PVF,
layers, the PVF;-Mylar films were assumed to be two
parallel capacitors. The capacitor which contains
charge produced by temperature change in the PVF,
layer should charge up the other capacitor, the Mylar
layer. With this assumption, the measured pyroelec-
tricity for stacked samples is simply due to a charge
flow from a charged capacitor to an uncharged capacitor

TABLE II, Comparison of experimental and theoretical 8,
values,
e —————  —— ———— — — 3}

Temperature ; 38

i HA R
363 . 0.144 0.15

353 0.148 0.18

343 0,152 0.23

323 0.162 0.28

303 0.173 0.26

283 0,185 0.26
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FIG. 4. LogJ/AT? versus 1/T at several voltages for a 6-p-
thick PVF, film with Nichrome electrodes. A: increasing tem-
perature; V: decreasing temperature during measurement,

in the configuration of two parallel capacitors. Thus,
the pyroelectric coefficient @ of the PVF, layer can be
calculated from the measured pyroelectric coefficient
Q' by means o« the following equation:

(N -
Q= (1 + -g.z)Q 4 (4)
For sample D in Table I the directly measured value as
well as the calculated value of the pyroelectric coef-
ficient of the PVF, layer is given, The calculated values
agree with the measured values reasonably well, indi-
cating the validity of Eq. (4).

Samples A and B were made identically, except that
sample A was poled with a positive bias on the PVF,
side, whereas sample B was poled with the positive
bias on the Mylar side. Samples C and D were first

TABLE III, Activation energies calculated from the data in
Fig. 3.

Applied voltage Increasing Decreasing

v) temperature (eV) temperature (eV)
20 1,07 1,13

100 0,80 1,05

400 0,74 0.90

poled with the positive bias on the PVF, side. After
measuring the current for the first and second heating
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.® PVF,-Mylar films which were poled
with a positive voltage on the PVF, side always showed
a higher pyroelectric coefficient than those samples
which were poled with a positive voltage on the Mylar
side with the exception of sample D. Sample D always
showed a higher pyroelectric coefficient for poling with
either a positive or a negative voltage on the PVF,
side.

IV. DISCUSSION

Steady-state currents were found to follow the
Richardson-Schottky equation closely. LogJ/AT? was
calculated from the log/-vs-V' /2 intercepts at V =0
from Fig. 3 and plotted as a function of 1/7 in Fig. 5.
The slope gives the Schottky barrier, which was calcu-
lated to be about 1 eV. Steady-state current measure-
ments at constant applied voltage of 100 and 400 V gave
two different values for the Schottky barrier &, ~1
and ~0,8 eV, for decreasing temperature and increas-
ing temperature, respectively. The value of ~1 eV for
decreasing temperature is consistent with the value
obtained from the intercept of the log/-vs-V* /2 plot of
Fig. 5. In the studies of layered films, the largest
pyroelectricity was always observed when the PVF,
film was in contact with the positively biased metal
electrode. There is a report’’ that for Mylar films
steady-state currents were not limited by Schottky emis-
sion but by space charge. Table I shows that Mylar
films poled with a positively biased metal electrode

TABLE IV, Pyroelectric coefficients at 35°C for gold and aluminum electrode configurations. The polarity in the parenthesis indi-

cates the poling polarity on the gold electrode.

Measurement number?®

1 2 3 4 Standard
Sample mC em-2 K1) Average deviation
S-1% (+)1,02 cen ven cee

§-2° (-)0.79 (+)o. 98 (=)0, 72 o v (+)1,07 0.1424
s-3® (+)1,12 (-)o.60 (41,29 s (=)o, 71 0.0785
S-4" (-)o,71 “ea o e cen

8-5°% (+)0,93 s coe DY

U-1°¢ (<)o, 069 (+)0,162 (=)0, 052 ves (+)0.122 0,0344
U-2¢ (+)0, 091 (=)0, 060 (+)0,107 e (=)0, 054 0,0115
U-3¢ (=)0, 052 (+)0.157 (<)o, 038 (+)0. 095

*To repeat the measurement, the sample was heated up to
130°C for 20 min in order to annihilate previous
pyroelectricity.

®The 6-p stretched samples were poled at 1,3 %10® Voem* at
25°C for 8 min,

¢The 30-p unstretched samples were poled at 8,0%10° Vom®
at 25°C for 8 min,
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FIG. 5. Log J/AT?, calculated from the intercepts in Fig. 2,
plotted as a function of 1/7,

were less pyroelectric, which is consistent with less
charge injection. The data also show the importance of
interfaces between PVF, and Mylar and between PVF,
and Nichrome. One of the possible explanations for this
is the occurrence of different values of the Schottky
barrier &, at different interfaces, i.e., the Schottky
barrier &, for PVF,-Mylar might be larger than for
PVF,-Nichrome. Hole emission from a positively biased
metal electrode into a PVF, film seems to occur with
samples that are pyroelectrically active, whereas elec-
tron emission occurs together with samples that are
much less pyroelectrically active.

From measurements of pyroelectricity of PVF, films
with the different electrodes shown in Table IV, one
sees that the ratio of pyroelectricity for the positively
biased Au electrode to the positively biased Al elec-
trode was about 0. 66 for the 6-u film and 0.44 for the
30-u films. These ratios indicate that Richardson-
Schottky hole emission is not the sole criteria for the
production of pyroelectricity.

Pfister ef al.’ also measured current-vs-temperature
relationships for various dc fields in PVF, (Fig. 11 in
Ref. 3). In their results, the relationship of measured
currents versus 1/7 was not linear, and the magnitude
of current was larger than that presented in this paper.
Indeed, we obtained some results which indicated about
the same magnitude of the current level from fresh
samples as observed by Pfister ef al.,? but after apply-
ing a high fiald (~10° Vem™) at high temperature
(~90°C) for more than 5 min, the current magnitude
was reduced and became reproducible. The reason for
this high magnitude of the current for fresh samples
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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 PVF, crystalline structure) are
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 emission current in this
case) or bulk-generated currents (probably a space-
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 currents are due to elec-
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-
sistent with the results of measurements of pyroelec-
tricity with these two polarities.

This finding suggests that either a hole current en-
hances pyroelectricity or an electron current militates
against pyroelectricity. The latter may be due to space-
charge-produced variation in the electric field. How-
ever, the currents are so small as to rule out space-
charge limitation. * **? The hole-electron concept is not
entirely appropriate to a tightly bound insulator such as
PVF,. Holes, if they exist, must be highly localized
and should serve to weaken hydrogen bonding (H-F) be-
tween adjacent polymer chains. We suggest that this
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FIG. 6, Log current versus V'!/? at 30°C for a 6-u-thick PVF,
film with one Au and one Al electrode. O: Au positively biased;
0: Au negatively biased. .
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hydrogen bonding works against poling induced dipole
orientation. Further experiments are necessary to
verify this conjecture.
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MECHANISTIC STUDIES OF PYROELECTRICITY IN POLY(VINYLIDENE FLUORIDE) AND
BLENDS WITH OTHER POLYMERS
by
K. Takahashi, H. Lee, R. E. Salomon and M. M. Labes
Department of Chemistry, Temple University, Philadelphia, PA 19122

Pyro- and piezoelectricity in poly(vinylidene fluoride) (PVF2)
are thought to be due to the existence of an oriented dipolar structure

induced by "poling" polymer films in a high dc field ("dipole-reorientation"

model), or to the existence of a non-homogeneous space charge distribution
("space-charge" model), or both phenomena superimposed. The purpose of
this study was to vary the crystallinity and phases of PVF2 by blending it
with poly(vinyl fluoride) (PVF) and poly(methyl methacrylate) (PMMA), and
attempt to correlate pyroelectric behavior with the extent of crystalline
phase present. If such a correlation exists, it would be hard to rational-
ize it fa terms of a space-charge model, i.e. further credence would be
added to the dipole-reorientation model.

Morphological studies have shown that there are three crystalline
forms of PVF,. The a-form (form II) has the trans-gauche-trans-gauche'
configuration and the B-form (form I) has the planar zig-zag conformation.
The structure of the y-form (form III) is not established. However, there
are some reports claiming that the y-form is very similar to the B-form.
The -CFy- group of the monomer unit has a dipole moment of 2.1 D. The
g-form contains two parallel chains and two monomer units per unit cell
vith a net polarization of 1.3 x 105 Cca 2. The a-form contains two anti-
parallel chains and four monomer units per unit cell. The average dipole
moment per monomer unit in the individual a-chains is approximately half of
that in the 8-chains, but the net polarization in the a-phase is zero due
to the antiparallelism of the chains. Polymer blends of PVF, with poly-
(vinyl fluoride) (PVF) and poly(methyl methacrylate) (PMMA) were cast as
films from N,N-dimethylformamide solution; the films were electroded with
vacuus evaporated Nichrome, and the samples were poled at 10° Vem ! at
80° for 30 minutes. 2 crystallinity and extent of a, B, Y and amorphous
phases were evaluated by both x-ray diffraction and infrared spectroscopy.

PVF2/PMMA and PVF,/PVF blends show strikingly different be-
haviors (Fig. 1). In the former, pyroelectric activity decreases mono-
tonically as PMMA content increases and vanishes at S0 PMMA. 1In the
latter, pyroelectric activity reaches a maximum at 11.5% PVF. Determina-
tions of the 2 crystallinities and phases show that the pyroelectric
coefficients are clearly correlated with the extent of 8 + y phases in
both of these blend systems (FPig. 2). These observatiods are consistent
with a dipole reorientation model for pyroelectricity. It would be highly
fortuitous if the extent of trapped charge and its distribution correlated
with crystallinity in blends of gn with both PVF and PMMA.

Three possible mechanisms are considered for the dipole-re-
orientation process: (1) rotation of the individual chain around its
own chain axis; (2) rotation of the polar domains; and (3) a combination
of (1) and (2). NMR, dielectric and mechanical relaxation studies have
shown that restricted rotations are allowed in the crystalline phases as
well as in the amo<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>