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Abstract

The techniques of the X-ray induced thermally stimulated current
(TSC) and thermoluminescence (TL) are pointed out to be powerful
to investigate the natures and the origins of carrier traps in insulating
materials and they are systematically applied to various polymers, es-
pecially to polyethylene.

Most polymers except those of high ionic conduction such as poly-
vinyl chloride, show remarkable TSC peaks arising from trapped car-
riers and some of them are accompanied with TL peaks. Most of TSC
(TL) peaks correspond well to the onset of molecular motions, sug-
gesting that the molecular motions strongly affect the release of
electrons (holes) from traps. In highly crystalline polymers such as
polyethylene and polytetrafluoroethylene, several TSC peaks appear
above the glass transition temperatures and originate from traps in
the crystalline regions and / or in their boundary regions.

Some of carrier traps are ascribed to physical defects such as
cavities formed by local arrangements of polymer chains. In this case,
the erosion of traps by molecular motions may promote the detrapping
of electrons (holes). The locations of these traps are also determined
from the corresponding molecular motions which have already been
understood well.

In polyethylene, for example, five or six kinds of traps are assigned
to physical defects such as cavities. Oxidation products such as the
carbonyl groups and the cross-linking points also act as fairly deep
traps.
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1. Introduction

Synthetic polymeric materials have been used extensively as electrical insulators
because of their high electric strength and good dielectric and mechanical proper-
ties. The world-wide tendency to use ultra-high voltage and DC transmission
systems makes the demand for better polymer insulators increasingly greater and
especially urgent. Many factors are known to affect the electrical breakdown of
polymers. Among them, the space charge effect is one of the most important and
serious problems.1~3?

Insulating polymers also show an extremely good charge-storage capability and
have received wide applications such as electrets?’ and xerographic photoreceptors.s’
In recent years, polymer electrets have been utilized not omnly as electret trans-
ducers (microphones, earphones, etc.), but also as gas filters, motors, relay switches,
optical display systems and radiation dosimetry. Moreover, the discovery of the
strong piezoelectric and pyroelectric properties of some polymer electrets around
1970 promoted new electret applications such as electromechanical transducers
(including electroacoustic transducers) and light detectors (including vidicons).®?

Both space charge and charge-storage capability are closely related to carrier
traps. The details about carrier traps in polymers, however, are not yet under-
stood. To improve polymeric insulators and to develop such practical applications
mentioned above, it is necessary to clarify the natures and the origins of carrier
traps.

The recent application of thermally stimulated current (TSC) and thermolu-
minescence (TL) techniques has produced a great deal of information about carrier
traps in polymeric insulators.4, 7~1®  This paper concerns the study of carrier
traps in various polymers, especially in polyethylene, by the X-ray induced TSC
and TL techniques.

2. Theories of X-ray Induced TSC and TL

2. 1. X-ray Induced TSC and TL

The mechanisms of X-ray induced TSC and TL are illustrated in Fig. 1. The
X-ray irradiation produces free electrons (holes) in an insulator and some of them
are captured by electron (hole) traps at a low temperature, T;. When the specimen
is heated linearly under the application of a DC field, the thermal release of elec-
trons (holes) from their traps results in TSC. Some of released electrons recom-
bine radiatively with holes in recombination centers, thus giving rise to TL (Fig.
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Fig. 1. TSC and TL from trapped Fig. 2. X-ray induced TSC and TL. Peak A
electrons. and B are from dipoles and trapped

carriers, respectively.

.

The X-ray induced TSC and TL techniques are helpful to distinguish between
a TSC peak by dipole orientation and that originating from carrier detrapping.!1~12
Figure 2 shows a series of TSC experiments. The previous X-ray excitation results
in both dipole (A) and carrier (B) peaks in runs I and I, while without previous
X-ray excitation only a dipole peak (A) is observed in run T. Moreover, a TL
peak is accompanied with the carrier peak (B), but not with the dipole peak (A).
Thus, the comparison of the TSC (TL) spectra with and without the previous
X-ray excitation enables us to distinguish between dipole and carrier peaks.

2. 2. TSC from Trapped Carriers

For simplicity, we will deal with the band conduction and a single set of elec-
tron traps with energy F, and density N,. The following equations express the
rates at which the densities of conduction and trapped electrons change after the
filling of traps by some excitation in the monomolecular recombination case:

dn, _E, _

det =—ny exp ( —k“T“)‘l‘nc(Nt nt)stp’ €H)
dnc o dnt N,

der dr v ] @)

where #,, v, ¢ are the density, the thermal velocity and the recombination lifetime
of the conduction-band electrons, S; is the capture cross section of the traps, v
(=N,Sw, N,: the density of the states in the conduction band) the attempt-to-
escape frequency of trapped electrons, 7' the absolute temperature and % the Boltz-
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mann constant (Fig. 3).
By using n, obtained from these two Ne i i COQE%%TION

equations, the theoretical expression for TRAP | DETRAP Y {

the thermally stimulated current (TSC) ELECTRON

density J(7) under a uniform external TRAP

field is given by

RECOMBINATION

J(T) =qn,uF, (3) (T)
. VALENCE
where ¢, ¢ are the charge and the mobil- BAND
ity of electron respectively, and F is Fig. 3. Simplified band model with a
the applied field. single set of electron traps.

The expressions for TSC have been
obtained in the following cases.1®

(1) Fast retrapping case [(N;—#n;)S,o>t"1]

In the case that the retrapping of detrapped electrons dominates the recombi-
nation, the density ratio of conduction band electrons to trapped ones can be given
by

1, _ N, _E,
= e () @
Let
n=mn,+n, ®)

From Egs. (4) and (5), we have

venfi B (B)ln Ao (B ©

Equations (2) and (5) give

o @

Substituting Eq. (6) into Eq. (7) gives

i [ e ()] = ®

Solving Eq. (8) for a uniform rise rate of temperature (7'=T,-+pt), we get

oo (i) ool e Lo (< Brar] @

where 7., is the density of conduction-band electrons at T=T,. Let #,, be the
density of the occupied traps at T=7T,, then Eq. (4) gives

Moo ="M %“ exp (——w}i‘,‘,l > (10)

From Egs. -(9) and (10), we have
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=—"§’\%— exp [~%“7§Z\‘§‘\?‘;g;’3xp (- kT')dT'} (1

Therefore, TSC is given by

P~ iy | B N e (- Erlar], o

(1) Slow retrapping case [(N;—n;) Sww<r~1]
In this case, Egs. (1) and (2) are approximated by

e

G =—meen (~ ) a3)
__ n,_ dm
0= T de’ a4
as it is assumed that dn./di<dn,/dt.
Solving Eq. (13), we get
T
N, =My EXP [——%ST exp ( lfT')dT ] (15)
Substituting Eq. (15) into Eq. (14) gives
T
Mo =MW, TV €XP [~ I;EYt‘ —-%—ST exp ( kT’)dT } (16)
Then TSC is given by
r
J(T) =aun=F exp | — =21 exp (—2)aT"]. (a7

() High field case
In case the applied field is so high that detrapped electrons are swept out into
the electrode without retrapping or recombination, TSC can be expressed by

_ (¢ ([ dnu, ) x
)= ) as
where d is the thickness of a specimen. As the rate of the change in #, is ex-

pressed by Eq. (13), n: is given by Eq. (15). Substituting this into Eq. (18), we
have

qdnwv _E, v
J(T)= eXp[ ET ggf,exp ( kT’)dT} (a9
In the cases (I), (I) and (M), TSC can be expressed by
BT '
J(T)= Aexp[ o —/;;Smexp ( kT,)dTJ (20)

where 4 and B are constants (Table 1). The TSC shows a peak at T=T, (Fig.
D,
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Table 1. Values of A and B in Eq. (20).

Fast Retrapping Slow Retrapping | High Field
1
| 3
A —“Q{ZQNA%L qpnv F § il‘%ﬂi
Nc :
B | N v | v
|

g
§
]
%
9
v
8
3
Y
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¢
8
]
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Fig. 4. Typical TSC curve from trapped electrons.

3

kRT_ 2
= m 21)
B E, (
B, exp( 7t )
The low temperature tail of Eq. (20) is approximated by
J(Ty=4Aexp (- = ). 22)

The trap depth E, can be determined from the slope of the low temperature tail
of J(T) plotted in InJ(T) versus 1/T (the initial rise method).1%

2. 3. TSC from Dipolesi?

In general, the build-up of polarization can be described by

dP() __ P_P,
dr o Ty (23)
2
Po:%, (24)

where t, is relaxation time of dipole, N, is the concentration of dipoles, ¢, is the
dipole moment, and F is the applied bias field. The temperature variation of rg4

may be represented by t,=7, exp (H/kT) where t3' is the characteristic frequency
factor and H is the activation energy.

Assuming P(#)=0 at {=0, we get

P(8)=Po{1-exp[—{ t3exp (—H/T)dt]}. (25)
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Considering that T=T,+pt, the thermally stimulated polarization current J,(T")
(=dP(1)/dt) is written

Jumy=1 Py > expl— e kT Bla-og exp( _k@-)d:r]

T
2l o

Then, the activation energy H can be estimated from the slope of the low-tem-
perature J,(T) tail plotted in the Inf,(T)-vs-1/T plot. The condition for the
maximum of Eq. (26), neglecting the temperature dependence of P,, yields

ro=kT[Hexp (H/kT,) ] @27)

Since the polarization P(T) can be approximated by P,(7) in the high-tem-
perature region, the current is expressed by

Jury=p- 9D —p APo(T) __ Plasl (28)

From Egs. (27) and (28), the current J,(7) shows a current peak and then a
current inversion with increasing temperature (Fig. 5).

from Eq (26)

JaM

T

~..-" from Eq. (28) Fig. 5. Typical TSC curve from dipoles.

2. 4. X-ray Induced TL
The intensity I of thermoluminescence (TL) is given by

_ dnt
I= e (29)

where 7 is a constant of proportionality. Therefore, the theoretical expression for
TL can be obtained by using the equations derived in the case of TSC (§2. 1).

I=A'exp [_%—%giexp ( kT,)dT'J (30)

The evaluation of E, and other parameters can also be made in the similar
way to TSC.
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3. Experimental Details

3. 1. Specimens

Specimens used are polymer films, which are summarized in Table 2. Thin Au
electrodes (30mmd) were evaporated on both sides of a specimen at 2x 1075 Torr.
The details of the specimens will be given later in each chapter.

3. 2. Experimental Apparatus

Figure 6 shows a schematic diagram CUARTZ AL FOIL
of the experimental set-up for measuring HOTOMULTIPLIER /
X-ray induced TSC and TL. The tem-
perature of the electrode system in a YRE

vacuum vessel is controlled from 90 to

540K by an electric heater and liquid - TEMPERATURE

nitrogen. X-rays were generated by an “SPECIMEN CONTROLLER
X-ray tube (Toshiba AFX-61AW, W tar- BeO INSULATOR s esseL

get) under the ‘cond%tlons of 40KV anq 30 Fig. 6. Block diagram for measuring
mA, and were irradiated to the specimen X-ray induced TSC and TL.

at a distance of 12cm through a 50-pm-
thick Al window. The TSC was measured
with a vibrating reed electrometer (Takeda, TR-84M) and the TL was observed
with a photomultiplier tube (R-106UH, HTV).

In the experiment of PSDC, exciting monochromatic light was obtained by using
a 500 W =xenon lamp (Ushio Electric Inc.) and a monochromator (Shimazu Baush
& Lomb). Spurious light was removed by a suitable colored-glass filter placed
between the monochromator and the quartz window of the vacuum vessel.

3. 3. Experimental Procedures
3. 3. 1. X-ray induced TSC

The experimental procedure of the
X-ray induced TSC is illustrated in Fig.
7. TFirst, a specimen set on the electrode
system was cooled to a low temperature
T, (90K) in vacuum (0.1Pa) and irradia-
ted with X-rays for 20 minutes under a
short-circuit condition in order to fill
traps with electrons (holes). The bias
voltage was then applied and the current

through the specimen was monitored. i\ N f\ /l

BIAS FIELD

TEMPERATURE

=
After the transient current was reduced to g V V““E
a negligibly small value, the specimen was T5C with 15C without
heated up at a rate of 6 K/min from T, Yray irrad. X-ray irrad.

to a high temperature 7', near the melt-
ing point of the specimen. A TSC spect-
rum was recorded with a recorder con-
‘nected to a vibrating reed electrometer. Hereafter, this is referred to as TSC with
X-ray irradiation.

Fig. 7. Procedure for TSC measurement.
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Table 2. List of specimens used.

" Specimen Code Formula (H is abbreviated.) Tm(K) Xc(%) d(pm)
Pﬁlls)r%}glene L 381 | 43-47 | 25-30
MD-PE PE (—C»—({)——)n 399 | 5560 25
LD-PE . 408 | 82-85 | 25-30
1 1

Ethylene- [(—C—C)m—C—C—]n '

Vinyl Acetate EVA b Y 358-370 | 19-35 | 30
Copolymer ?
(——é—-é—)n Cc=0 '

Polypropylene PP | | 440 | high | 20-25

_(I:_ ..(I:_

Polyvinyl L

Chloride FVC <"<‘3~<‘3—)n 20-30
Cl

Polyvinyl ]

Polyvinylid 'E '
olyvinylidene !

Fluoride PVDF (——C———Cli-)n 438-458 | 50 | 15-50

F

Pol fl P
olytetrafluoro- | !
ethylene PTFE (m(lj.*—(ll*—)n 600 . | 70 55

rF K

Ethylene- L 1?‘ I,‘

Tetrafluoroethylene | ETFE | [(—C—C—)m—C—C~—]n 543 50 25
Copolymer. bt }f? 1:‘?

Tetrafluoroethylene- ? 1,? IT l,? .
Hexafluoropropylene | FEP | [(—C—C—)m—C—C—]n 560 35 25
Copolymer : l‘“ E’, I'“ C'F3

Tetrafluoroethylene- 1? E,‘ ,F E,’

Perfluoroalkilether PFA | [(—C—C—)m—C—C—]n 575-579 25
Copolymer 1’: 1‘;. FI‘ 6

: (—C—C—)n CsFr
Polystyrene PS ! 0 30
Poly-p-Xylylene PPX (——(::—é -)n 672 | 37-51| 6-10
0
Polyethylene o f
-¢- 70
Polycarbonate PC (—@- C @- 0—C—0—)n 0 30
‘i
Nylon*6 [*l}I—C——( CHz)s—In 496 21

Tm the melting temperature, X. the crystallinity, d the thickness
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The TSC without preceding X-ray irradiation was also observed under the same
condition except no X-ray irradiation. In this case, as there has been no X-ray
irradiation and, thus, no trapped carriers, the TSC spectrum has no contribution of
trapped carriers. Therefore, the difference between these two TSC spectra may
be due to the thermal release of trapped carriers.

3. 3. 2. X-ray induced TL

Figure 8 shows the experimental pro-
cedure for measuring X-ray induced TL.
A specimen was cooled to 90K in vacuum
(0.1 Pa) and then irradiated with X-rays
for 20 minutes. After the isothermal lu-
minescence was measured at 90 K for 90 —
minutes, TL was measured at a heating X-RAY
rate of 6 K/min with a photomultiplier
tube.

TEMPERATURE ( K )

;

3. 3. 3. Photo-stimulated detrapping ~ TIHE
current (PSDC)

In the PSDC experiment, semi-trans-
parent Au electrodes were evaporated
onto the specimen so that the exciting light could go through them. The specimen
set in the vacuum vessel was cooled to 90K in vacuum (0.1 Pa) and irradiated
with X-rays under the same condition as in §3. 3. 1. Then the bias voltage of
90 V was applied to the specimen and photocurrents excited by monochromatic light
were observed after the transient dark current decreased to a small value. Photo-
current measurements were repeated at 90 K after the thermal elimination of
some of the TSC peaks by heating up the specimen.

Fig. 8. Procedure for TL measurement.

4, X-ray Induced TSC in Polyethylene

4. 1. Introduction

Because of its high-resistivity and low-tand characteristics, polyethylene has
been used widely as insulating materials for power cables and communication cables.
Also because it has the simplest chemical structure among polymers, polyethylene
has been studied extensively by many researchers. Many reports have been publish-
ed on TSC and TL in polyethylene.12,15~19  Carbonyl groups introduced by oxida-
tion,29, 21 physical defects such as microcavities!?, 19 and free radicals??’ have
been proposed to act as carrier traps.

Recently much attention has been paid to understanding the electrical properties
of polymers in molecular or morphological terms. For this purpose, polyethylene
is a good prototype. Polyethylene (PE) has three morphologically-different forms,
i. e. HD-PE (high-density PE) MD-PE (medium-density PE) and LD-PE (low-
density PE). HD-PE is produced at low pressure by Ziegler-Natta catalists and it
has the least branching, the highest density (0.95-0.97 g/cm3) and the highest
crystallinity (70%). LD-PE is polymerized by a free radical mechanism with
peroxide initiators under high pressure and it has the lowest density (0.91-0.93 g/
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cm3) and the lowest crystallinity (40-50%). Moreover, ethylene can be easily
copolymerized with vinyl acetate (VA) by the high pressure process to yield a
range of copolymers having a wide variety of physical properties. The incorpora-
tion of VA units into a polyethylene backbone chain reduces the crystallinity of
PE.

Therefore, PE and ethylene-vinyl acetate copolymer (EVA) are suitable to
examine the relation between carrier traps and the morphology of PE. Since the
VA monomer unit includes in its chemical structure a carbonyl group, the TSC in
EVA may offer some information about the relation between carrier traps and
carbonyl groups.

In this chapter, the X-ray induced TSC spectra in PE and EVA have been
investigated. The natures and the origins of carrier traps have been discussed.

4. 2. Experimental

Specimens used in this chapter were films of HD-PE, MD-PE, LD-PE, EVA
and XL-PE (cross-linked PE: gel fraction ~70%). They were supplied from the
Mitsubishi Petrochemical Corp. and were nominally free from antioxidants and
other additives. EVA’s containing 6.0, 12.5, 16.5 and 22.0 wt. % of VA are referred
to as EVA-1, EVA-2, EVA-3 and EVA-4, respectively. The physical properties of
the specimens are summarized in Table 3.

Table 3. Physical properties of specimens used.

specimen | melt index density vinyl a&:tate
p (g/cm3) content (wté%)
HD-PE 2.6 0.960

MD-PE 1.0 0.932

LD-PE 4.0 0.918 0
EVA-1 6.0 0.923 6.0
EVA-2 3.3 0.933 12.5
EVA-3 1.8 0.938 16.5
EVA-4 9.2 0.943 22.0
XL-PE - 0.919

To examine the oxidation effects, some of PE specimens were oxidized at room
temperature by exposure to an ozone atmosphere produced by the gas discharge in
oxygen. The extent of oxidation was estimated from the infrared absorption of
the main carbonyl stretching at about 1720 cm-!. xidized specimens are sum-
marized in Table 4.

Some of them were irradiated with y-rays from 6°Co at room temperature in
an ampoule evacuated to 0, 1Pa. Under these irradiation conditions, PE films were
hardly oxidized (infrared absorption coefficient of the irradiated PE at about 1720
cm~1=0).
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Table 4. List of specimens.

specimen oxidizing time absorption coefficient
| at about 1720cm™1
HD-PE A 0 min —
B 35 1.1 cm~?
C 400 17
D 450 40
E 400 68
LD-PE A 0 —
B 400 21
c | 400 72
D 720 172

4. 3. Results and Discussions
4. 3. 1. TSC spectra of PE and EVA
Figure 9 shows typical TSC spectra

with and without X-ray irradiation for 09 G

LD-PE, together with the TL spectrum sc witn | N o2

and the mechanical loss curve (dg). Their < w0- -
peak temperatures correspond well each = " TSC without 5
other. The TSC spectrum I with pre- 5 w''- ‘ﬂw""zg
vious X-ray irradiation shows five TSC - N
peaks designated hy C,;, C,, Cz, C, and C; w2l ! ) os o

in ascending order of temperature. On the LA

other hand, the TSC T without X-ray e g

TEMPERATURE (K )

Fig. 9. TSC spectra for LD-PE under a
field of 90 kV/cm, together with
the TLspectrum and the mechan-
ical loss curve (4g).3®

irradiation is too small to detect any TSC
peak except the steady-state conduction
current above 320 K. The five TSC peaks
in the TSC 1 must be due to trapped
carriers introduced by prior irradiation,
since the TSC 1, that of non-irradiated
specimen, shows no TSC peaks. Any TSC peak from dipoles was not observed
because LD-PE contained hardly any dipoles.

The X-ray irradiated HD-PE exhibits six TSC peaks designated C;-C; and C;
(Fig. 10). Figure 11 shows the morphology-dependence of the TSC spectra. The
C, and Cs (C:) peaks in the high temperature region strongly depend upon the
degree of crystallinity.

Figure 12 and 13 show typical TSC spectra for EVA-1 and EVA-4, respectively.
The TSC spectrum 1 for EVA-1 exhibits five TSC peaks corresponding to C;-Cs
peaks of LD-PE and an additional C; peak. In EVA-4, the C; peak is hidden under
the larger C, peak (Fig. 13). The TSC spectrum T for EVA shows a prominent
peak (Cg) and a current inversion. Since the vinyl acetate unit of EVA has the
permanent dipole moment of 1.7D,22) the current inversion following the Cq peak
is concluded to be due to dipoles as theoretically expected in §2. 3.

In Figs. 14 and 15, the apparent trap depth E, for LD-PE and HD-PE evalu-
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ated from the partial heating?® is plotted against the

in each partial heating.
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Fig. 10. TSC spectra for HD-PE under a
field of 90 kV/cm, together with
the TL spectrum and the mechan-
ical loss curve (44).30)
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Fig. 12. TSC spectra for EVA-1 under a
field of 90 kV/cm.
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Fig. 11. X-ray induced TSC spectra for
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4. 3. 2. Origins of TSC peaks

Fowler2% observed the increased dark conductivity in polyethylene after X-ray
irradiation which decayed with an extremely long time constant at room tempera-
ture and he explained it by the release of trapped carriers into the conduction (or
valence) band. The remarkable enhancement of TSC by prior irradiation is closely
related to the residual dark conductivity. Also, the existence of the broad bands
in polyethylene has been proved by the theoretical band calculation2é? and ESCA
experiment.2”  Some of free electrons (holes) excited by X-ray irradiation are
captured by traps at 90K. Therefore, it seems reasonable to explain the TSC
peaks C;-Cs by the release of trapped carriers into the conduction (or valence)
band. TSC peaks C;~C; are accompanied with strong TL peakes (Figs. 9 and 10),
which supports the above model.

In Fig. 16, the peak temperature of
the observed TSCs are plotted against the
vinyl acetate content and the resulting
curves are compared with those of the
relaxation tests at about 1c¢/s,28> because

350

the TSC experiments are considered to Z}goo_
reflect the relaxation at very low fre- E
quencies.2? « and B represent loss peaks %
due to the corresponding relaxations. The §

a relaxation is assigned to the crystalline 2501~ G""WE“'P
@ 5

region and its peak temperature decreases Cs
with increasing vinyl acetate content. The
B relaxation is related to segmental mo- | i | q
tions in the amorphous region.2®)  As 0 ViNYL12CETATE CON%‘JENT (wt;/) 30
shown in Fig. 16, the peak temperatures . )

. . . Fig. 16. TSC peak temperature versus
of C; and Cs almost coincide with those .

. vinyl-acetate content, together
of the « and B loss peaks, respectively. with the peak temperatures of
In highly crystalline HD-PE, the « loss the mechanical losses.28)
peak has been reported to split into two
components, « and «’.39 The C; peak of
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HD-PE has also split into Cs and C; which appear near the peak temperatures of
the o and o’ loss peaks (Fig. 10). The C, peak also appears around the temperature
where the y loss peak occurs®? (Figs. 9 and 10). These suggest the close correla-
tion between the release of trapped carriers and molecular motions.!8,32,3% The
above discussions lead to the following assignment of traps corresponding to the
TSC peaks:

C,: traps whose detrapping is enhanced by the 7 relaxation.

C;: traps in the amorphous region whose detrapping is enhanced by the S relax-
ation.

Cs: traps in the crystalline region whose detraping is enhanced by the a relax-
ation.

The assignment of the traps corresponding to the C, peaks is not clear but
they may be associated with the boundary region between the crystalline and amor-
phous regions for the following reasons :

(i) Some trapping sites have been reported to be located in the amorphous-
crystalline boundaries of polyethylene.34, 35

(i) The C4 peak appears in the temperature range between the a and B relax-
ations.

Now we shall discuss the origin of traps. Trapping sites in polyethylene have
been reported to be ascribed to carbonyl groups produced by oxidation29,2D or
to physical defects such as cavities formed by local arrangements of molecular
chains.12,19 A TSC peak ascribed to electrons trapped in carbonyl groups would
be expected to be enhanced with increasing vinyl acetate content. Actually, there
is no remarkable difference in magnitude among TSCs in LD-PE and EVA and it
does not offer any strong evidence for the assumption that the carbonyl groups
are trapping sites, except for the C; peak. Moreover the C; peak cannot be easily
resolved except in EVA-1. Therefore, the assignment of the C; peak to the car-
bonyl group must be reserved for future work. The TSC spectra of PE and EVA
above room temperature strongly depend upon its crystallinity or its morphology
as shown in Fig. 11 and 16. Ekstrom and Willard have reported that many prop-
erties of electron traps in various organic
glasses can be explained by cavity
traps.31) The existence of cavity traps
formed by local arrangements of molecular
chains seems very likely in polymers (Fig.
17). If the chains themselves define the
cavity traps, it is very reasonable that
TSC spectra depend upon the morphology
(or crystallinity) of PE and that the de-
trapping of electrons is closely related to
the molecular-chain motions. Then, the
detrapping may be a dual process arising
from the thermal erosion of the trap by
molecular motions plus the thermal ex-
citation of the electron in the trap.!® 1EHA T i

The C¢ peak appears in the 8 relaxa- { >ﬁ" Gt ?H §
tion region (Fig. 16) and is enhanced with Hi {f«‘:‘? O VRS
increasing vinyl acetate content. This Fig. 17. Typical defects formed by local
suggests that the Cg peak is due to the arrangements of polymer chains.
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polarization of the dipole of vinyl-acetate unit in the 8 relaxation region.

The TSC T in EVA shows a current inversion at temperature T (To=273K)
following the Cg peak. The total charge @, induced in the external circuit by the
polarization of the dipoles up to Ty is calculated from the area bound by the dipole
TSC and the abscissa,

Q.=5{ Tuar=51"7.(1)aT, (31)

where S is the electrode area, J4(T) the TSC due to dipoles and f the heating
rate. Since almost all dipoles are polarized up to T, &4 is approximated by

Qu/S=Py(T ) =napiF/3kT,, (32)

where #n, and p, are the concentration
and the moment of the dipole, P is the
polarization and % the Boltzmann constant. %10
The total charge calculated from the 5r
second TSC spectra of EVA is plotted
against the concentration of the vinyl
acetate as shown in Fig. 18. Substituting
F=90kV/cm, T,=273 K into Eq. (32), we
get #,=1.8 D from the slope of a straight
line in Fig. 18. This value agrees w
well with the 1.63-1.75 D obtained by &Pl
Eidel’'nant.2®> The magnitude of the in-
version current is about 10712 A/cm? and
agrees well with value expected from Eq. ' @
(28).

®
9

1 1
4. 8. 3. Field dependence of TSC C%/ 10 20
. VINYL ACETATE CONTENT (wy/e)

The field dependence of TSC from  p. 45 Total charge Qo induced by
'HDWPE and LD-PE irradiated with X-rays dipoles against the concentra-
is shown in Figs. 19 and 20. The TSC tion of vinyl-acetate units.
increases with the field in both HD-PE
and LD-PE. For HD-PE, the peak tem-
perature decreases with increasing field. Since C,, C,. Cs and C; peaks are not
clearly split in the high field region and the C,; peaks is small, the exact evalua-
tion of the change in peak temperature of these peaks is difficult. Therefore, the
discussion will be limited to the C, and Cj; peaks.

The change of TSC peak temperatures with the applied field can be explained
in terms of the lowering of barrier height by electric field as it occurs for in-
stance in the Poole-Frenkel effect.36> According to the conventional theory of
TSC [ §2. 2], the peak temperature 7, can be given by

B rrenn (5 ). (33)

From this relation, the small change in the peak temperature, 47, with that in
the trap depth, 4E,, can be expressed by
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In our experiments, E;/kT,, is much larger than the unity since 7, is 100-400 K
and E, estimated from the partial heating technique is 0.3-1.7 eV. Thus, Eq. (34)
can be approximated by

dE, _ 4T,
Et - Tm . (35>

Using this relation and the values of E, estimated from a partial heating technique
under the bias field of 108kV/cm, 0.29 and 0.92 eV for C, and C; respectively,
the change of FE, with the variation of an applied field can be estimated as shown
in Fig. 21, where the trap depth decreases with an increasing field. This method
is more convenient and accurate for evaluating a small change in E; than the initial
rise method.

The lowering of barrier height by electric field has often been explained in
terms of the Poole-Frenkel mechanism. Assuming that the vacant trapping sites
are charged, the trap depth E, is given by

Et:Eto'—AQPF\/wFHy (36)

where E:, is the depth when the bias field is zero, F is the bias field, 8,,=(e3%/
mesg) /2, ¢ is the electron charge and e is the relative dielectric constant. Apply-
ing this relation to the experimental results, we get from the slope of straight
lines in Fig. 21,
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Bpr~0.0016eV (kV/cm)/? for P,
~0.0022eV/(kV/cm)/? for P,

and thus
e~220 for P,
~110 for P,

These calculated values of & are consid-
erably higher than those reported for ¢
of polyethylene, which are around 2.3. 10
The experimental results obtained cannot,

therefore, be explained by the ordinary 3
Poole-Frenkel mechanism. o ‘
If physical defects such as cavities, 09+

as has been suggested in the previous sec-
tion, act as traps, the self-trapping
mechanism is likely to occur. Garton and
Parkman concluded that electrons were 0-3'0“()\‘0.\0\0\
self-trapped in polyethylene.?®> In case

of self-trapping, the effective trapping

T

Ey (eV)

site charge which gives rise to a potential 02}
energy that acts back on an electron is &
T i ] 1
expressed by OO 10 20 30
e(1/c.—1/¢), (37 F o (Jilcm )
i . Fig. 21. Change in E; with applied field
where . is the value of ¢ at very high in HD-PE.

frequency.2?> In such a case, S, is given

by [e3(e—e.,)/mee.ep 172 and it is much

smaller than 8,, in the ordinary Poole-Frenkel mechanism. Assuming that e. and
¢ of polyethylene are 2.28 and 2. 30, respectively, we get B,,=0.0015 and the
apparent dielectric constant ee./(e—e.) is about 260. Thus the small experimental
value of B, can be explained in terms of self-trapping.

In LD-PE, peak temperatures seem to remain unchanged. This may be attrib-
uted to the very small difference between e, and e, if the Poole-Frenkel mecha-
nism applied to the self-trapping holds in this case. The competition between the
lowering of barrier height with field and the changes E, with temperature steeper
than in HD-PE may result in smaller changes in 7',.

4. 3. 4. Photo-stimulated detrapping current (PSDC) in polyethylenet®

Since the TSC results are analysed with the assumption that trapping para-
meters are independent of temperature, difficulties may be encountered in their
evaluation in case that some of them change with temperature. In such a case, the
technique of photo-stimulated detrapping current (PSDC) which utilizes light energy
to release trapped carriers isothermally is very powerful for analysing the nature
of traps.

Figure 22 shows the obtained PSDC spectra for HD-PE (corrected for light
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intensity) plotted against exciting photon
energy. Curve A shows the PSDC spec-
trum observed just after the X-ray irra-
diation and curves B, C, D and E show
the spectra after some of TSC peaks were
thermally eliminated by heating the spe-
cimen up to 203, 273, 328 and 383K
respectively. As HD-PE without X-ray
irradiation showed no PSDC, these spectra
are due to trapped carriers introduced by -

X-ray irradiation. The PSDC peak around oL L
1 eV disappears after heating the specimen PHOTON ENERGY (eV)

up to 203K and this thermal treatment Fig. 22. RSDC spectra for HD-PE.
also eliminates the C; and C, TSC peaks.

Their disappearance suggests that the

traps responsible for the C; and C, peaks are about 1eV in depth. The thermal
elimination of the Cj; peak reduces the PSDC above 1.5eV by about one order,
indicating that the trap depth for the C; peak is more than 1.5eV. The disap-
pearance of the PSDC above 4 eV after the thermal elimination of the C4, Cs and C;
peaks also suggests that the traps for these peaks are more than 4eV in depth.

As shown in Fig. 15, the trap depths estimated from TSC experiments are
about 0.3eV (C; and C,), 0.9eV (Cy), and 1.4-1.7eV (C,, Cs and C;). Trap
depths in HD-PE estimated from TSC experiments have also been reported by
other authors, for example, 0.35, 0.6 and 1.1 eV by Perlman and Ungert® and 0. 09,
0.17, 0.35 and 0.62eV by Amakawa and Inuishi.?2®> These values are much smaller
than those obtained by PSDC experiments.

The trap depths estimated from PSDC experiments are those estimated at a
constant temperature of 90K where molecular motions are frozen up. On the
other hand, those from TSC measurements are depths estimated at a higher and
increasing temperature under the influence of molecular motions. Therefore, their
difference may be attributed to the thermal change of traps which is caused mainly
by molecular motions. This assumption is very reasonable if physical defects such
as cavities are acting as traps and the carriers are released through thermal erosion
of the traps themselves.

o
T

PSDC ¢ are, wnirs )
1 T

~
T

4. 3. 5. Effects of oxidation on TSC in PE

Figure 23 shows the effect of oxidation on TSC spectra of HD-PE. With
increasing oxidation, a new C% peak around 360 K increased and the remaining TSC
peaks C;-Cs were reduced. Another new peak (Cy) was observed only in slightly
oxidized HD-PE (sample B). The apparent trap depth E, was estimated by the
partial heating method.2¢> The resultant trap depth is plotted in Fig. 24 against
the maximum temperature reached in each partial heating.

The oxidation products such as C=0 groups have been reported to act as
carrier traps.2%, 21  The enhancement of the C7y peak suggests the introduction of
deep traps by oxidation. The decrease of TSC without X-ray irradiation by oxida-
tion (Fig. 23) can be ascribed to the decrease of carrier mobility and / or the
decrease of mobile carrier densities due to the increase of deep traps. Then, the
decrease of the Cy, C,, C;, C4 and C;s peaks can also be ascribed to the retrapping
of detrapped carriers by the deep traps and / or the decrease of trapped carriers
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Fig. 23. Oxidation effects upon the TSC Fig. 24. Apparent trap depth E; versus
spectra of HD-PE. the maximum temperature
reached in each partial heating
for HD-PE.

due to the competition with the deep traps.

The C% peak was observable only in slightly oxidized HD-PE (sample B) and
was removed by further oxidation. As shown in Fig. 25, it also disappeared when
the sample B was annealed at 383K for an hour before X-ray irradiation. There-
fore, the carrier trapping sites responsible for the Cy peak seem to be unstable
intermediate products in the oxidation process.

Judging from the oxidation process of
PE,¢® radicals or ozonides may be the
trapping sites responsible for the Cy peak. 1079 =
ESR and infrared absorption measurements
were carried out on sample B, sample B
annealed at 383K for an hour, and sample
C. No ESR signal due to radicals could
be detected, indicating less possibility of
radicals being the trapping sites. Sample
B has absorption bands of ozonides at
1054 and 1107 cm~! and very weak absorp-
tion of carbonyl groups. Annealing of 1071
sample B reduces the absorption bands of
ozonides and enhances the absorption band
of aldehyde groups at about 1730 cm1.
These facts seem to support the possibil-
ity of ozonides being the trapping sites.
However, although precise quantitative es-
timation of ozonides is difficult, sample
C, which exhibits no C%y peak seems to have more ozonides than sample B. There-
fore, the trapping sites for the Cy peak seemn to be neither radicals nor ozonides.
However, the mechanismm of ozonization of polymers is somewhat complicated and
many other intermediate products such as molozonides and peroxides have been
reported to exist in the oxidation process.47~¢%  Some of them may be the trap-
ping sites for the C%y peak.

1070
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J
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Cs
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Fig. 25. Effect of annealing upon the Cj3”
peak.
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The deep trapping sites introduced
responsible for the Cy peak are considered
to be stable oxidation products such as
carbonyl groups, as the annealing of much 1w ‘____UNOX,D,ZED e G
oxidized HD-PE does not influence the - oxibizep L-PE,
TSC spectra. This is supported by the
fact that the infrared absorption spectrum woF
of much oxidized HD-PE is not changed
by annealing.

Similar oxidation effect was observed
for LD-PE. The TSC spectrum of oxi-
dized LD-PE is shown in Fig. 26, together
with that of non-oxidized LD-PE. Oxi-
dation reduced the C;-Cs peaks and en- W o
hanced a new peak (C%) around 310 K. 4
The apparent trap depth E, estimated
from the initial rise of the partial heating 1 1 i !
curve?#) is shown in Fig. 27. o pEATURE (K

It should be noted that the peak tem- Fig. 26. Oxidation effects upon the the
perature of the Cy peak enhanced by oxi- TSC spectra of LD-PE.
dation depends upon the morphology (or
the crystallinity) of PE. The Cy peak
appears at 360K in HD-PE, and at 310K in LD-PE. There is also a remarkable
difference in the TSC without X-ray irradiation between HD-PE and LD-PE. The
TSC without X-ray irradiation of HD-PE was reduced by oxidation, while that of
LD-PE was enhanced as shown in Figs. 23 and 26. Such differences can be clearly
observed in the isothermal current characteristics.59,51  Figure 28 shows the
oxidation dependence of the isothermal current and the mobility in PE. The values
of mobility were estimated from the tran-
sient current peaks on the basis of the
transient SCLC theory.52> The change in
2ol @ sweLe C Couvtzen ) : P

e} current density is in a good agreement
with the change in mobility, suggesting that
the former is caused by the latter. A
qualitative explanation of the opposing
oxidation effects upon the mobility be-
tween HD-PE and LD-PE was given, based
on the assumption that carbonyl groups
introduced in the amorphous regions of
I f—sk——#—  PE act as hopping centers, whereas oxida-
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| THPERATRE () tion products introduced in the crystalline
Fig. 27. Apparent trap depth E; versus surface regions become deep trapS.5 3) In
the maximum temperature LD-PE with a high portion of amorphous

reached in each partial heating

fof LD-PE. parts, the carrier mobility is enhanced by

the hopping centers due to C=O0 groups
in the amorphous part. On the other
hand, the C=0 groups (deep traps) in the crystalline surface region effectively
reduce the carrier mobility in HD-PE with a high crystallinity because electrons
injected from the electrode must move in HD-PE through the crystalline parts.
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Fig. 28. Oxidation effects upon-the current and the mobility in PE.

According to Exstrom and Willard,®? the depth of cavity trap depends upon
the size of cavity and it is approximately proportional to R32, where R, is the

cavity radius.

Assuming that the C=O0 trap is ascribed to the cavity created by a

C=0 group in the PE chain, it is reasonable that the C=O trap in the crystalline
surface regions is deeper since the size of the C=0 cavity is smaller in the crystal
surface region tightly bounded by crystallites than in the free amorphous region.

4. 3. 6. Effcts of r-irvadiation and cross-linking.

In general, the r-irradiation in air
promotes the oxidation of PE.54,5%
Therefore, to eliminate the oxidation ef-
fect, the specimen was irradiated with 7-
rays in vacuum. After the irradiation, it
was annealed for an hour in a vacuum at
393K under a short circuit condition, in
order to remove carriers generated by
the 7-ray excitation.

Figure 29 shows the resultant TSC
spectra in y-irradiated HD-PE. The TSC
with X-ray irradiation has a new peak C;
around 390K and in the low temperature
region it is much smaller than that of
HD-PE without 7-irradiation. The TSC
without X-ray irradiation is also much
smaller than that of virgin HD-PE. These
phenomena are very similar to those in
oxidised HD-PE. Therefore, y-ray irra-
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Fig. 29. TSC spectra for r-irradiated

HD-PE.
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diation in vacuum seems to introduce deep
traps into PE. The possible origins of 107
the deep traps introduced by the 7y-irra-
diation are radiation defects such as radi-
cals, cross-links, chain scission, double
bonds, etc. Takai et al.4® reported on
the basis of PSDC analysis that the cross- o'
link due to the py-irradiation in vacuum
act as a deep trap. w02
Figure 30 shows a typical X-ray in-
duced TSC in XL-PE. The cross-linking

1 2 1 1
100 200 300 400

introduces a new TSC peak (C;) around T (K)

360 K and it reduces the TSC peaks C;~  Fig. 30. X-ray induced TSC spectra of
Cs. These suggest that cross-link points cross-linked PE (XL-PE).

act as deep traps like oxidation products

in HD-PE.

4. 3. 7. Energy level diagram for PE

In the previous sections, we clarified the natures and the origins of carrier
traps in PE. These results are summarized in Table 5.

Polyethylene is a long-chain organic polymer. The intermolecular bonding is
weak and molecular and the overlap integral between adjacent chains is about
0.001eV.56,57  For this reason alone the usual concepts of the band theory would
not appear very useful. However, the intramolecular bonding is strong and covalent
and so the band scheme is derived for a PE chain. Recently, the theoretical calcu-
lations of the energy band structure of PE have been reported by many authors.26, 58~62)

Table 5. Carrier traps in polyethylene.

TSC Traps corresponding to TSC peaks
Peak | Peak Temperature!Trap Depth% Region Origin
Ci | ~130 K 0.1-0.3eV
c ~200 (HD-PE) 0.3 Lamellar Surface (HD-PE)
2 ~180 (LD-PE) 0.24 Amorphous Region (LD-PE)
Cs ~250 0.8-1.¢9 Amorphous Region
Defect

" - Amorphous-Crystalline
Cy | 230~310 1.0-1.4 Interface
Cs | ~330 1.2-1.4

Crystalline Region
C's | ~350 (HD-PE) 1.7
C's| ~280 (HD-PE) | Amorphous Unstable Oxidation
| ~360 (HD-PE) Amorphous-Crystalline Int. | Stable Oxidation
~ % <310 (LD-PE) 1.4 Amorphous Products
~390 (HD-PE) .

Cy ~320 (LD-PE) 1.0 Amorphous Cross-link
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They are based on the crystal orbital theory at various levels approximation;
i. e. EHT (Extended Huckel Theory)83>, CNDO (Complete Neglect of Differ-
ential Overlap),59, 66> INDQO (Intermediate Neglect of Differential Overlap),82
MINDO (Modified INDO)#¢5, 66> and Abinitio.62,67> The resultant theoretical band
structures are summarized in Fig. 31, together with the band structure estimated
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Fig. 31. Band structure of polyethylene. Fig. 32. Energy level diagram of carrier

traps in polyethylene.

experimentally by the ESCA,27, 68 on the assumption of the work function (4.5eV)
of PE.S9> The energy gap between the valence band and the conduction band
calculated by MINDO/3 is 7.6eV and it is in almost perfect agreement with ESCA
experiment (7.7eV).68 The band gap of PE has been also estimated as about 8 eV
from UPS (Ultraviolet Photoelectron Spectroscopy)é?® and UV absorption??, and
as 8.8eV from the UV photoconduction.”?? The UPS experiment?2? also revealed
that the conduction band of PE extends up to about 7eV above the effective vac-
uum level.

Considering the above band structure of PE and the values of trap depth in
Table 5, we obtain the energy level diagram of PE as shown in Fig. 32.

4. 4. Conclusions

The present chapter dealed with the X-ray induced TSC from various polyeth-
ylenes, that is HD-PE, MD-PE, LD-PE, EVA and XL-PE. The X-ray induced TSC
technique is very useful to distinguish between the TSC peak due to trapped car-
riers and that due to dipoles. Much information about the natures and the origins
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of carrier traps in PE has been obtained.

Non-treated PE showed five or six TSC peaks due to trapped carriers, des-
ignated by C; to Cs; (C;) in ascending order of temperature. This suggests the
existence of five or six kinds of carrier traps. The release of carriers from traps
is closely related to the onset of molecular motions in PE. The C, peak appears
in the 7y relaxation region. The C; peak in the B relaxation region is ascribed to
the amorphous part, and the traps responsible for the C, peak may lie in the
amorphous-crystalline boundary, i. e. the folded region. The Cs and C; peaks
corresponding to the « and «' relaxation are associated with the crystalline region.
The origins of these traps are concluded to be physical defects such as formed by
local arrangements of molecular chains.

The field dependence of peak temperatures in HD-PE suggests the reduction of
trap depth with field. The relatively small change in trap depth can be explained
in terms of the Poole-Frenkel effect applied to the self trapping. The comparison
between apparent trap depths obtained from TSC and PSDC revealed that the
erosion of traps by molecular motions plays an important role in the reduction of
the trap depth. These results are all suggestive of cavity traps.

The oxidation products such as C=0 groups and cross-linking points were
proved to act as carrier traps. The C=O0 group attached to a PE chain or the
cross-linking between adjacent PE chains may distort the local arrangement of
molecular chains and introduce a cavity pictured as an irregular space. = Such
cavities are probably the origins of the carrier traps due to the C=0 group and
the cross-linking point.

The natures and the origins of carrier traps in PE clarified in this chapter
are summarized in Table 5 and also in Fig. 32.

5. X-ray Induced TL from Polyethylene

5. 1. Introduction

In the previous chapter, we have revealed that polyethylene has many kinds of
carrier traps possibly due to physical defects and that the detrapping of carriers
are closely related to molecular motions. However, since TSC from polyethylene
in the low temperature region is very small presumably because of low carrier
mobility, it is difficult sometimes to analyse the natures of the corresponding traps.
In addition to the TSC measurements, it is of a great help to measure the ther-
moluminescence which is dominant in the low temperature region. Thermolumi-
nescence from polyethylene has been widely investigated?!s, 19,32, 73~75) gand carrier
trapping sites and luminescence centers have been ascribed to various physical and
chemical structures.

In this chapter, the thermoluminescence (TL) from polyethylene has been in-
vestigated, especially that from HD-PE in which the effects of oxidation on TL
are remarkable. The location of carrier traps, especially those corresponding to
the C; and C, TSC peaks in the preceding chapter, has been determined. The
changes of traps and luminescence centers by oxidation have been discussed.

5. 2. Experimental
Specimens were films of the same LD-PE, HD-PE and EVA-4 as in the TSC
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experiments.

ozone atmosphere produced by the gas discharge in oxygen.
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Some of them were oxidized at room temperature by exposure to an
Table 6 is the list of

specimens, where the oxidizing time indicates the duration of exposure of the

specimen to an ozone atmosphere.

the infrared absorption of the main carbonyl stretching at about 1720 cm~1.

Table 6. List of specimens.

R (dizi » absorption coefficient

specimen oxidizing time at about 1720cm-1
LD-PE A 0 mim —

B 60 14 cm™?

C 100 32

D 200 46

E 1310 412

F 2030 1640
HD-PE A 0 —

B 60 21

C 1310 360
EVA-4

The extent of oxidation was estimated from

5. 3. Experimental Results

Figures 33, 34 and 35 show the observed TL spectra from HD-PE, LD-PE and
EVA-4, together with their TSC spectra. The TL peaks, H;(L,), Hy(L;) and
H3(L3) corresponds well to the TSC peaks, C;, C; and Cj, respectively. The
H,(Li), Hy(Ly) H3(L3) peaks in PE decrease with increasing oxidation and new
peaks H,(L,) and Hs(Ls) appear. The oxidation of HD-PE effectively depresses
the H; and H; peaks and makes the H, peak observable. The oxidation effects can
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Fig. 34. TL spectra of LD-PE, together
with the TSC spectrum. Curve
A, B, C, D, E and F show the TL
from specimens A, B, C,D, E and
F, respectively. Curve G shows
the TL from unoxidized LD-PE in

oxygen atmosphere.

70 ] 3;30

TENPERATURE (K )

Fig. 33. TL spectra of HD-PE, together
with the TSC spectrum. Curve
A, B and C show the TL spectra
of specimens A, B and C, re-
spectively.
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be explained by the introduction of deep
traps by oxidation as mentioned in §4. 3.
5.

L
1 L

In Figs. 36 and 37 the apparent trap
depths estimated from the initial slope of
each TL curve in the In (TL intensity)-

TL THTENSITY (arB. uniTs)
S
T

1/T plot are plotted against the maximum s
temperature reached in each partial heat- - L L ! =
ing.24> These values are similar to those TENPERATURE (O
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Fig. 36. Apparent trap depth E; for HD- Fig. 37. Apparent trap depth E; obtained
PE obtained from the partial from the partial heating.
heating.

difference in trap depth between unoxidized HD-PE : A and oxidized HD-PE:C in
temperature range of 190-250K is considered to be due to the disappearance of the
Hj peak in oxidized HD-PE. The apparent trap depth for the H; and H, peaks
seems to be unaffected by oxidation.

L can be optically bleached. After X-ray irradiation, a sample was illuminated
for 30 minutes at 90K by a light which was filtered with a sharp-cut low-pass
glass filter. Then the TL was measured. In Figs. 38 and 39, the intensity of each
TL peak is plotted against the cut-off wavelength of the filter used in the bleach-
ing experiment. TL peaks of unoxidized LD-PE and HD-PE were easily bleached
by lights with wavelength 2>>670 nm, but those of oxidized HD-PE were bleached
by lights with 1<450nm. Yet the H; peak could not be bleached even by a light
A==250 nm. The trap depth estimated from the optical bleaching experiments re-
sponsible for TL peaks of unoxidized HD-PE seems to be less than 1.9eV and that
of oxidized HD-PE to be about 3eV.

In order to clarify the mechanism of Iuminescence, spectral distribution of
TL peaks were obtained with interference filter whose band width was 10-20 nm.
Each filter was placed between the quartz window and the photomultiplier tube.
The results are shown in Figs. 40 and 41. The spectra for unoxidized polyethylene
show two components, one being 300-350 nm, the other 450-550nm. On the other
hand, all TL peaks of the oxidized HD-PE have the same spectral distribution with
only one peak at 550 nm.
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5. 4. Discussion

TL from y-irradiated HD-PE was reported by Blake et al.1® and their results
are similar to those obtained here. They attributed five TL peaks to the following
phenomena : 110 K-7-relaxation; 160 K-trapping by molecular oxygen; 200 K-relaxa-
tion intermediate in temperature between the y- and the B-relaxations ; 230 K-3-
relaxation; 310 K-a-relaxation. It can be concluded that the traps responsible for
the L; and H; peaks lie in the amorphous regions for the following reasons; (i)
they appear in the temperature region of the A-relaxation assigned to the amor-
phous parts,39 (jj) they show a greater sensitivity to oxidation which occurs in the
amorphous regions than the other peaks. When an unoxidized sample was set in an
oxygen atmosphere of 100 Torr, its TL spectrum showed a new peak between the
H;(L,) and H,(L;) peaks due to molecular oxygen. Neither the H;(L;) nor the
H,(L,) peak is, therefore, related to molecular oxygen. Nara et al.76) examined
the molecular motions in polyethylene through ESR experiments and compared their
data with those by Kakizaki and Hideshima for dielectric relaxation?”. According
to Nara et al., molecular motion around 200K for HD-PE is associated with the
7-dispersion in lamellar surfaces and that around 180K for LD-PE corresponds to
the 7-dispersion in the amorphous phase, i. e. local mode relaxation.

Figure 33 shows that of peaks H;, H, and H,, the H, peak has the lowest
decay rate and it seems to be related to the crystalline regions where oxidation is
difficult to occur. The corresponding TL peak (L) for LD-PE decayed faster
than L, peak and it can be considered to be associated with amorphous regions.
It can be, therefore, concluded that the traps responsible for the H, peak lie in
lamellar surfaces and those for the L, peak in amorphous regions. It is not clear
whether or not the H; and L, peaks are associated with a slight motion of mole-
cules (9-dispersion) in the amorphous phase, a motion that Nara et al. considered
to correspond to the free radical decay around 120K.76) Since with oxidation the
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H; and L, peaks decay at a considerable rate, traps responsible for them may lie
in the amorphous regions.

The enhancement of the H,, H; and Ls peaks is note worthy. These peaks
may be closely related to the crystalline part, because the corresponding TL peaks
for LD-PE are very small. The increase of the H,; peak by oxidation may be
ascribed to the increase of deep traps due to oxidation products. It is also note
worthy that the H; peak, unlike the other peaks, appears even without X-ray irra-
diation (Fig. 42). Its magnitude depends only on the extent of oxidation. There-
fore, the Hs and L; peaks do not seem to be due to trapped carriers introduced

Hy
L]
[
5
)
o0
=
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= tion,
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tion obtained after the lst run,
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1+ e obtained after the 2nd run.
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by X-ray irradiation. These peaks seem to correspond to tha P, peak in 7-irra-
diated polyethylene observed by Nakamura et al.7®

The trap depth estimated from the partial heating (Figs. 36 and 37) is less
than 1.0eV, whereas the optical trap depth estimated from the optical bleaching
(Figs. 38 and 39) seems to be much larger. For example, the traps for the H;
peak of the oxidized HD-PE show 0.15-0.2eV thermally but about 3eV optically.
This suggests that detrapping is predominantly due to thermal erosion of traps by
molecular motions and not only to thermal escape from traps.

The spectral distribution of the unoxidized HD-PE and LD-PE shown in Figs.
40 and 41 is almost the same as that of 7-irradiated polyethylene obtained by
Charlesby and Partridge.22> The spectra of photoluminescence from HD-PE excited
by a light with 1=280nm at 90K and room temperature showed two components,
one being 300-350 nm, the other 450-550 nm. The former dose not vary with tem-
perature but the latter can not be observed at room temperature. Charlesby and
Partridge®? and Somersall et al.7?> showed that below 110K the phosphorescence
intensity from polyethylene was constant but became very weak above 110 K. Thus
the H; and L; peaks of unoxidized polyethylene are mainly due to phosphorescence,
while the H; and L; peaks result from both phosphorescence and fluorescence.
The spectral distribution of all TL peaks of oxidized HD-PE is the same and
differ from that of unoxidized specimen. This shows that oxidation changes the
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dominant luminescence centers responsible for TL peaks.

The quenching of the TL peaks by oxidation may be caused not only by the
introduction of deep traps, but also by the lowering of the TL efficiency through
the change of luminescence centers and / or the change of trap centers (the deep-
ening of the optical trap depth) by oxidation. The increase of deep traps respon-
sible for the H, peak, however, may also reduce the H;, H, and H, peaks, if the
detrapped electrons responsible for the TL peaks are captured by deep traps before
reaching luminescence centers.

5. 5. Conclusions

The TL from polyethylene and its oxidation effects have been investigated.
All TL peaks except Hs and Ls are associated with trapped carriers. The Hi(Ly),
Hz(L3z) and H3(L;) peaks are reduced by oxidation, while the H, peak is enhanced
by it.

It can be concluded that the traps responsible for the H; and L, peaks lie
in amorphous regions, and those responsible for the H, and L, peaks in amorphous
regions and lamellar surfaces, respectively. Those responsible for the H, and L,
peaks seem to be in amorphous regions and those responsible for the H, peak seem
to be introduced by oxidation into the crystalline regions or the crystalline-amor-
phous interfaces.

The detrapping of carriers may be closely related to the thermal erosion of
the trap by molecular motions. The TL spectra revealed that oxidation changes
luminescence centers. The oxidation induced quenching of the TL peaks in the low
temperature region may be caused not only by the introduction of deep traps, but
also by the change of luminescence center and /or traps.

6. X-ray Induced TSC in Polyvinylidene Fluoride

6. 1. Introduction

In recent years, polyvinylidene fluoride (PVDF) has received considerable at-
tention because of its piezoelectricity®®), pyroelectricity and high dielectric con-
stant.#1>  Moreover, the crystal of PVDF has at least three distinct polymorphs
called the @, B and 7y phases.82> The a-phase has a herical conformation and
dipoles are cancelled out in a unit cell. On the other hand, the @-phase has a
planar zigzag type conformation and has large dipole moment perpendicular to the
c-axis which results in spontaneous polarization. Recently, the existence of the
polar a-phase structure has been pointed out.83,84) Morphologically, PVDF is one
of the interesting polymers.

It was generally believed that high piezoelectric coefficients of PVDF were
due to the spontaneous polarization of B-PVDF.8® Recently, however, several
authors®6~8% have pointed out that the piezo- and pyroelectricity of PVDF is
rather due to trapped charges (space charge) near the positive electrode. Many
reports have been published on the origin of piezoelectlicity of PVDF.90~95)
However, we have still no clear understanding of the origin of piezoelectricity.
The anomalous high value of the dielectric constant at high temperatures and low
frequencies has also been attributed to space charge.?6) Space charge is closely
related to carrier traps. It is strongly required to understand the natures and the
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origins of carrier traps in PVDF.
In this chapter, carrier traps in PVDF have been studied by using the X-ray
induced TSC technique.®”

6. 2. Experimental

Specimens were unstretched, biaxially stretched and uniaxially stretched PVDF
films (KF Polymer, Kureha Chemical Industries) of thickness 6-100 #m. All spe-
cimens used are summarized in Table 7. The experimental procedures of TSC
were the same as in §3. 3. 1.

Table 7. List of specimens.

1

. » . | Crystalline
Specimen Thickness Stretching \ phase
i

A 35pm Unstretched o

B 50 Unstretched a

C 100 Unstretched o

D 6 Biaxially a+p
stretched

E 25 Biaxially a+f
stretched

F 17 Uniaxially B
stretched

6. 3. Experimental Results

Figures 43, 44 and 45 show typical TSC spectra obtained under the bias field
of ca. 90KV/cm. TSC with X-ray irradiation in unstretched film (B) shows a
large TSC peak around 330K. The difference between TSC with and without X-ray
irradiation in both biaxially and uniaxially stretched films (D, E and F) is less clear
than in unstretched ones. While unstretched films (A, B and C) show three peaks
designated C;, C, and C; in ascending order of temperature, the other specimens
show only to split peaks, C; and C,. These two peaks show no change with X-ray
irradiation. TSC above 370K has a complicated structure.

Figure 46 shows the field dependence of the C; peak in unstretched film (B).
The complicated behavior of this peak suggests that it is composed of two TSC
peaks, i. e., C; and Cy peaks. The C; peak exhibits a remarkable peak temperature
dependence on an applied field, while the Cy peak seems independent of it. The
situation is more clear in the case of an annealed specimen, as shown in Fig. 47.
Annealing was carried out for an hour at 423K in vacuum.

Figure 48 shows the apparent trap depth estimated by the initial rise method.2%’
The apparent trap depths are about leV for both C; and C% peaks.
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6. 4. Discussion

TSC spectra from PVDF show three split peaks below ca. 360K. TSC above
360 K has a complicated structure and does not exhibit marked dependence on X-ray
irradiation. Therefore, TSC above 360 K is not discussed further.

The C; and C, peaks are independent of X-ray-irradiation. They increase linearly
with increasing applied field. Moreover, their peak temperatures correspond well
to the temperatures at which the 7 and f relaxations in the amorphous region
occur?® (Fig. 43). These suggest that the C; and C, peaks are due to dipole
orientation in amorphous regions.

The large TSC peak, Cs, around 330 K appears only in the TSC spectrum from
the specimen irradiated with X-ray. This suggests that the C; peak is due to
trapped carriers and that an abundance of carrier traps exist in PVDF. Further-
more, the C; peak explicitly appears only in the unstretched films (A-C) which
are rich in the crystalline phase and consequently it is ascribable to the carrier
traps in the crystalline phase and/or on its surface. The stretching of PVDF,
which decreases the a-phase and increase the f-phase, reduces the C; peak and
does not introduce any other explicit peaks. However, from the results of the
radiation-induced conduction experiments, it seems that the B-type PVDF also con-
tains a certain amount of carrier traps in the a-crystalline phase and/or on its
surface.?5> The carrier detrapping in the S-type PVDF occurs at a temperature
about 15K higher than in the case of the a-type PVDF. Hence, the g-type PVDF
may not exhibit any explicit TSC peak due to trapped carriers because of its high
dark conductivity in the high temperature range.

As shown in Figs. 46 and 47 the C; peak is composed of the C; and C% peaks
and this suggests that at least two kinds of carrier traps are responsible for the
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C; peak. Both these traps have apparent trap depth of about 1eV.

It has been pointed out that many TSC peaks in polymers reflect relaxations
at very low frequencies.2?> Takamatsu and Fukada reported a TSC peak around
340K from an unstretched a-type PVDF thermoelectret and considered it to cor-
respond to the relaxation around 340K at 110 Hz, which has been ascribed to the
a-relaxation in the a-crystalline phase by some authors.®?, 99,190 Annealing a spe-
cimen for an hour at 423K lowered the temperature of the C; and C; peaks by
about 15K (Fig. 47), whereas it elevated the temperature of the dielectric loss
peak around 350 K at 100 Hz and its peak temperature at lower frequencies deviates
from the TSC peak temperature of 330 K. These suggest that the C, peak is less
likely to this relaxation. Recently, however, Boyer summarized the relaxation tem-
peratures for PVDF and concluded that the true crystalline phase relaxation at
1Hz occurred around 350 K.19D If this is the case, the C; peak possibly corre-
sponds to this relaxation in the crystalline phase.

There is a remarkable difference in the field dependence between the C; and
C7 peaks. The Cj; peak shifts to a lower temperature with increasing bias field,
but the Cy peak does not. The lowering of the peak temperature suggests the
reduction in the trap depth with bias field, such as the Pool-Frenkel effect.36,37)
The shift of the C; peak temperature is quantitatively explained from the Poole-
Frenkel effect with the relative dielectric constant e=10.

Figures 49 and 50 show the change in the TSC spectra with the temperature
at which X-rays were irradiated. The experimental procedures are the same as
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mentioned in § 3. 3. 1 except that the specimen was irradiated at a certain tem-
perature above 90K and cooled down just after the irradiation. The irradiation
was carried out under the short-circuited conditon.

As shown in Fig. 49 the C; peak is eroded from its low temperature side with
increasing irradiation temperature, suggesting that the traps responsible for the
low temperature side of the C; peak release carriers more easily than those for
the high temperature side.

At a high bias field of 360kV/cm, on the other hand, the high temperature
peak (C7) is reduced more easily than the lower temperature peak (Cj;) with in-
creasing irradiation temperature (see Fig. 50). This suggests that the traps re-
sponsible for the C; peak are considered to be a little deeper than those for the Cy
peak under the short-circuit condition where X-rays are irradiated. Then, trapped
carriers can be released more easily from the traps for the C, peak and the
number of the carriers stored in them after X-ray-irradiation decreases more rapidly
with increasing irradiation temperature. However, as mentioned above, the traps
for the C; peak become shallower with increasing bias field, while the depth of
the traps for the C7 peak remains constant. Therefore, the former may be a little
shallower under a high bias field of 360kV/cm than the latter and the C; peak
appears at a lower temperature than the C7 peak. This is a possible reason why
the high temperature C; peak disappears at a lower irradiation temperature than
the low temperature C; peak as shown in Fig. 50.

6. 5. Conclusions

X-ray induced TSC in various kinds of PVDF specimens have been investigated.
There are three split TSC peaks, the C;, C; and C; in ascending order of tem-
perature. The C; and C, peaks are due to dipole orientation in amorphous regions,
corresponding to the 7- and B-relaxations, respectively. The Cs peak is due to
carrier traps in the a-crystalline phase and / or on its surface.

The field dependence of the TSC revealed that at least two kinds of carrier
traps are responsible to the Cj; peak. The carrier release from one kind of trap
is strongly affected possibly through the lowering of the trap depth by the electric
field.

7. X-ray Induced TSC and TL in Fluorocarbon Polymers

7. 1. Introduction

Fluorocarbon polymers such as polytetrafluoroethylene (PTFE), Teflon FEP
and PFA are of a great practical importance because of their superior thermal and
chemical resistance, good insulating properties (low tand and high resistivity) and
excellent charge-storage capability.102> Therefore, these materials, especially FEP,
have received much attention as insulating materials in the high temperature region
and also as flexible film materials for the electret devices.¢,103~10%)

The excellent charge-strage capability is caused by deep traps. In this chapter,
the natures and the origins of carrier traps in fluorocarbon polymers have been
investigated by using the X-ray induced TSC and TL techniques.

7. 2. Experimental
Specimens used were commercial films of PTFE, ETFE (ethylene-tetrafluoro-
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ethylene copolymer : Afron), Teflon FEP (tetrafluoroethylene-hexafluoropropylene
copolymer : FEP 100 A) and PFA (tetrafluoroethylene-perfluoroalkilvinylether co-
polymer). Their details are summarized in table 1. The experimental procedures
were just the same as before.

7. 8. Experimental Results and Discussion

7.3. 1. PTFE and ETFE

Figure 51 shows the resultant TSC and TL spectra from PTFE, suggesting the
existence of many carrier traps. The TSC peaks correspond well to the TL peaks
and also to the relaxation temperatures (a, § and 7).1°6> In most cases, the relax-
ation temperatures cited in Chapter 7 and 8 have been estimated from Wada's
dispersion maps around 1c¢/s,19¢) where L indicates local mode relaxation, P primary
dispersion, and C relaxation in crystalline part. All the TSC (TL) peaks except C,
and C; peaks correspond to the release of molecular motions. This suggests that
the carrier detrapping is closely related to the release of molecular motions and
they lie in the regions where the corresponding molecular motions occur as is the
case of PE.

The TSC and TL spectra from ETFE are shown in Fig. 52.
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7.3. 2. Teflon FEP and PFA

Figure 53 shows the TSC and TL spectra from FEP, together with the relaxa-
tion temperatures. There exist six TSC peaks due to trapped carriers and all TSC
(TL) peaks except C; and C, peaks seem to correspond to the release of molecular
motions.

It was reported that there were two crystalline phase transitions at 292 and
303K in PTFE!07,108) and Ranicar and Fleming!®® observed two corresponding
TSC peaks in this temperature region. As the crystalline in FEP is considered to
be similar to that of PTFE, the couple of two sharp peaks, C; and C,, may be
related to such crystalline transitions. The release of carriers in FEP is, there-
fore, also suggested to be in close relation to molecular motions.

As shown in Fig. 54, the apparent trap depths responsible for these peaks were
estimated around 0.1-1.2eV applying the initial rise method.



TSC and TL Studies of Carrier Trapping in Insulating Polymers 211

1078
Cs
-~ TL L2 -~
oL =10 S -10° o FEP
S 10 L3 < = ~
3 T \ % E?,S -
/ w0
T 110° « T
100 TSC without Z & 10
", X-rayirrad. =]
. o
2l TSCwith X-ray "~ o'+ % osl-
10 irrad, \’"~‘ -
1 p A
1x IR L% | ! 100 o 1 1 1 ] 1 1 1 1
100 200 300 %00 100 150 200 250 300 350 400 450
TEMPERATURE (K ) TEMPERATURE (K)
Fig. 53. TSC and TL of Teflon FEP, to- Fig. 54, Apparent trap depth E; plotted
gether with the relaxation tem- against the maximum temperature
peratures (). reached in each partial heating.

Figures 55 and 56 show the field dependence of TSC with X-ray irradiation.
Unlike in high density polyethylene, peak temperatures scarcely change with an
applied field. This suggests that the release of carriers in FEP is more strongly
dominated by molecular motions. As shown in Fig. 56 peak currents for C,-Cs
increase almost linearly with a field but the C4 peak show a somewhat anomalous
behaviour.

The C; and C, peaks having no corresponding relaxations disappeared in the
FEP specimen irradiated with 1.8 Mrad of the 7-rays (Fig. 57). Their origins
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Fig. 55. Field dependence of TSC Fig. 56. Field dependence of TSC

spectra of FEP. peak currents.
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seem to be unstable defects.

Figure 58 shows the TSC spectra from PFA, which has the structure with the
-0-C;F; instead of the -CF; in FEP. The TSC spectrum of Teflon PFA is very
similar to that of FEP.

- -
10 — ¥-irrad.(1.8Mrad ) FEP 0%
== non-¥-irrad.FEP Cs
C3Ca 7T, Cs
10| W Y R
~ 10 Fi / ~ 1510k
o~ ‘ - o~
3 ¢ 5
< 10—-11 L < 10—11
o
1072 o2k
1 1 1 1 L ‘
100 200 300 400 100 200 300 400
TEMPERATURE ( K ) TEMPERATURE (K)
Fig. 57. TSC spectra of yr-irradiated FEP. Fig. 88. TSC spectra of Teflon PFA.

7. 4. Conclusions

The TSC and TL spectra from fluorinated polymers (PTFE, ETFE, FEP and
PFA) revealed the existence the abundance of carrier traps. Generally, fluorinated
polymers show remarkable TSC peaks in the high temperature region compared
with polyethylene, which suggests the existence of deep traps. This is the reason
for their good charge-storage capabilities.

Most of the TSC and TL peaks are associated with the release of molecular
motions, suggesting the close relation between carrier detrapping and molecular
motion.

8. X-ray Induced TSC and TL in Other Insulating Polymers

8. 1. Introduction

As seen in the previous chapters, the X-ray induced TSC and TL gave a lot
of information about the natures and the origins of carrier traps in PE and fluo-
rocarbon polymers. In this chapter, the X-ray induced TSC and TL spectra of
other insulating polymers have been briefly discussed.

8. 2. Experimental

Specimens used here were films of polypropylene (PP), poly-p-xylylene (PPX),
polyethylene terephthalate (PET), polycarbonate (PC), polystyrene (PS), polyvinyl
chloride (PVC), polyvinyl fluoride (PVF) and nylon 6. They are listed in Table 2.
In all cases, specimens were irradiated with X-rays (35 kV, 20 mA) for 20 minutes
and the experimental procedures of TSC and TL were just the same as in the
previous chapters.
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8. 8. Experimental Results and Discussion

8. 3. 1. Polypropylene (PP)

Figure 59 shows the resultant TSC
and TL spectra in PP, together with the
relaxation temperatures estimated from
Wada’s dispersion maps around 1c¢/s.108
The TSC and TL spectra of PP are very
similar to those of PE and suggest an
abundance of carrier traps. As shown in
Fig. 59, the C; and L, peaks correspond
to the 7-relaxation and the C; and L ; peaks
to the B-relaxation in amorphous regions.
However, the C, peak which is considered
to correspond to the C, peak in PE has
no corresponding dispersion. Minami et al.
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reported the peak of loss tangent around
320 K due to a paracrystalline smetic
phase,11® and Wada and Hotta reported
the glass transition in the amorphous region which is rich in the isotactic phase
around 290 K.11D  Therefore, it is possible that these transition are responsible
for the C, peak.

Fig. 59. TSC and TL spectra of PP.

8. 3. 2. Poly-p-xylylene (PPX)

Thin PPX films in thickness ranging from 0.002 to several tens pm are easily
deposited onto a substrate kept at room temperature by the vapour-phase polymeriza-
tion.112> Their various applications will be expected.

Figure 60 shows the resultant TSC
and TL in PPX films, together with the
relaxation temperatures obtained by the
mechanical loss measurement.113  The
PPX shows five TSC peaks originating
from trapped carriers and the TSC C;
and C, peaks are accompanied with the
TL L, and L, peaks. Judging from the
relaxation temperatures, the C, and Cs;
peaks seem to correspond to the y and S
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Fig. 60. TSC and TL spectra of PPX.

relaxations, respectively.

Here, the C;(L;) peak will be discus-
sed. PPX is linear and highly crystalline
polymer.112) Polyethylene, one of the lin-
ear and crystalline polymers shows a
TSC (TL) peak at 120-130 K which is
followed by the TSC (TL) peak at 160~
170 K corresponding to the 7 relaxation.12

Nara et al.76) pointed out the existence of the § relaxation at 120K from the free
radical decay characteristics of polyethylene, suggesting the correlation between the
TSC peak at 120-130K and the § relaxation. On the analogy of the result of PE,

o

the C; (L) peak suggests the existence of a new relaxation in PPX, called the §
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relaxation.

No relaxation corresponding to the C; and C; peaks, the most remarkable
peaks have been observed yet in PPX. Therefore, regardless of molecular motions,
carriers are thermally released from traps responsible for the C; and C, peaks.
Their apparent trap depth is 0.5-0.6eV from the partial heating method.24

8. 3. 3. Polyethylene terephthalate (PET), polycarbonate (PC) and
" polystyrene (PS)

Figures 61-63 show the resultant TSC and TL spectra of PET, PC and PS.
These polymers are low-crystalline or amorphous polymers and they show no re-
markable TSC (TL) peaks in high temperature region above the glass transition
temperature. The TSC (TL) peaks due to trapped carriers correspond well to the

relaxation temperatures.
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As to PET, Hino!!4 reported a broad TSC peak around 170K due to dipole
depolarization associated with local mode relaxation. In this temperature region,
Takai et al. reported a TSC peak from PET photoelectrets which corresponds to
the molecular motion of the COO group in the main chain.?'®> The C; (L;) peak
is related to this molecular motion. The shoulder in the TL spectrum around 320
K may be associated with the glass transition, but the corresponding TSC peak is
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not clear. The TSC peak without X-ray irradiation around 160K followed by a
current inversion has the characteristics of a peak due to the dipole orientation as
discussed in §2. 3.

As to PC (Fig. 62), the comparative small difference in TSC in the § relaxa-
tion region suggests a large contribution of dipoles to the C; peak. However, the
intensive TL also suggests a considerable amount of electron traps exciting in this
region. The C, peak is apparently not associated with relaxation. Takamatsu and
Fukada also reported TSC peaks from thermoelectrets aroud 280-320 K, which were
influenced by streching of PC films.?1®> Krum and Miller reported a peak in tan
6 around 350K at 1kHz in a stretched PC film.11'® Therefore, the C, peak is
possibly associated with molecular motions in the intermediate phase introduced by
stretching.

The large difference between TSC with and without X-ray irradiation as well
as the intense TL suggests an abundance of electronic trapping sites in PS (Fig.
63). However, the TSC spectrum is monotonous and no remarkable split peak can
be observed. The L; peak and the corresponding TSC are considered to be associ-
ated with the relaxation of phenyl groups.

8. 3. 4. Polyvinyl chloride (PVC), polyvinyl fluoride (PVF)
and nylon 6
In these polymers, the differences between TSC with and without X-ray irra-
diation are so small that the observed TSC is suggested to originate from ionicl0%,
109 and / or dipole orientation. Moreover, their TL was scarcely observed. Typical
TSC spectra of PVC and Nylon 6 are shown in Figs. 64 and 65. The X-ray induced
TSC and TL techniques are not effective for these polymers.
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Fig. 64. TSC spectra of PVC. Fig. 65. TSC spectra of Nylon 6.

8. 4. Conclusions

Generally, the TSC (TL) peaks due to trapped carriers in polymers correspond
well to the relaxation temperatures. The detrapping of carriers from ftraps is
closely related to the onset of the molecular motions.

Semicrystalline polymers such as PP and PPX show many TSC peaks above
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their glass transition temperatures, suggesting the existence of many traps in crys-
talline parts and / or crystalline surfaces.

The X-ray induced TSC and TL techniques are not effective for polymers
which show a large ionic conduction.

9. Summary

The natures and the origins of carrier traps in polymers have not yet been
well understood, though they are necessary in order to understand the electrical
properties of polymers. In this paper, it has been pointed out that the X-ray
induced TSC and TL techniques are very useful to investigate the natures and the
origins of carrier traps and these techniques have been systematically applied to
various insulating polymers,

The resultant X-ray induced TSC and TL revealed the existence of carrier
traps in polymers and gave a lot of information about their natures and origins.
Since the detrapping of carriers from traps was frequently enhanced by the release
of molecular motions, some of traps were concluded to lie in the regions where
the corresponding molecular motions occur. Some carrier traps were considered
to originate from microcavities formed by local arrangements of molecular chains.
In this case, the detrapping of electrons is closely related to the molecular motions
and the TSC (TL) spectrum depends upon the morphology of polymers. In PE,
oxidation products such as carbonyl groups and the cross-linking point also acted
as deep traps. The details of the conclusions obtained in this paper have been
already described at the end of each chapter.

These results about carrier traps in polymers will provide useful clues to
solve problems confronting the practical use of polymeric materials for electrical
purposes, to lead to improved morphological and chemical design of polymers and
also to develop new practical applications.
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