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Fig. 7 The tensile stress-
elongation curves of amorphous
PET. annealing time: 1-before
50h; 2-after 50h.
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INJECTED CHARGE FROM SURFACE TRAPS INTO FILMS WITH DEEP BULK TRAPS
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ABSTRACT
In many cases the profile of aR open circuit TSC in Teflon FEP shows two well
defined peaks. The first 1S usually interpreted as due to charge 1nJect10n from
thermally act1vated surface traps into bulk traps and the second one. occurrlng
at higher temperatures, as charge emission frolllthese volume traps. ExtendinQ a
calculation done by Kanazawa and Batra [lJ a theoretical analys1s for the flrst
peak is carrled out relatlng the surface voltaQe and the total charge ln the
sample as a function of two parameters: the initlal SchubweQ and the fraction
of charQe injeded lnto the salllPle.The heat pulse technlque. QlV1nQ both. the
sur f ace potentlal and the char ce m the salllPle is suitable to ver! fy
experimentally the theory.
1.INTROD~
When a negatlve corona dlscharQe IS applied on Teflon FEP filme. the deposlted
charQe remains at the surface and lt IS necessary to produce a therlllal
actlvatlon In order to inJect the charge Into the bulk of the sample. If an
"open circuitO TherllloStilllulatedCurrent (TSC) [2) experllllentIS carried out.
and the "open circult current". IsCdV/dt [2.3). measured (C 1S the
series capacitance of the salllPleand the air gap. V is the open Clrcult
voltage). It shows In general two well deflned peaks. The first peak IS
usually Interpreted as due to charge inJectlon from thermally actlvated surface
traps into the traps of the bulk and the second peak. OCCUrr1nQ at h1Qher
temperatures. as charQe em1SSlon from the volume deep traps.
Usually the heatlng rate during the TSC 1s·made slow. about 2°C/mln .• to avold
thermal gradients and to 1nsure a Qood approxlmatlon to the thermal equillbrlu.
at the different staQes of the processo In thls conditions. If the carr1er
mobility IS not too small and if no detrapping occurs. It may be supposed that
the injected free charQes reach qUlckly their final trapped state and therefore
their denslty is always neQIIglble as compared wlth that of the trapped charQe.
Such an assumptlon have already been made by Kanazava and Batra [IJ vho.
besides thlS. have shown that the fraction of charge InJected Into the salllple
contributinQ to the residual voltaQe IS Independent of the mechan1sm of
injectlOn.
This spec1al behavior will allov us to construct a famlly of curves relatlnQ
the open circuit voltage at each staQe of the process v1th the electrlc fleld
at the rear electrode (that IS. the total charQe ins1de the sample. vhlch .ay
be accessed experllllentallyby lIIeans,for lnstance. of the heat pulse techniQue
[4). These curves permlt to 1nfere. in an exper1mental problem: a) If the
process 1ndeed corresponds to deep traps v1th a fleld dependent Schubveg, b)
the k1netlcs of the surface charQes. c) the value of the product of the
trappinQ time and mobillty. The curves vIII be parametr1zed by the lnltlal
Schubveç 111' E~ and the fractlon of mject ed char çe,
2.THEORY
The ldeas outl1ned before can be developped SUPPoslnq that the approxlmatlon of
open clrcult holds. At thls pOlnt references [11 wIII be closely followed. The
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eQuatlon tor the total current In open clrcult IS:

o IJ(l'(x ' ,t ' )E' (x ' ,t ' ) rir-;' (x' • t' )
;1 t ' (I)

.• f'

The klne.atlcs ot deep traps 18:
~p~(x'.t')

at ' (2)
p' (x' • t ' ), '

The Poi880n's eQuation considerlnQ neQIIQlble the tree charQe density i8:
aE' (x' 1 t ' )

f' rix r' ~ (x ' • t ' ) (J)

Io/herethe.obllJtY'IJ , and the trapPlnQ t iae , r ". are constants,(l'(x' t')18 th~
freI' denaí tv ot charQe,l't(x', t')i! the densr tv of trapped char çe and' ['(x',t')
18 the electric fleld. The posltion x'·O corresponds to the free 8urface and
the positlon x'~L to the earthed rear electrode. The Initial conditions of th!problell are:

p~ (x' .o i =: F' = z; !:f v~
'o I L (4 )o E' (x ' ,O)

where (I.', i8 the i m t ial surface char çe dens itv del>Qsited on the sur f ace by acorona dl!charQe.
IntroducinQ the dl.en810nless Quantltle!

x x'/L, t=t'/to, f. E' UVa
n p' I./evo ('t

v v' /V"

Io/hereC· c/L 18 the capeci tance per Uni t area and t., • L" /11 V i! the transit
tIme of the leadlnQ front. EQ!.II-) .ay be expre8sed In the fo~lolo/inQfor.

O ( )/. ( . ::)!U.)(J..!l
I' x,t ',x,t) T ~t

( 5)

dE (x , t )----;r;-- ('r (x ,t )
(6)

r. (x, t)
[ (7)

and the Inltial conditlon8 are reduced to

O anel F.(x,O)
(8)

Froll EQs. (5) and (7) and InteQratinQ for a f i xed poar t ron with condí t ions (8)one obt a i ns
(I Ií't (x ç t ) Vn E(x,t) (9)

now uSlnQ EQ. (6) and InteQratlnQ for a flxed tIme
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EO,t) d E

r.nl: (" ,I )

E(O,t)

Here E(O,t) z (1 - B) where B IS the traction of surface
lnJected. Ao expression involvinQ the surface voltaQe is
dV = -Edx vi th Eqs . (6) and (9). One obtains

(10)

charQe already
obtalned usinQ

lEU,t) E d E

~
E (O .r )

The relations (10) and
TakinQ the derlvative of
obtained:

(11)

(lI) define E(I,t) and V(t) as functlon of 8 and 1 .
(10) and (11) relative to 8 , the follolo/inQsyste. IS

av E(1, t ) + [l - 1 (12)ã8 T rn (l-e·)

ar: (1 ,t) r,nE(l,t)
(11 )-;i-g-- rn( 1-8)

This coupled system represents the dependence of the open clrcult voltaQe and
the electrlc fleld at the rear electrode as a functlon of the fractlon of the
surface char ce mject ed havme 1 as parameter.
Now taklnQ the derlvatlve of (10) and (11) relatlve to r the follolo/inQsyste.
IS obtalned:

av
;)T ~

I
(14 )v

aEll,t)
ar 9.nE( I,t ) (t 5)

representlnQ the dependence of the open clrcult voltaQe and the electrlc fleld
at the rear electrode 10/1th T havlnQ fi as par aeet er .
Mathematlcally the!e systems represent a successlon of eQuillbrlu. fInal
!tates and phYSICally they represent a Qood approxlutlon to the eQullibrlu.
provided the rate of charQe lnJectlon from the surface IS slolo/enouQh to allow
the inJected charQe to reach alllost thelr fInal state. These syste.s are to be
solved nUllerically. The results of these InteQratlons are shown ln fiQure 1.
The curves for T constant descrlbes the relatlon between the open voltaQe and
the field at the rear electrode durlnQ the different steps of the InJectlon
processo For sallPles Io/Itha sllall lnltlal Schublo/eQthere are not lIajor chanQes
In the value of the rear electrlc fleld, meanlnQ that the lnJected charQe IS
almost alI captured by the bulk traps. The sdllPles Io/ltha hlQh value of the
lnltlal SchubweQ presents proemlnent chanQes of the voltaQe and the electrlc
fleld eVldenclnQ the leakaQe of the InJected charQe at the dlfferent staQes of
the inJectlon processo
The curves for B constant Qlve the vo lt ace of Similar saap Iea , heated at the
same rate, lnltlally charQed at dlfferent potentlals (leadlnQ to dlfferent T )
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at the same temperature (Vh1Ch means the same staoe of the injection
processo 1f one assumes that B depends only on the temperature). The chanoe.
in the voltaoe and the electric field are. aoain • .are sionificants for th~
samples vith h10h values of the 1n1tial Schubweo.
3.CONCLUSION
The theory here developed treats the surface charoe 1njection as a succession
of equ1librium final states. a cond1tion that lS approximatelly reached in th~
laboratory durino a TSC measurement on Teflon FEP films. If one have a sinol~
levei of surface traps 1t is poss1ble to fit exper1llentalpaints over one o{
the B constant curves for sim1lar samples as described in the precedino
paraoraph. The measured values. V and E(I). 1n samples heated to the end of th~
first peak vi 11 fit the B 2 1 curve and to each experillental pornt
corresponds a value of T easily read from the oraphic. Since E' and L are
knovn before the TSC process the value of the product W1' c T L/E~ for each
sample is determined in function of Vo or the surface charoe deposited on it8
surface. In this vay it is theoret1cally poss1ble to study the kinematics of
the surface m-rect ion. To do this one eust stop the TSC proceas before reachino
the end of the peak and the values of V and E(I). obtained in the sequence of
stops. must fit the correspondent 1 constant curve. The va Iues of B vi11
Qive the inJected charoe. The exper1mental points plotted (5) vere obtained for
25wm Teflon FEP samples subm1ted to severe thermal treatment of 230°C dUr1nQ
two hours previously to the TSC recordo Each point corresponds to the mean
value of four sa.p~s 1n the same condit1ons. The in1t1al surface voltaoes vere
150.300.400.500 and 700 volts of neoative corona. The mean value of WT'obtained
vas 8.3xI0-9cm2/V.
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F1nal open-voltaQe vs. electr1c f1eld at the rear electrode (or total
charoe lns1de the sample) 1n dlmens10nless un1ts. Parametrlzed by
T = )H' E' / L and B . the fractron of m iected surface charce
The ex8erimental points shown were obtalned froll d1fferent slm1lar
samples of Teflon FEP charoed w1th neoatlve corona to 150.300.400.500
and 700 volts before the TSC.
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