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Potential build up and decay curves for positive corona-charged J2 ILmSheldahl FEP foils are mea-
sured and best interpreted using the conventional field-dependent echubweg and a trap structure
as follows: shallow traps at the polymer surfaee (mean life time of 103 s) and quasi-deep trnps (rnean
detrapping time of 7 X 103 s) in the bulk. For this trap, only the product of t he mobility by the
trapping time is relevant. (of the order of 10-10 cm2/V). Comparison between measurements in pure
K2' dry air, and ambient air demonstrates that moisture has a not negligible effect on the charge
transport, deereasing the surfaee potential, Evidenee is obtained that holes trapped at lhe surface
are located a Iittle benenth the polymer surfaee confirming previous measurcment by von Seggern
through heat pulse technique.

Aufbau und Abfall des Oberflâchenpotentials von in einer Koronaanordnung positiv aufgeladenen
J 2 !J.mdieken FEP-Folien (Sheldahl) werden untersucht, Die Resultate kõnnen am besten gedeutet
werden unter der herkõmmliehen Annahme eines feldabhiingigen Schubwegs. Es ergibt sicb eine
Hafrstellenverteilung mit f1achen Haftstellen (Trãgerverweilaeit. ]03 s) an der Folienoberf'lãche und
mitteltiefe Haftstellen (Trãgerverweilzeit. 7 X 103 s] im Innern. Dabei ist aber nur das Produkt von
Beweglichkeit und Einfangzeit VOIl Bcdeutung, das einen Wert von der Orõfsenordnung 10-10 ('m2/V
hat; Ein Vergleich von )Icssungen in reinem 1'2' trockener Luft und Laboratoriumsluft zeigt, da13
Feuchtigkeit das Oberflãchenpotentinl verkleinert und somit einen nicht unwesr-nt lichen Einflu13
hat, Es wird ferner gefunden, dall Lõcher leicht unter der Oberf'lãche der Folk-n eingefangen wer-
den, in Uberelnstimmung mit früheren !lI(,s~lIngen von von Seggcrn, die mit der \YiirnH'impIIIs·
methode erhnlren werden,

1. lntrodurfion
Hole t ransport measurement s in 25 •.•.m Dupont Teflon :FEP Ioils has recent ly been
interpret ed [I, 2] usinga field-indcpcndent schubweg. As t he schubweg s is !,ET, one
of the parameters J1 (mobility) 01' T (trapping time) should 1Ie inversely proport ional
to the elect ric field E. The latter hypothesis is just.ified within the 8<:OpC of eit her one-
dimensional eonduct.ion [3,4] or hopping transport for large happing distances at not
too high Iields [5]. Such a model was suggested by the linear behaviour of thc surface
potential II ,Cl'SUS t.ime t plot in the end of the charging process with a const.ant
corona current,

\\'e have st arted the present. work aiming to confirm lhe constant schubweg as-
sumption for a set. of 12•.•.m Sheldahl Teflon .FEP samples eorona-charged most ly
in ordinary air, but also in 1'\2 and in dry air. However, from our measurements, also
earried out. with the const.ant-current corona t.riode, it was deduced that the usual
Iield-dependent schubweg [I), 7] model is more appropriate to explain t he result s than
the field-indepcndent onc, unlcss the ficld is \'ery Iow , whenbot h models work t he
sarne.

ln the following we report measurements of volt.age build-up and decay in samples
charged positively by eorona discharge and the fitting proeedure in which the standard
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set of part.ial diffcrential equnt ions have been computer integrat cd. A simplificu modl'1
is also presented, which gives a direct insight on t he transport mechanism and lcads
to reasona ble results.

The measurements in pure 1\2 aud in dry air presented here show t.hat the moistur
has a non-negligible effect on the charge t ransport in FEP, as also observed, but in
a stronger fashion, in PVDF [8J. I

The experimental results are presented in Section 3, while Section 2 deals with the
experimental proeedure. An analysis of the results is given in Sect ion 5 where the
t.heoretical models from Section 4 are developed.

2. Experimental

\Ve have used in the present. work t.he corona triode wit h constant current previoush-
described in other papers [8 to 10J. This apparatus allows the measurement of th'e
sample surface potential during the eorona eharging as well as after t-he eorona is
switched off.

The samples were one-sided metallized Sheldahl Teflon FEP 12 fLm thick foils, the
central electrode having 3.(; em diameter, surrounded by a guard ring of (;.5 em external
diameter. An air ring of 1.0 mm diameter isolated t.he measuring electrode from the
guard ring. The samples were positively charged wit h a const.ant current in air and
also, in some experiments, in 1\2 and in dry air, Unless otherwise stated, the measun-,
ments were made in humid air (50% relatíve humidity). The currents used were in t he
range from 0.25 to 1.5 nA.

3. Results

Fig. 1 shows typical surf'ace potential build-up and decay curves for a posit ively charg-
ed sample wit.h 8 current 10 = 0.5 nA. The solid curves are experimental ones. I n t he
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Fig.1. Potential curves for charging and decay of a 12 f.Lm FEP sample (nurnber 4 in Tn ble I)
subrnitted to a current 10 = O.finA in ambient air. The circles represent theoretical points obt a ined
from the model of Section 4.1 (rclative humidity 50%)

Fig.2. U vs. t plots for tbe (1) first and (2) second potential build-up of a 12 11m FEP sample with
a current 10 = 2.0 nA in arnbient air. The circles represent theoretical points calculated using the
model of Seetion 4_1 (relative humidity 50%)
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heginlling of t he charging, t-he potential increases linearly wit h time, denot ing a
cll)la(-iti"e beha viour. The bending observed afterwards indicates that carriers are
now being injected into the bulk. The t.imederivat ive of the potent ial, d C/di, decrcases
6low))' and, at the maximum voltage (:::::1000 V), t.he stcady state is far from hcillg
reached. The decay curve is shown wit h a shifted time origino We take as zero the
time when the corona was switched off.

In another set of experiments, the potential after t.he first run (Fig. 2, curve 1,
solid Iine) was cancelled out using a negat.ive coro na current and the sample wa s t hcn
recharged positively (curve 2, solid line). The charging current in bot.h cases wa s
10 = 2.0 nA_ It. is interesting to note the difference in the derivat ive d U /dl at t = O.
This seems to indicate a decrease of the capacity but, as we shall show Iater, this is
not the case.

A set of samples were corona-charged in pure 1'\2' The overall beha viour of t.he pot eri-
tia) curves was the same as t.hose in air, but t.he surface potential reached highcr
values than t.hat. in air for the same charging time. Furthcrmore the decay was some-
what slower than in air, but it became faster when ambient air was introduced int o
the chamber. Measurements carried out in dry air gave results very close to those wit h
nitrogen. The same behaviour had already been observed by the authors in 25 fLm
FEP foils.

4. Theory

In [1] results in 25 fLmTeflon samples were interpreted using basically t wo hypotheses:
1. surface traps capturing the incoming current and t hermally delivering carriers
(holes) to the bulk; 2. a constant schubweg for these carriers before bulk trapping ,
The first hypothesis will be kept in this work, while the second one will be changed t.o
the more conventional hypothesis of a Iield-dependent schubweg : however, in some
«alculat ions we also used the constant schubweg hypothesis for comparison of the
results wit.h other ones.

ln the following we first present a simplified model, which gives reasona ble results.
The exact calculation is shown afterwards.

4.1 Sim})1i/ied mudeI

For the surface potent ial build-up we write

d G iod vsa
dt=~-~' (1)

where io is the const.ant. current density, U the surface potent ial, t the time count.ed
aft er swit.ching on the corona, d the sample t.hickness, 11 the att.empt-to-escape fre-
quency, a the charge density on the sa mple suríace, s t.he schubweg of t he carriers, and
E the sample dielectric permitt.ivity (t aken as 1.77 X 10-13 F/em for FEP).

\\"e arrived at the above expression based upon lhe Iollowing intuit ive reasoning :
assuming negligible free charge accumulation in the sample bulk, the potential increa-
ses wit.h the current impinging on the sarnple surface and decreases due to t hc inject ion
int o the bulk, proportionally to the surface charge and to the schubweg , t aken as
s = IITUjd, where II is the mobilit y and T the trapping time. The charge k inet ics at. 01<'
sample suríace, lhe same as in [1l, is gi,"en by

da .dt = 10 - 110',

35 physlca (a) 105/2
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whose solution is

io
O"(t) = - (I - e-") .

•• (2')

Using (2) in (1), we get

dU iod fL'tioU(1 - e-")
(it=E- ed (3)

The formal solution of this .dífferent.ial equation is
I

U(/) = io: exp {_fL:dio [t + !(e-" - I)]} f exp {~~ [tO + !(e-rI' - l)]}dt'. (4)

o
Fitting of the experimental results will provide the values of fL't and '1'.

Following the same reasoning, it is easy to get for the surface potential after the
eorona is switched off .

U(t) = Ufcxp { -':a,~[1 - e-r<I-Id)]} for t> td, (5)

where td is the instant when the corona is switched off and Uf the potential at td,

4.2 The deloilf'd rnodel

The dynamics of the charges on the surface follows (2). The basic equations for t he
eharge transport in the absence of ohmie conduction and diffusion are

aE
e~= er+ e"ox

(U)

Poisson equation, where eris the free charge in the bulk.p, trapped charge in the bulk,
x the distance along the thickness counted from the charged sample surface, and

'. E aE
10 = pe, + e Tt . (i)

The rate equation for the charges in traps can be written as

aet =er _ r!i
at 't 'tD'

where TD is the detrapping time.
Here we have considered detrapping from bulk traps, a process disregarded in the

simplified model, but important to explain the long-range potential decay during
discharge (see Fig. 1). These equatione were numerically solved through the finite
difference method [1] with the following initial and boundary conditions:

E(x, O) = O,
r!r(z, O) = O,
r!i(Z, O) = O,
E(O, t) = O"(t)/e ,

where 0"(1) is given by (2)

(8)
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In prineiple, the fitting will provido t he values of the four paramcters (1', T, TIl' a nd
,.): however, we have found the fitting to depend only on t he product of 1' and T - 11.>'
in the simplified model of Sect ion 4.1 - for a large range of variat ion of bot h paranll'-
ters individually, Therefore, the model has three parameters, one more t han the simpli-
fied model (TD).

ó. Anal)·sis 01 tbe Experimental Results

S.l The sitJ11)li/ied !node'

Points in Fig. 1 and 2 indicate tbe result obtained with the simplified model of Se c-
tion 4.1, coming out of the integration of (3) by the fourth-order Runge-Kutt a me-
thod. Table 1, part a, gives the set of the parameter values for nine samples,

Table I
a) Values of the pararneters I'T and J' obtained from the fitting of the potential curves for
several samples eharged with different eonstant currents 10' using the simplif'ied model
of Section 4.1. b) Values of IlT, J', and TD using the exact model of Section 4.2 for some of
the samples

sample a) b)
10 /lT " IlT I' TD
(nA) (10-10 cm2fV) (10-18-1) (10-10 cm2f\') (10-3 S-I) (8)

I 1.0 7.5 2.3 7.9 2.3 5850
2 0.5 4.3 1.6 4.5 1.3 8000
3 1.0 4.6 1.7 5.4 2.3 7500
4 0.5 7.0 0.8
5 0.25 5.0 1.6
6 0.75 1.8 1.0
7 1.5 1.0 0.1
8 0.5 3.0 1.0
D 1.0 and 7.2 0.28

0.75

e
g
e

The considerable dispersion in the values of lhe parameters I'T and l' does not seern
to show a systematic trend and might be attributed to the inhomogeneity of the sarnple
batehes. To check this, the current in sample 9 was changed during the charging pro-
cesso Dcspite this, a single set of parameters succeeded in fitting bot h portions of the
potential curve. --

The same set. of parameters found for the charging was used to fit t he decay curves.
The fitting rernains good up to a time of the order of TD. Thereafter, the neglect of t he
detrapping process makes the fitting poorer (see the deeay curve of Fig. 1).

S.2 Res"Us tcilh ihe JIlltJ1e.';('a' iJlleg.'alioJl 01 "lf' es-act JJwdcl

As already ant icipated, only three parameters, I'T, 1', and TD' come out of the calcula-
t ion, A ver)' good fitting is now achieved, including the long-rangc decay, correct ing
the misfit observed with the simplified model. This is shown in Fig. 3.

The product I'T is the most sensit ive parameter; its value closely determines the
behaviour of the curve in ali time scales (this is not the case with the ot.her two para-
meters v and TD' which are important, aí the beginning and aí t.he end of the time
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Fig. 3. The same as in Fig. I.but with B CUro

rent 1. = 1.0 nA [sample number 1 in
Table I) and the theoretical points (cirdl"8)
obtained from the model of Section 4.2.
Two different time seales are used, thl"
scale at the bottom for the build-up and the
one at the top for the time of decay (relative
humidity 50%)

scale, respectively). We have found that the insensitivity of the resulta to the in-
dividual values of fl. and l' prevails for trapping times smaller than 100 s (that. is, mo-
bilities not less than 5 X 10-12 cm'ZjVs).For the accepted value of the mobilíty as
2 X 10-' cm'ZjVs,the trapping time is 10-1 s.

The values figuring out in Table 1, part b are not unique in the sense that a 10%
change in the product p'1', accompanied by convenient changes of the other parameters,
would also provide a good fitting. The most insensitive parameter is l' which may be
changed as much as 50% in these adjustments. Note, however, that t.he changes are
not independent and so they are not qualified as errors,

'Ve have also attempted to fit the experimental results with the constant schubweg
model as suggested by [1] (the trapping time inversely proportional to the z-dependent
eleetrie field). However, we have obtained a good fitting only for those measurements
which, according to the previous calculations, had a small schubweg (at most 3 fLm)
at the end of the charging processoIn this case, the fitting was done using a constant
schubweg of almost half of t.he maximum schubweg as given by the other model and
slightly lowering the surface attempt-to-escape frequency. In addition we have con-
sidered the hopping transport model suggested by von Berlepsch [5]. Here the mobility
is field dependent (proportional to sinh (cE)fE, with c being a constant) and the drift
velocity beeomes larger than the thermal velocity, owing to the largehopping distan-
ce. Consequently the inverse of the trapping time is proportional to sinh (cE). Since
the important quantity for the results is the product p'1' (here inversely proportional
to the field) this model Ieads to analogous results as the previous one (without field
dependence of the mobility) and, therefore, of poorer quality than the field-dependent
schubweg of Section 4.2. Finally, comparison of parts a and b of Table 1 indicates that
the simplified model (and t.his justifies its presentation here) gives reasonable results
indeed.

5.8 COJnlJQJ·isoJ/ ,riU, previolls '·f?SllltS

Multiplying the mean value of fl1' from Table 1 part. b, by the electric field correspond-
ing to 1000 V, a schubweg of4.0 fLmresults. This value is still within the range of t.he
near surface traps detected by von Seggern [12] in 25 fLmsamples and classified as
shallow traps, with activation energies up to 1.25eV. Beside this, von Seggern found a
set of bulk traps 1.5 eV deep.
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Labonte [13J explains his results on electron beam irradiated 25 !J.mTeflon samples
assuming saturable deep traps (101lijcm3), the mobility as 2.5 X 10-1 cm'j"s, and a
trapping time of ~ 5 s, gh'ing JlT = 10-1 cm'/V, significantly larger than our values.

Jf it is true that our Sheldahl 12!J.m samples beha ve like the samples used in [1 ~J
and [13] [see, however, Section 4), we would 5ay that the trapping charactertstics of
Table 1 compare better with the near surface traps of von Seggern. Labonte's syst.em
is surely related to the bulk and, therefore, with no bearing for our resulta.

ln the next sub-section, some evidence will be brought that the "surface" poait ive
charges reside a little inside the sample. This means that the sehubweg, counted from
the geometricalsurface, would be a little higher than 4.0!J.m as mentioned previously.

5.4 Seco"d cllarg;ng f'e8uU.

We return now to the question raised by the result shown in Fig. 2, concerning t he
change in the initial derivative d V jdt(t = O) when the sample was recharged after
neutralizing the positive potential achieved in the first run by a negative corona cur-
rent. As was pointed out in Section 3 we might think the sample eapacity had decreas-
ed after the first charging. ln order to check this we took a bi-metallized virgin sample
and measured the capacity using a capacitance bridge General Radio Type 7}(iC.
Then, one of the electrodes was extract.ed out and the sample submitted to a posit ive
corona discharge. Next, the uncoated face was metallized and the capacity measured
again. No difference was detected. Although not shown in Fig. 2, the decrease of the
potential during the cancellation process was also measured and it was possible t.o
establish that the linear rate of potential decrease led to the same capaeity value as
that observed under reeharging. The conclusion drawn from these faets is that the
positive "surfaee" eharge is Iocated beneath the geometrical surface by about 0.5 fl-m
in these nominally 12 fl-msamples. The curves in Fig. 2 were fitted using the model of
Section 4.1 with the sample thickness 5 % smaller in the first run than in the second OIH'

and assuming that negative charge, during cancellation, sticks at the geometrical
surface and positive charge during recharging recombines with the negative charge
accumulated in that way. Our resulta confirm previous findings by Moreno and Gross
[14].

5.5 Resldts i" ]1,.'2 a"d ill drl/ air

As mentioned at the end of Section 3, measurements in R, and in dry air afforded
essentially identical results, giving slightly higher potentials as compared wit.h those
in ambient air. The following seems to be a consequence of this observed behaviour :
a) the ionic carrier in the gas corona does not matter at all for the process going on
inside the sample, this implying that holes are involved in the transport process, as
usually accepted ; b) absorbed water is the species responsible for the lower potentials
in ambíent air. This eonclusíon was reinforced by the result in which the decay be-
came faster when the air was substituted for N2 after a charging procedure in K2
(figure not shown here).

Analysis of the potential curves in N2 corona charged samples showed a correspond-
ing decrease of the parameter P.T, as compared with the value in ambient. air. On t he
otber hand, the considerable insensit.ir ity of the potential to the attempt-to-cscape
surfaee frequency prevented the study of the moisture relevance to t.his processo

Finally, we have assumed that ali the impinging charges from the eorona source
are trapped on the surface before being thermally released. This interpretation is con-
sistent with the conduction current conservation relation (CCCR) [15] observed to
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hold in t he measurements reported here (the CCCR implies a relation between the
time derivat ives of the potential before and after the corona current is disc'ontinued
and the initial time derivative]. However, we have carried out some measurements
wit h higher electric field [above I MYjcm), not presented here, where CCCR is obssj-e ,
ed not to hold, indicating direct injection of short-Iived earriers into the bulk [15].
We have not attempted a model including this effect,

\Ve have throughly assumed the transport. to be due to holes, as the large differen-
ce bet.ween the behaviour of posit ively and negatively charged samples seems to indi-
cate. Results with negat.ively charged 12ILm Sheldahl samples are reported in [16J.

6. Oonelnslons

The analysis carried out here seems to show that a field-dependentschubweg prevails
in the Scheldahl samples studied here. This eonflicts with conclusions derived in
previous work in Dupont Teflon FEP for which a constant schubweg held. Of course,
t.he difference may be ascribed to differences in sample processing between manufao,
turers, but it seems that even the t.hickness bears some relevance at least for negat.ivs
transport (in L 17J free electrons formed by irradiation are immobile in 25 ILm Tef]on
samples, while "corona" electrons are mobile in 12 ILm[16, 18] both in Dupont samp-
les). If such a "thickness" effect holds for hole transport, is not yet clear. Even aging
seems to change the sample behaviour : a sample taken from the same batch used two
years ago and leading to the resulta reported in [1], ga\'e now a response nearer to the
result shown in this art icle.ê) Therefore, more study is necessary in order to clarify
t.hese points.

From our results, lhe value of P.T is especially interest.ing, of t.he order of 10-10cm2jV:
it. is very dose to the one found for negative charge in recent works [Hi, 18J.

Finally it should be st ressed that a field-dependent mobility as suggested in [5],
but with a const ant trapping time, cannot be ruled out. This is left to a later work.
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