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Constant current corona triode with grid voltage control. Application

to polymer foil charging
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A new version of a corona triode setup, allowing charging dielectric foils with a constant current,
was developed. The charging current is kept constant by controlling the grid voltage. We show
that the sample surface potential can be inferred from the grid voltage and present results of the
eniformity of charge deposition during the charging procedure. Sample charging currents could
be varied from 1 to 300 nA /cm? and the foils could be charged up to + 6 kV. The method was
applied to measure the potential buildup on Teflon FEP and PVDF samples and these results are
discussed. They showed that the method can be successfully applied to study the polarization

buildep of B-PVDF foils under corona charging.

INTRODUCTION

The dynamics of the transport of extrinsic charge in poly-
meric dielectrics containing no intrinsic carriers, is dominat-
ed by transfer of free charge and charge trapping. In spite of
numerous investigations, considerable uncertainty remains
about the value of carrier mobility, density of traps, the pro-
cess of trap-filling, and the presence of charge in surface
states. A variety of methods has been used to investigate the
discharge process of dielectrics previously charged by elec-
tron injection' or a high-voltage corona.” We believe that
additional information can be gained from methods that al-
low one to follow the entire charging and discharging cycle
of a sample, from its initial charge-free condition to the final
steady, charged or charge-free state. This type of measure-
ment is possible with electron-beam charging,” and with the
use of a corona system: in which the charging current can be
measured and, preferentiaily, controlled.

Using a three-electrode corona system, hereafter called
corona triode, one is able to measure the charging current
and the surface voltage of the sample during the charging
process and the subsequent surface voltage decay in open
circuit.” The surface voltage is measured by using the meth-
od of the vibrating capacitor. A special version of this triode
has been developed™® in which the charging current is con-
trelled and kept constant at a desired value. Such a system
resembles an electron gun, which also operates at constant
charging current, but it has the advantage of providing for
positive as well as for negative currents.

The method proved to be an excellent tool for the study
conduction phenomena in highly insulating polymers.®'?
For instance, the electric transport properties of Teflon FEP
at room temperature were successfully investigated.*? It
was shown that at the start of the charging, the negative
charge is heavily trapped on the sample surface, while at a
later stage it is trapped in bulk, until traps become almost
saturated.
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Recently, it was shown that the corona triode with con-
stant current could be improved if the current control is per-
formed using a grid voltage control.'*™** In a previous pa-
per, ' one of us developed a model for such a corona triode
describing mainly the dynamics of the charging process
vielding a surface charge distribution as uniform as possible.
In this article, we describe a new version of a corona iriode
setup having an itmproved performance. The range of the
charging currentsis between I and 300 nA/cm” and the sam-
ples can be charged up to + 6 kV. Section I describes the
experimental setup and Secs. II and I show the experimen-
tal technique employed to keep the charging current con-
stant and to determine the sample surface potential from the
measurement of the grid voltage instead of using the vibrat-
ing capacitor technique.” Section IV shows that an improved
charge uniformity over the sample surface can be achieved
with this setup. To finalize we show resuits of the potential
buildup for the polymers Teflon FEP and PVDF proving
that the technique is a very efficient tool for the study of the
polarization of §-PVDF samples under corona charging. A
qualitative discussion of the charge transport and polariza-
tion is also made for PVDF samples.

L. EXPERIMENTAL SETUP

Figure I shows the schematic diagram of the experimen-
tal setup for the corona triode. The corona charging system
consists of the corona pin electrode P and a metal cylinder
connected to the variable high-voltage sources ( Alpha III,
Brandenburg) V, and ¥,; (Fluke model 410B), respective-
Iy. These voltage supplics and the metal grid G are biased by
a controlled voltage supply ¥, (model 152, Monroe Elec-
tronics Inc.). Both supplies ¥, and V. are operated in the
constant current mode. The stainless-steel grid had a 500-
pm spaced mesh with wires of 50-um diam. The distance
between the corona point and the grid could be adjusted but
in our measurements was usually kept at 6 cm, unless other-
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F1G. 1. Schematic diagram of the corona triode system. ¥, and ¥, are con-
trolled power supplies; V,, a voltage supply; /, and /7, are ammeters; R a pen
recorder. S the sample, G is the guard ring, and E the measuring electrode.
All dimensions are in millimeters and 4 is the distance between the grid and
the sample.

wise stated. The sample S stretched between two metallic
rings is mounted on a sample holder and the distance d
between grid and sample holder could be adjusted. A guard
ring G prevents the surface currents from reaching the mea-
suring electrode. The area of the measuring electrode is
A = 2.5 cm?, the inner diameter of the guard ring is 2.1 cm
and the outer diameter is 4.2 cm. One surface of the sample,
of thickness £, is uncoated; the other is covered by an evapo-
rated aluminum coating. The guard ring is connected to
ground and the measuring electrode to the feedback current
input of the controlled supply V,. A battery operated elec-
trometer I, (model 602 Keithley Instrum. ) and an ammeter
I. are used for monitoring the sample charging current 7(¢)
and the corona current /.. The output voltage of the supply
V, is measured using the recorder R. The polarity of the
supplies can be reversed in order to allow the samples to be
charged with currents of both polarities.

fi. CURRENT CONTROL AND SAMPLE POTENTIAL
MEASUREMENT

The analysis presented here aims to show how the sam-
ple charging current 7(¢) can be kept constant at a value J,
and how the sample voltage can be inferred from the mea-
sured grid voltage ¥, (¢). Figure 2 shows the region of inter-
est of the triode comprised between the grid and the sample
holder. For the sake of simplicity, we assume that the electric
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FiG. 2. Schematic diagram of the sample and the air gap below the grid with
indication of gquantities. Here € and ¢, are the dielectric constants; £(x,?)
and E, (x,f) the electric fields; p(x,t) and p, (x,t) the charge densitics;
P(x,1) the electric polarization; x the position; L and & the sample thickness
and the air gap width, respectively; V,(7) the grid voltage and I(7) the
charging current.

guantities are independent of the lateral position in the air
gap (one-dimensional geometry). It is known that the air
gap conduction current is due to the transport of an ionic
excess charge with a density p, (x,#).">""" The total charging
current density J(¢) = I(2)/A4, A being the sample area, is
given by

€,0F, (x,1)

J(t): [U—}-ﬂEg(x,t)}/)g(x,t)—f—“——‘r, (1)

where the term vyp, (x,f) is the current density due to the gas
displacement produced by the corona discharge (corona
wind). E, (x,t), u, and € are, respectively, the gap electric
field, the ion mobility, and the air dieleciric constant.
Integrating Eq. (1) over the air gap thickness, we have

L+ d
J(6) :-;—J_ [v+uE, (x,1)]p, (x,t)dx
I,

€y, d
—— _V .
+ddr[Vg(l‘) (1] (2)

where V(1) -~ V(1) = V, is the air gap potential drop due
to the tonic space charge. So, whenever ¥, is experimentally
kept constant, a stationary state for the ionic charge density
and the electric ficld is reached in the air gap. Then, Eq. (2)
shows that the charging current density J(¢) = J, = [,/A4 is
independent of time and equal to the mean value of the con-
duction current, which is the first term on the right side of
Eqg. (2). In the inverse way, keeping the current J,, constant
implies a constant voltage drop ¥, in the gap.

Experimentally, the charging current is kept constant
by using a constant current supply ¥,. As Fig. 1 shows the
charging current f(¢) is fed into the feedback input of the
current supply and its value can be monitored with the float-
ing electrometer. Then, measuring the voltage V, (¢) of the
current supply necessary to keep I(#) = I, we can determine
the sample potential, as discussed in the later paragraph, by
the relation

Vi =v,m -V, (3>

if ¥, is known. Since the amount of gap space charge is de-
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pendent on the corona current 7, it is necessary to keep its
value independent of the charging time. We recall that this is
done by using the supply V, operating in the constant cur-
rent mode, Fig. 1.

Therefore, the setup proposed in this article both allows
one to control the ion flux to the sample surface and to deter-
mine the sample potential during the charging by measuring
V,(£). We point out that the sampie potential during the
charging cannot be measured by using the technique of the
vibrating capacitor” since the potential difference between
the grid and the sample is constant. Of course, after charg-
ing, the vibrating capacitor can be used but such measure-
ments will not be discussed here.

. THE CALIBRATION CURVES FOR SAMPLE
POTENTIAL DETERMINATION

In order to determine the sample surface potential from
Eq. {3) it is necessary to know the air gap potential drop ¥V,
as a function of system parameters and measurement condi-
tions. The measurements of the air gap current density J;, vs
V., hereafter called calibration curves, were performed with-
out a dielectric sample in the sample holder. Therefore, the
measured ¥, equals the value of V.

Figure 3 shows the calibration curves for several values
of the corona current 7, for both corona polarities. The re-
sults show that J, increases as a function of 1, due to the fact
that the diclectric transparency of the grid increases as a
function of /. {the grid transparency is proportional of the
electric field above the grid'®). Then, to assure the correct-
ness of the ¥(7) determination during a charging process we
must keep 7. at a fixed value, otherwise an error will be
introduced in Eq. {3) due to the variation of V| as a function
of 7.. In the experimental setup, the electrical field in the
charging region of the corona (above the grid) is kept inde-
pendent of the variable bias ¥, by using a biased supply ¥,
for the corona discharge, Fig. 1. The supply ¥, is operated in
the constant current mode, thus assuring 4 constant value
for the corona current £, Figure 3 alsc shows that the results
are dependent on the corona polarity and for simplicily we
show only two curves for the positive corona {dashed lines).

All the calibration curves have the common feature of
not crossing the origin. Figure 3(b) shows a detail of curves
near the origin. This effect happens due to the fact of the
corona wind being proportional to the square root of the
corona current.'®

Calibration curves were also determined as functions of
the other system parameters. Figure 4 shows the dependence
of the curves with the distance 4 between the grid and the
sample for the negative polarity. Short distances give higher
currents than larger ones since the air gap tonic conduction
current is determined by Child’s law, "’ being proportional to
d >

Figures 3 and 4 were obtained with current densities up
to 80 nA/cm?, but using small values for the air gap width
and high values for the corona current; the setup can be
operated up to 300 nA/em”.

Figure 5 shows the effect of temperature on the calibra-
tion curves for the negative corona. Increasing the tempera-
ture of the air gap medium decreases the ion mobility and
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Fia. 3. (a) Calibration curves: charging current density J, vs the space
charge potential drop ¥, in the air gap for several corona currents /, of both
polarities. Corona point to grid distance: 6 cm; grid to sample surface dis-
tance: d - 3 mm. The dashed lines represent the curves for the positive po-
larity. (b) Current density behavior near the origin showing that for ¥, = 0
the value of J, is different from zero (corona wind effect). Measurement
conditions are the same as for Fig. 3(a).

thus the gap current. Similar results are obtained for the
positive polarity.

V. SURFACE POTENTIAL UNIFORMITY DURING
CHARGING

it is interesting 1o recall that the most important feature
of the constant current corona triode setup with grid voltage
control is the improved surface potential uniformity.'® The
good uniformity is attained by the metal cylinder and mainly
by the existence of the ionic space charge in the air gap and
the auto-compensation eflfect produced by the sample
charges. A detailed discussion of this process and the dy-
namics of charge buildup can be found in Ref. 15.

In this article, we measured the potential uniformity of
charged samples by scanning a Teflon FEP sample surface

Polymer foil charging 1145
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current density J, vs the space
charge potential drop V, in the air
gap as a function of the grid to sam-
ple distance d. Corona current: [/,
= — 10 pA; corona point to grid
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with an electrostatic vibrating probe (Monroe, model
1448-4). The negative sample potential of Teflon FEP sam-
ples does not decay within the measurement time involved
here.” As shown by the curves of Fig. 6 the sample potential
increases almost uniformly as a function of charging time
(the measurements were done by interrupting the charg-
ing). For high values of the sample voltage, the uniformity
decreases near the edges of the sample probably due to the

charge defiection induced by the field lines which reach the
ground plate around the sample (sce the schematic drawing
of the setup in Fig. 1). We point cut that better uniformity is
achieved when using small currents (low V) and a short air
gap.

-This kind of measurement also allows one to compare
the value of the sample potential measured with this setup
with the one measured by the electrostatic probe. The values

100 T T v T T T '
T=24°C
80 - -
T 44°c -
—
o 60 - 54¢°C | F16. 5. Calibration curves: charging
g current density J, vs the space
~ T3°C charge potential drop ¥, in the air
< [' 7 gap as a function of the air tempera-
E ture. Corona current 7, = ~ [0 uA;
o 40 % — corona point to grid distance: 6 cm;
- grid to sample distance: & == 3 mm.
i
20 - -
£ i & J; " E— I 2
200 400 600 800
- Vg(Voits)
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F1G. 6. Surface charge distribution on a Teflon FEP sample as a function of
the radial position during the charging process. The sample was 25 g thick
and it was negatively charged with J, = 16 nA/cm’. Corona cusrent [,
= — 6 uA; corona point to grid distance: 6 cm; grid to sample distance:
d = 3 mm. The values indicated in the curves corresponds to the measured
ones with the corona setup.

marked in Fig. 6, obtained from Eq. (3), show an agreement
of the order of 2% with the values measured with the Mon-
roe probe.

V. POTENTIAL BUILDUP ON TEFLON FEP

The total current density J(#) in the sample can be writ-
ten as .

3D (x,1)

J'():J(,(X,t) +
at

(4)
where J, (x,7} is the conduction current density and D{x,¢)
the electric displacement. Since Teflon FEP is a nonpolar
material, D(x,f) = eE{x,t), € being the dielectric permittivi-
ty. Because there is no current leakage through the bulk
(when charged negatively at moderate surface charge den-
sity®), we can impose that J, {x,) = 0. Thus, after an inte-
gration of Eq. (4) over x we get

c avit) ’
dt

where C = €4 /L is the sample capacitance.

Figures 7 and 8 correspond to the experimental results
for FEP samples with several thicknesses and charged nega-
tively with different charging currents. The sample potential
increases linearly as a function of time in agreement with Eq.
(5), independently of charging current and sample thick-
ness, which allows one to determine the sample capacitance
C from Eq. (5}. Table I shows a comparisen beiween the
sample capacitance values C calculated from Eq. (5) by us-
ing the rate of increase of the potential, and the value C,

1, = (5)
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F1. 7. Potential buildup for Teflon FEP samples charged negatively with a
current density J, = — 0.67 nA/cm? The sample thicknesses are indicated
in the figure. Corona current: 7 = — 4 yA; corona point to grid distance: §
em; grid to sample surface distance: d = 5 mm.

measured using a capacitance bridge. We found that the val-
ues of Cand C, agree within 3%.

Measurements performed with this corona tricde setup
showed that we can charge foils up to + 6 kV, the upper
limit being determined by the Paschen breakdown in the
system and by the insulation of the floating supplies and the
insulators of the assembling parts of the system.

V1. POTENTIAL BUILDUP FOR PVDF

Figures 9 and 10 show the potential buildup for «z- and
B-PVDF samples. Figure 9 shows that for the a-PVDF the
sample potential V(7) increases to a maximum value, subse-
quently decreases, and again increases until it reaches a sta-
tionary state whose value is equal to the previous maximum
value. If the neutralization of the surface charge is per-
formed and then the sample is charged for the second time,
V(1) increases monotonously to a saturation value. For a -
PVDF sample, in the first charging process, the potential
increases at the beginning up to a certain value, maintains

TagLE |. Comparison between the sample capacitance values €, measured
with a bridge capacitance and the values C determined by the rate d V() /dt
of the potential increase, Eq. (4). The data were taken from Fig. (7). Teflon
FEP samples charged negatively with J, = 0.67 nA/cm?,

Sample thickness <, C Deviation
(gem) (pF) (pF) (%)
75 132 136 3
50 204 200 2
25 344 352 2
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Fi1G. 8. Potential buildup for a Teflon FEP sample with 50 um thickness
charged with the various current densities which are indicated in the figure.
Corona current /, = — 4 pA,; corona point to grid distance: 8 cm; grid to
sample surface distance: d = 5 mm.

this value for some time, and then increases to a saturation
value. During the second charging the potential increases
monotonously to the steady state. The results of Figs. 9 and
10 show the salient difference between the potential buildup
of a weakly polar a-PVDF sample and a strong polar /-
PVDF sample.

A qualitative explanation for the results is given as fol-
lows. For « foils the potential increases up to a certain value
and subsequently decreases due to a dipolar orientation,

0.6 — T ,
S
Zos+ I i -
> 04 H .
-
<
; 0.3 a — PVDF i
[TH
|_
g
0.2 t N
[TR)
I
= ot : .
pom )
n
U U I ___V-W,,,f_““_..l
t 2 3 4 5

f(x|03 sec)

FI16G. 9. Potential buildup for o-PVDF sample 15 pm thick charged with
Jy == — 44 nA/cm’. Curve 1 corresponds to the first charging process and
curve II to a second charging with the same polarity after a surface charge
neutralization.
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F1G. 10. Potential buildup for a B-PVDF sample 10 zzm thick charged with
Jy == + 16 nA/cm®. Curve I corresponds to the first charging process and
curve II to a second charging with the same polarity after a surface charge
neutralization.

probably of the type ¢ ~". When the electric polarization is
completed, ¥(¢) starts to increase again until the steady state
is reached due to the charge leakage through the sampie. For
[ samples, V(¢) increases up to a critical value where polar-
ization orientation starts. Afterwards, dipolar orientation
neutralizes the charge deposited on the sample and thus pre-
vents the potential to increase. When the ferroelectric polar-
ization reaches the saturation value, the potential increases
to the steady-state value. After the charging process, the
samples have a permanent polarization and a second charg-
ing process is determined by the charge leakage through the
sample only. The measured steady-siate potential ¥V, de-
pends on the square root of the charging current density J,
indicating that the conduction process is due to space-charge
injection and not due to an ohmic conductivity as was ob-
served for PVDF at very low electric fields.” We point out
that for the case of a samples, the first potential buildup
could be reproduced if the sample is stored for several days
before the second charging run.

We found that the potential buildup of the PVDF sam-
ples is almost independent of the charging polarity and that
the leakage current through a¢-PVDF is higher than through
3 samples. The estimate of the mobilities for PVDF will be
given in the next section.

Vii. DISCUSSION

A comparison between the setup described in this article
and the old version used to obtain the results described in
Refs. 5-12 is made mainly considering two aspects: the uni-
formity of the charging deposition and the wide charging
current. Although in the old version, the uniformity of the
surface charge distribution was sufficient to give adequate
measurements of the sample potential during charging, the
new setup has a much superior performance. The charge
uniformity here is much better than the previcus one and it

1148
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can be achieved using a metal grid with a single mesh rather
than with the doubie grid used before.* The improved charge
uniformity is attained due to the existence of the ionic space
charge in the gap between the grid and the sample. During
measurement, the gap potential drop ¥V is small and the
conduction current through the gap is limited by the space
charge. A perfect uniformity can be achieved when the
space-charge limited current condition (SCLC) is obtained
over the whole width of the gap. A complete discussion of
the charging dynamics is given in Ref. 15. The charging cur-
rent with the previous setup is limited tc 10 nA/cm? since
the current is kept constant controlling the corona voltage
(increasing the corona voltage increases the corona current,
the ions being “forced” to reach the sample) and using a
constant value for the grid voltage.” This fact does not per-
mit one to increase the charging current easily since very
high values for corona voltage are necessary which are not
practical from an experimental point of view. Also, since the
grid voltage is fixed at a certain value, the sample cannot be
charged to a value higher than ¥,. In the version described
here, there is no such restriction and the sample could be
charged until Paschen breakdown occurred in the air or in
the insulating parts of the setup or the sample ruptured. We
have with this system charged samples up to -+ 6 kV with
charging currents up to 300 nA/cm?.

High values for the charging current allow one to charge
samples with a large capacitance like PYDF. Section VI
showed the results for this polymer obtained with the new
setup. We believe that it is a reliable and convenient method
whichk could make a large contribution to the comprehen-
sicn of the corona poling phenomena, mainly for the piezoe-
lectric and pyroelectric polymers used for industrial applica-
tions.?’ Several attempts have been made to try fto
understand the corona poling of PVDF (Refs. 21 and 22)
but none of the techniques employed was powerful enough
to control the corona charging process or to give all the
quantities necessary to clarify the poling process.

Results from Sec. V make it clear that for Teflon FEP,
the charge deposited on the sample remains on its surface
since the sample potential increases linearly with time. For
values of the sample surface, charge densities higher than
used here charge injection into the sample bulk could occur
and such a phenomenon is well discussed in Refs. 8-11.

From the results in Sec. VI, it is clear that the dipolar
orientation occurs mainly on S-PVDF sample. Before dis-
cussing the polarization, it is interesting to clarify the con-
duction process through the sample. The experimental re-
sults show that the stationary sample potential ¥, is a
function of J § indicating space charge conduction (8CLC)
(Ref. 19) and not an ohmic conductivity observed only at
very low fields.” This square-root dependence was observed
for a- and B-PVDF samples but with the difference that for
the a sampile, the conduction current is much higher than for
the B sample. Using the expression J, = (9/8)ue¥ 3/L°
one can determine the carrier mobilities for both samples.”
Using the results of Figs. 9 and 10 we have, = 3.2X 10
cm?/Vsandp, =9.3X10 “em?/V s Itisalsointeresting
to note that the experimental results showed that the mobil-

1149 Rev. Sci. Instrum., Vol. 61, No. 3, March 1990

ity is independent of the charging polarity for both kinds of
PVDF.

If one atiributes the region of the charging curve J of

Fig. 10 where the potential is nearly constant as a function of
time, to a uniform polarization through the sample, the val-
ue of the latter can be determined as follows. The total
charge density deposited on the sample is Jyt,  being the
charging time. One part of it is neuiralized by the reorienta-
tion of the dipoles and the other part drifts to the back elec-
trode. Therefore, the polarization reversal is given by:
P=(J;,—J.)2,/2, t, being the time where F(#) remains
constant and J, the conduction current. Using values taken
from curve Il of Fig. 10, £, = 2700, u; = 9.3 X107 Z cm?/
Vs, V(1) =350V, J,= 16 nA/cm?, J, = (9/8)ueV?/L?
= 1.8 nA, one has P=19 ,uC/cmz. This estimated value
seems to be higher than the permanent polarization value
mentioned in the literature.”?* A possible explanation for
such a difference is that during the corona poling, not only
the ferroelectric polarization occurs but also a time-depen-
dent nonpermanent polarization, in agreement with another
work.” Measurements of the piezoelectric activity in -
PVDF samples gave a reasonable value for the 4, coeffi-
cient. A value of 20 pC/N was measured on the sample
whose poling curve is shown in Fig. 10.

It was demonstrated that the corona triode setup with
constant current charging is a powerful tool to study the
corona poling of polymer foils. The new setup shows that a
highly uniform surface charge distribution can be achieved
during the poling and that a large range of charging currents
could be used. The large current allows one to pole thin 5-
PVDF samples and obtain a reasonable piezoelectric activ-
ity. The resuits for PVDF give a very clear piciure of the
orientation of the polarization in the sample. A complete
discussion of the potential buildup of @- and S-PVDF sam-
ples will be given in another work.
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