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Recent studies of charge trapping and charge transport in polymer films irradiated and charged with
monoenergetic electrons of range smaller than the sample thickness and thereafter stored or annealed
under various conditions are discussed. An analytical model used to describe the phenomena takes
the following parameters into consideration: Charge and energy deposition profiles, charge drift
due to a shallow-trap-modulated mobility, deep trapping without release, trap filling due to a
finite trap density, and ohmic relaxation due to a radiation-induced conductivity during irradiation
and its delayed component after irradiation. The model calculations show the effect of various
parameters on the shape of the initial charge distribution and on its evolution with annealing
time. - Experiments with the laser-induced pressure-pulse (LIPP) method on 12 and 25 pm thick
fluorocarbon and polyimide films, charged with 10 or 20 keV electron beams, respectively, yield the
charge distributions after irradiation and the changes of the distributions due to annealing of the
samples at 120°C for various times. A comparison of experimental and analytical results reveals
the trapping kinetics and permits to estimate the deep-trap density and the ur-product, where u
is the trap-modulated mobility and 7 is the trapping time.
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I Introduction

The understanding of charge trapping and charge trans-
port in electron-irradiated polymers has greatly bene-
fitted from the work of Bernhard Gross. In particular,
his investigations of the effects of 1onizing radiation on
such phenomena as charge buildup [1], charge dynamics
[2,3], radiation-induced conductivity [4,5], space-charge
limited currents [6], and electron transmission [7] are
milestones in this field. The insights gained from these
studies have been the foundation for much of the work
on charging phenomena in irradiated dielectrics during
the last two or three decades.

Interest in electron-irrdiated dielectrics, particularly
polymers, was at least in part due to space applications
of these materials, for example as thermal blankets for
spacecraft, which are exposed to low-energy electrons.
Apart from this, electron irradiation experiments allow
one to study charge dynamics in the bulk of insulators
under conditions where surface effects can often be ne-
glected [8].

The work of Gross on charge dynamics in irradiated
dielectrics made 1t particularly desirable to study, with
relatively high resolution, the charge distributions in
such substances. Appropriate experimental methods,

based on acoustic or thermal excitation of the samples,
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were developed over the past 10 to 15 years and are
now capable of a resolution of about 1 pgm. Such mea-
surements have resulted in a vast amount of data on
charge distributions and charge dynamics in thin poly-
mer films and other dielectrics [9]-[11] (and references
therein).

In the present paper, charge trapping and charge
transport in 12 and 25 pm thick fluorocarbon (FEP)
and polyimide (PT) films, charged at room temperature
with monoenergetic electron beams and annealed there-
after, is studied both numerically and experimentally.
The results yield information about charge-transport

processes in these polymers.

ITI Simulation of charge trans-
port

IT.a Model for charging

Corresponding to the experimental procedure, a
two-stage process of charge transport is assumed, con-
sisting of a room-temperature charging period and an
elevated-temperature annealing period, as shown in
Fig. 1.

Thus, the dielectric is electron-beam charged at

room temperature from time ¢ = 0 to ¢t = ¢;. Dur-
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ing this time, there is considerable charge rearrange-
ment due to drift and radiation-induced conductivity
(RIC); in addition, there is some deep trapping. Fol-
lowing this period, the dielectric is stored from ¢t = ¢,
to t = tg at room temperature to allow for some more
charge motion due to drift and the delayed component
of the RIC [2, 5] and eventual deep trapping of all
charges. Thereafter, the sample is quickly heated to an
elevated temperature (120°C' in the experiment) where
there 1s complete detrapping and drift of the charges
in their own field until they are deeply trapped again.
As seen in Fig. 1, the sample 1s kept at the annealing
temperature for a time period ¢,; thereafter, its charge

distribution i1s determined.

T T T
1 1 R |
e-beam | storage : annealing : measurement
charging { | | of charge
1 ! ! distribution
8 la— tp T to—tp T tg —
= elevated | | 1
+ temperature |- |
® (120 ) :
¢ |
= |
E room :
B~ temperature 4
1 1 1
( 25°C) I | i
1 | I
h L L
0 ty iy tottg
Time

Figure 1. Temperature cycle and time scales of the experi-
ments.

The charging process, depicted in Fig. 2, and
the room-temperature storage can be described by the
equation of continuity, the Poisson equation, and the

rate equation. These are respectively given by

E%_|_[ﬂpf(x,t)—l—g(x,t)]E(l‘,t)+1(1’) = Io, (1)
5% = plx, 1), (2)

6pt(l‘,t) _ pf(l‘,t) [1 _ pt(xat)] . (3)

o T Pm

In these equations, E(x,t) is the electric field, Iy and
I(xz) are the current densities of the incident electron
beam and the electron beam at depth x in the dielec-
tric, respectively, py(z,t) and pi(z,t) are the charge
densities of mobile and trapped charges, respectively,
plx,t) equals py(z,t) + pi(x,t), p is the shallow-trap-
modulated mobility of the mobile charges, g(z,t) and
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¢ are the RIC and the dielectric permittivity, respec-
tively, and 7 is the trapping time. In the rate equa-
tion (3) it is assumed that the electrons are captured in
deep traps of density p,, and no release is possible. The
use of Egs. (1) to (3) for analyzing the charging pro-
cess and the proper choice of parameters, including the
radiation-induced conductivity, have been discussed in

detail in [10].
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Figure 2. Open-circuit electron-beam charging of dielec-
tric.

I1.b Model for annealing

In the case of fast retrapping during annealing, as
encountered in FEP at 120°C' (see below), charge trans-
port can also be explained with Eqgs. (1) to (3) by set-
ting Iy and I(x) equal to zero. Now, the charge trapped
in the dielectric at room temperature is assumed to be
detrapped at the elevated temperature and to undergo
drift and a second deep-trapping process with values of
the constants €, p, g, 7, and p,, possibly different from
those prevailing at room temperature, as discussed in
Sect. Il.c.

For slow retrapping during annealing, as found in
PI at 120°C (see below), a very simple model assum-
ing gradual release of the trapped charges at the ele-
vated temperature and subsequent drift to the sample
electrode may be used. Since the number of released
charges is proportional to the charge density p(x,1),
and the released charges remain in the sample for a
negligible time, one has after the annealing time ¢,

plz,t) = p(a:,to)e_t“/TI for t>to+ts. (4)
where 7/ is a time constant characteristic for charge re-
lease. The same relation holds if charge compensation

by holes injected through the electrode takes place.
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I1.c Results of model calculations

The charge distribution at ¢ = ¢y 1s obtained
(1) to (3) for the
following parameters: FElectron-beam current density
In = 2 nA/em?, t, = 50 s, to = 700 s, in all
cases and electron-beam voltage 10 keV, ur = 2 x
10~ em?/V, pm = 0.004 C'/em? for FEP and electron-
beam voltage 20 keV, ur = 2 x 10719 em?/V, p,, =
0.008 C'/em? for PI, respectively. The ur-values are

by numerical evaluation of Egs.

assumed to be valid at room temperature. Other quan-

tities used in these calculations are given in [10].
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Figure 3. Distribution of total charge p (equal to trapped
charge p;) at to = 700 s in FEP (part a) and PI (part b) af-
ter room temperature charging. Electron injection at depth
0 um, electrode at 12 pm (FEP) or 25 pm (PI).

The distributions so obtained are depicted in Figs.
3a and 3b. They consist only of deeply-trapped charges,
such that p = py, since after the (long) time ¢y all the
originally mobile carriers are deeply trapped. For the
pr-values used, the shape of the distributions is mainly
determined by the RIC and its delayed component and
to a lesser extent by mobility. The distributions are
therefore more or less limited to the irradiated volume

of the samples [10]. These distributions are used as
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the initial data for the simulation of charge transport

during the annealing period.

For fast retrapping (FEP) the evolution of p(x,t)
during annealing is again calculated with Egs. (1) to
(3), as discussed above. In using these equations for de-
scribing charge dynamics at the annealing temperature,
the distribution shown in Fig. 3a is used as the initial
distribution and appropriate values of €, i, g, 7, andp,,

are substituted as follows.

While the dielectric permitivity of FEP remains at
2.1 betwen 20 and 120°C', the delayed RIC decays by
about two orders of magnitude during the storage time
tg — tp and can therefore be neglected during the an-
nealing cycle. The deep-trap density is not expected
to be temperature dependent, thus the above value of
pm 18 used. However, the temperature dependence of y
and 7 has to be considered. Since the solutions depend
mainly on the pr-product, this parameter is adjusted

for best fit with the experimental results.

Charge distributions so obtained are shown in Figs.
4 and 5. They were calculated with the values pur =
5x 10719 em?/V and pr = 1079 em?/V, respectively.
Parameter in these figures is the normalized annealing
timet, /7. As seen from these plots, the deeply-trapped
charge is accumulating near the location of the initial
charge, while the mobile charge has a peak near the
progressing charge front in the nonirradiated volume.
Of interest for comparison with experimental results is
the total charge p(x,t), i. e. the sum of trapped and

mobile charge.

For slow retrapping (PI), the evolution of the charge
(4) with p(x,tg)
given by Fig. 3b, is depicted in Fig. 6 for different

distribution, as obtained from Eq.
values of ¢,/7'. The decay is due to detrapping, as
discussed above. The shape of the distribution 1s pre-

served, only its amplitude changes.
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Figure 4. Evolution of total charge p, deeply-trapped

charge p;, and mobile charge p; during annealing under
fast retrapping conditions: Results of model calculation for
pr =5x 1071 em? V.
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Evolution of total charge p, deeply-trapped

charge p;, and mobile charge p; during annealing under
fast retrapping conditions: Results of model calculation for
pr =10"7 cm?/V.
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Figure 6. Evolution of total charge p during annealing under
slow retrapping conditions: Results of model calculation.

IIT Experimental results

Teflon (FEP) samples of 12 pm tickness and Kapton
(PI) samples of 25 um thickness, metalized with alu-
minum on one side, are charged in vacuum through
their nonmetalized surface with 10 keV or 20 keV
monoenergetic electron beams, respectively, of current
density 2 nA/em? to a charge density of 100 nC'/cm?.
Following the charging process, the samples are re-
moved from vacuum. After room-temperature storage
(typically about 10 minutes), the samples are annealed
at 120°C' for time periods of a few minutes to a few
hours. During charging and annealing, the samples are,
due to the absence of a front electrode, in open circuit.

The laser-induced pressure-pulse (LIPP) method is
used to measure the charge distribution in the sam-
ples. In these experiments, short (70 ps) and energetic
(1 to 10 mJ) laser pulses from a mode-locked Nd:YAG
laser are absorbed in a graphite layer deposited onto the
sample electrode. The resulting stress effects generate a
pressure pulse. This pulse propagates through the sam-
ple with the velocity of sound ¢ and generates a current
I(t) in the measuring circuit which is proportional to
the charge density at depth z = ¢t in the dielectric.
Details of the LIPP method are given in [12, 13].

A typical LIPP-response for FEP is shown in Fig. 7.
It consists of a negative peak E due to the injected elec-
tron charge as well as positive peaks R and F' caused by
the induction charge on the electrode and by a positive

surface charge due to secondary emission, respectively.
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Figure 7. LIPP response for FEP, charged with 10 kel

electron beam, directly after charging. Electron injection
through the nonmetalized front side F of the sample. Charge
layer at E. Laser pulse absorbed at rear electrode R, where
the laser-induced pressure pulse is generated.

From such responses, obtained for different anneal-
ing periods, the sections containing the space-charge
peak (part E of the response, depicted as a heavy line)
are extracted and plotted in Fig. 8. Note the opposite
direction of the depth scale in Figs. 7 and 8, neces-
sitated by the fact that electron injection and LIPP

generation occur on opposite sample surfaces.
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Figure 8. Change of the charge distribution in FEP sample
after different annealing periods. Sample originally charged
with 10 keV electron beam through front side at 0 pm.
Electrode at 12.7 pm.

Figure 8 shows the evolution of the space charge un-
der 120°C" annealing. The results in Fig. 8 have been
normalized by means of measurements of the surface
potential of the samples, as shown in Fig. 9. Such a nor-

malization is necessary since the amplitude of the LIPP
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responses depends on the energy of the laser pulses

which varies somewhat from pulse to pulse.
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Figure 9. Decay of surface potential of Teflon FEP as func-
tion of annealing time at 120°C. Sample originally charged
with 10 keV electron beam.

Figure 8 indicates that in FEP the charge motion
at 120°C' results in a broadening of the charge peak.
The broadening is in the direction toward the electrode.
This fact, together with the observation that the sur-
face potential decays only slightly (~ 30 % for 2000
min annealing) strongly suggests that the charge decay
is caused by fast retrapping of the electrons activated
from the original charge layer. Similar conclusions have
been reached for negative charge transport in FEP be-
fore [14]-[17]. However, a datailed picture of the evo-
lution of the charge distribution, as seen in Fig. 8, had
not been obtained yet. The Schubweg is estimated from
Fig. 8 to be about 5 um or less (see Sect. IV).

The “smearing-out” of the charge layer toward the
electrode is responsible for most of the observed sur-
face potential decay shown in Fig. 9. It is possible that
a small part of the decay is due to hole drift to the
charge layer; however, this process is believed to be mi-
nor since it would not result in a broadening of the
negative charge layer. Instead it would, in the absence
of hole injection through the electrode [18], cause a neg-
ative depletion layer in the entire region between elec-
trode and charge layer, which is not observed. Thus, the
predominant transport process in FEP consists in ac-
tivation and fast retrapping of the originally-deposited
charges.

The experimental results for PI are shown in Fig. 10.
The figure indicates that there is no charge accumula-
tion between the original charge layer and the electrode

as the charge decays. The charge peak, although chang-
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ing its amplitude, does not broaden or smear out. On
the contrary, it appears to narrow down during anneal-
ing. Thus, the charge decay must be caused by one of
the following processes: (1) Detrapping of the electron-
beam deposited charge and drift in the internal field to
the electrode without deep retrapping, or (2) compen-
sation of the electron-beam deposited charge by holes
either injected through the electrode and drifting in
the internal field without deep trapping or coming from
the free surface which is positively charged due to sec-
ondary emission. The fact that the layer narrows with
annealing time indicates that the second mechanism is
at least partially responsible for the decay. In both
cases, the charge drift is characterized by slow retrap-
ping with electron or hole Schubwegs of about 20 um
or more. Compensation of the original charge by n-
trinstc holes is ruled out since this process would result
in a negative space charge in the region which supplies
the holes. A similar compensation of electron-beam de-
posited charges in PI by positive carriers, resulting also
in a narrowing of the charge distribution, was even ob-

served at room temperature [19].
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Figure 10. Change of the charge distribution in PI sample
after different annealing periods. Sample originally charged
with 20 keV electron beam through front side at 0 pm.
Electrode at 2/5 pm.

IV Comparison with model cal-
culations and discussion

Comparison of the experimental results for FEP in
Fig. 8 with the theoretical results in Figs. 4 and 5 shows
that the relatively simple model of charge transport

describes the observed charge distributions reasonably
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well if g7 at 120°C is chosen in the region of 0.5 to
1 x 1079 em?/V with 7 & 100 min. For these values, a
Schubweg of s = urFE of 2.5 to b um is expected
for £ = 0.5 x 10° V/em (this E-value corresponds to
the injected charge density of 107 C'/em?). A Schub-
weg of a few pm is consistent with the results in Fig. 8.
The original location of the charge peak is at 1.7 um,
as compared to the predicted location at 1.4 um, and
the observed and calculated final distributions extend
beyond 8 um.

For very large annealing times of the FEP sam-
ples, the assumption of deep trapping without release
should be somewhat modified. Eventual detrapping
and retrapping of the deeply trapped charge explains
the slight decrease in peak amplitude and the slow “mo-
tion” of the peak toward the electrode observed at an-
nealing times of 1000 and 2200 min and not expected
from the theoretical results in Figs. 4 and 5.

The value of ur used above may be compared
with elevated-temperature results obtained by other au-
thors for FEP. TSC measurements at 150°C' to 200°C'
yielded values of about and 10=° em?/V [20,21] while
isothermal charge-decay experiments at 145°C' gave
6 x 107 em?/V  [14]. The pr-value following from
the present evaluation is thus in reasonable agreement
with older data.

For PI, the experimental results in Fig. 10 also com-
pare favorably with the analytical data in Fig. 6. In
particular, the measured and calculated peak locations
are both at 5.7 pum and the observed charge penetration
of about 10 gm is well reproduced by theory. The ma-
jor difference is the absence of negative charge close to
the free surface in the experimental data. This may be
due to compensation by positive surface charges gen-
erated by secondary emission during charging. These
positive charges are not considered in the model calcu-
lations. The contraction of the charge layer appears to
be due to charge compensation by holes, as discussed
above, which is also not included in the model.

Since the charge carriers are subject to slow retrap-
ping in PI at 120°C', the pr-product at this tempera-
ture can not be determined; however, a lower limit of
6 x 1072 em?/V follows from an estimate of the mini-
mum Schubweg (20 pm, see above) and the electric field
in the sample. To the knowledge of the authors, no ur-

data for this material is available in the literature for
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temperatures around 120°C'".

The application of analytical models to measured
distribution data is a potentially powerful method for
finding the mechanisms underlying charge transport in
polymers. The present study is only a first step in this
direction. More refined models taking into considera-
tion other phenomena affecting carrier drift and addi-
tional measurements will lead to a better understanding

of charge transport in disordered systems.
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