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Recent studies of charge trapping and charge transport in polymer lms 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 pro les, charge drift
due to a shallow-trap-modulated mobility, deep trapping without release, trap lling due to a
nite trap density, and ohmic relaxation due to a radiation-induced conductivity during irradiation
and its delayed component after irradiation. The model calculations show the e ect 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 m thick
uorocarbon and polyimide lms, 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  -product, where 
is the trap-modulated mobility and  is the trapping time.

I Introduction
The understanding of charge trapping and charge transport in electron-irradiated polymers has greatly benetted from the work of Bernhard Gross. In particular,
his investigations of the e ects of ionizing 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 eld. 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 e ects can often be neglected [8].
The work of Gross on charge dynamics in irradiated
dielectrics made it 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 m. Such measurements have resulted in a vast amount of data on
charge distributions and charge dynamics in thin polymer lms and other dielectrics [9]-[11] (and references
therein).
In the present paper, charge trapping and charge
transport in 12 and 25 m thick uorocarbon (FEP)
and polyimide (PI) lms, charged at room temperature
with monoenergetic electron beams and annealed thereafter, is studied both numerically and experimentally.
The results yield information about charge-transport
processes in these polymers.

II Simulation of charge transport
II.a Model for charging

Corresponding to the experimental procedure, a
two-stage process of charge transport is assumed, consisting 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 t = 0 to t = tb . Dur-
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ing this time, there is considerable charge rearrangement due to drift and radiation-induced conductivity
(RIC); in addition, there is some deep trapping. Following this period, the dielectric is stored from t = tb
to t = t0 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 (120C in the experiment) where
there is complete detrapping and drift of the charges
in their own eld until they are deeply trapped again.
As seen in Fig. 1, the sample is kept at the annealing
temperature for a time period ta ; thereafter, its charge
distribution is determined.

" are the RIC and the dielectric permittivity, respectively, and  is the trapping time. In the rate equation (3) it is assumed that the electrons are captured in
deep traps of density m and no release is possible. The
use of Eqs. (1) to (3) for analyzing the charging process and the proper choice of parameters, including the
radiation-induced conductivity, have been discussed in
detail in [10].

Figure 2. Open-circuit electron-beam charging of dielectric.
Figure 1. Temperature cycle and time scales of the experiments.

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
t)
" @E(x;
@t +[f (x; t)+g(x; t)]E(x; t)+I(x) = I0 ; (1)
t) = (x; t);
" @E(x;
@x

(2)

@t (x; t) = f (x; t) 1 , t (x; t)  :
(3)
@t

m
In these equations, E(x,t) is the electric eld, I0 and
I(x) are the current densities of the incident electron
beam and the electron beam at depth x in the dielectric, respectively, f (x; t) and t (x; t) are the charge
densities of mobile and trapped charges, respectively,
(x; t) equals f (x; t) + t (x; t);  is the shallow-trapmodulated mobility of the mobile charges, g(x; t) and

II.b Model for annealing

In the case of fast retrapping during annealing, as
encountered in FEP at 120C (see below), charge transport can also be explained with Eqs. (1) to (3) by setting I0 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 ; ; g; ; and m possibly di erent from
those prevailing at room temperature, as discussed in
Sect. II.c.
For slow retrapping during annealing, as found in
PI at 120C (see below), a very simple model assuming gradual release of the trapped charges at the elevated temperature and subsequent drift to the sample
electrode may be used. Since the number of released
charges is proportional to the charge density (x; t),
and the released charges remain in the sample for a
negligible time, one has after the annealing time ta
(x; t) = (x; t0 )e,ta =

0

for t  t0 + ta :

(4)

where  0 is a time constant characteristic for charge release. The same relation holds if charge compensation
by holes injected through the electrode takes place.
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II.c Results of model calculations
The charge distribution at t = t0 is obtained
by numerical evaluation of Eqs. (1) to (3) for the
following parameters: Electron-beam current density
I0 = 2 nA=cm2 ; tb = 50 s; t0 = 700 s, in all
cases and electron-beam voltage 10 keV;  = 2 
10,11 cm2 =V; m = 0:004 C=cm3 for FEP and electronbeam voltage 20 keV;  = 2  10,10 cm2 =V; m =
0:008 C=cm3 for PI, respectively. The -values are
assumed to be valid at room temperature. Other quantities used in these calculations are given in [10].
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the initial data for the simulation of charge transport
during the annealing period.
For fast retrapping (FEP) the evolution of (x; t)
during annealing is again calculated with Eqs. (1) to
(3), as discussed above. In using these equations for describing charge dynamics at the annealing temperature,
the distribution shown in Fig. 3a is used as the initial
distribution and appropriate values of ; ; g; ; andm
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
t0 , tb and can therefore be neglected during the annealing cycle. The deep-trap density is not expected
to be temperature dependent, thus the above value of
m is used. However, the temperature dependence of 
and  has to be considered. Since the solutions depend
mainly on the -product, this parameter is adjusted
for best t with the experimental results.

Figure 3. Distribution of total charge  (equal to trapped
charge t ) at t0 = 700 s in FEP (part a) and PI (part b) after room temperature charging. Electron injection at depth
0 m, electrode at 12 m (FEP) or 25 m (PI).

The distributions so obtained are depicted in Figs.
3a and 3b. They consist only of deeply-trapped charges,
such that  = t , since after the (long) time t0 all the
originally mobile carriers are deeply trapped. For the
-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

Charge distributions so obtained are shown in Figs.
4 and 5. They were calculated with the values  =
5  10,10 cm2 =V and  = 10,9 cm2 =V; respectively.
Parameter in these gures is the normalized annealing
time ta =. 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 (x; t), i. e. the sum of trapped and
mobile charge.
For slow retrapping (PI), the evolution of the charge
distribution, as obtained from Eq. (4) with (x; t0 )
given by Fig. 3b, is depicted in Fig. 6 for di erent
values of ta = 0. The decay is due to detrapping, as
discussed above. The shape of the distribution is preserved, only its amplitude changes.
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Figure 4. Evolution of total charge , deeply-trapped
charge t , and mobile charge f during annealing under
fast retrapping
conditions: Results of model calculation for
 = 5  10,10 cm2 =V:
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Figure 5. Evolution of total charge , deeply-trapped
charge t, and mobile charge f during annealing under
fast retrapping
conditions: Results of model calculation for
 = 10,9 cm2=V:
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Figure 6. Evolution of total charge  during annealing under
slow retrapping conditions: Results of model calculation.

III Experimental results
Te on (FEP) samples of 12 m tickness and Kapton
(PI) samples of 25 m thickness, metalized with aluminum 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=cm2 to a charge density of 100 nC=cm2 .
Following the charging process, the samples are removed 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 samples. 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 e ects generate a
pressure pulse. This pulse propagates through the sample with the velocity of sound c and generates a current
I(t) in the measuring circuit which is proportional to
the charge density at depth x = ct 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 electron 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 keV
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 di erent annealing 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, necessitated by the fact that electron injection and LIPP
generation occur on opposite sample surfaces.

Figure 8. Change of the charge distribution in FEP sample
after di erent annealing periods. Sample originally charged
with 10 keV electron beam through front side at 0 m.
Electrode at 12.7 m.

Figure 8 shows the evolution of the space charge under 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 normalization 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.

Figure 9. Decay of surface potential
of Te on FEP as function of annealing time at 120 C . Sample originally charged
with 10 keV electron beam.

Figure 8 indicates that in FEP the charge motion
at 120C 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 surface 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 before [14]-[17]. However, a datailed picture of the evolution 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 m or less (see Sect. IV).
The \smearing-out" of the charge layer toward the
electrode is responsible for most of the observed surface 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 minor 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 negative depletion layer in the entire region between electrode and charge layer, which is not observed. Thus, the
predominant transport process in FEP consists in activation and fast retrapping of the originally-deposited
charges.
The experimental results for PI are shown in Fig. 10.
The gure indicates that there is no charge accumulation 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 annealing. Thus, the charge decay must be caused by one of
the following processes: (1) Detrapping of the electronbeam deposited charge and drift in the internal eld to
the electrode without deep retrapping, or (2) compensation of the electron-beam deposited charge by holes
either injected through the electrode and drifting in
the internal eld without deep trapping or coming from
the free surface which is positively charged due to secondary 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 retrapping with electron or hole Schubwegs of about 20 m
or more. Compensation of the original charge by intrinsic 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 deposited charges in PI by positive carriers, resulting also
in a narrowing of the charge distribution, was even observed at room temperature [19].

Figure 10. Change of the charge distribution in PI sample
after di erent annealing periods. Sample originally charged
with 20 keV electron beam through front side at 0 m.
Electrode at 2/5 m.

IV Comparison with model calculations 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  at 120 C is chosen in the region of 0:5 to
1  10,9 cm2 =V with   100 min. For these values, a
Schubweg of s = E of 2:5 to 5 m is expected
for E = 0:5  106 V=cm (this E-value corresponds to
the injected charge density of 10,7 C=cm2 ). A Schubweg of a few m is consistent with the results in Fig. 8.
The original location of the charge peak is at 1:7 m,
as compared to the predicted location at 1:4 m, and
the observed and calculated nal distributions extend
beyond 8 m.
For very large annealing times of the FEP samples, the assumption of deep trapping without release
should be somewhat modi ed. Eventual detrapping
and retrapping of the deeply trapped charge explains
the slight decrease in peak amplitude and the slow \motion" of the peak toward the electrode observed at annealing times of 1000 and 2200 min and not expected
from the theoretical results in Figs. 4 and 5.
The value of  used above may be compared
with elevated-temperature results obtained by other authors for FEP. TSC measurements at 150C to 200C
yielded values of about and 10,9 cm2 =V [20,21] while
isothermal charge-decay experiments at 145 C gave
6  10,9 cm2 =V [14]. The -value following from
the present evaluation is thus in reasonable agreement
with older data.
For PI, the experimental results in Fig. 10 also compare favorably with the analytical data in Fig. 6. In
particular, the measured and calculated peak locations
are both at 5:7 m and the observed charge penetration
of about 10 m is well reproduced by theory. The major di erence 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 generated by secondary emission during charging. These
positive charges are not considered in the model calculations. 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 retrapping in PI at 120C, the -product at this temperature can not be determined; however, a lower limit of
6  10,9 cm2 =V follows from an estimate of the minimum Schubweg (20 m; see above) and the electric eld
in the sample. To the knowledge of the authors, no data for this material is available in the literature for

temperatures around 120 C.
The application of analytical models to measured
distribution data is a potentially powerful method for
nding the mechanisms underlying charge transport in
polymers. The present study is only a rst step in this
direction. More re ned models taking into consideration other phenomena a ecting carrier drift and additional measurements will lead to a better understanding
of charge transport in disordered systems.
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