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Charging dynamics of a polymer due to electron

irradiation: A simultaneous scattering-transport

model and preliminary results∗
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We present a novel numerical model and simulate preliminarily the charging process of a polymer subjected to

electron irradiation of several 10 keV. The model includes the simultaneous processes of electron scattering and ambipolar

transport and the influence of a self-consistent electric field on the scattering distribution of electrons. The dynamic

spatial distribution of charges is obtained and validated by existing experimental data. Our simulations show that

excess negative charges are concentrated near the edge of the electron range. However, the formed region of high charge

density may extend to the surface and bottom of a kapton sample, due to the effects of the electric field on electron

scattering and charge transport, respectively. Charge trapping is then demonstrated to significantly influence the charge

motion. The charge distribution can be extended to the bottom as the trap density decreases. Charge accumulation is

therefore balanced by the appearance and increase of leakage current. Accordingly, our model and numerical simulation

provide a comprehensive insight into the charging dynamics of a polymer irradiated by electrons in the complex space

environment.
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1. Introduction

Charging effects of dielectrics under electron ir-

radiation have been extensively investigated since

the spacecraft charging was reported by DeForest in

1972.[1] The irradiation in the outer space may lead to

undesirable charging effects and disturb the smooth

running of a spacecraft.[2−7] The anomaly diagnosis

data indicate that the electrostatic discharge (ESD)

from charging is an important cause of the formation

of the anomalies of spacecrafts.[8] Here, the irradia-

tion of several 10-keV electrons is mainly responsible

for the serious internal charging in the ESD. On the

other hand, polymeric materials are widely used in

space technology. Therefore, to prevent or to get a

better control over the initiation of ESD events, it is

necessary to understand in more detail the irradiation-

induced charging dynamics of a polymer under the

irradiation of several 10-keV electrons.

The charging due to electron irradiation is a rel-

atively complicated process including the simultane-

ous correlation with electron scattering and charge

transport. Here, charge carriers consist of electrons

and holes, and their transport should include both

drift and diffusion. Moreover, the self-consistent elec-

tric field has effects not only on charge transport but

also on electron scattering. The leakage current may

also occur, which will of course affect the charging

process, equilibrium, and strength. The pulsed elec-

troacoustic technique, the pressure wave propagation,

and other experimental methods have been developed

to study the irradiation-induced charging effects.[9−11]

However, it is difficult to directly measure the de-

tailed information about the charging process, espe-

cially dynamic microscopic information about the mo-

tions of both electrons and holes. In the computa-

tional aspect, the widely used radiation-induced con-

ductivity model adopts a macroscopic parameter to

describe the interaction of incident electrons with the

solid dielectric.[12−14] In this model, the ambipolar

charge transport dynamics cannot be explicated. The

generation–recombination model considers the gen-

eration of a carrier pair by incident electrons and

the microscopic transport mechanisms of both elec-
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trons and holes.[15−18] The profile of carrier generation

rate is conventionally obtained from measurements or

Monte Carlo simulations.[19−21] This type of fixed pro-

file cannot include the interaction between the self-

consistent electric field and incident electrons in the

dynamic charging process. In fact, variations of the

self-consistent and external electric field can influence

incident electrons, secondary electrons, and charge

transport,[22−25] which may lead to a dynamic profile

of the carrier generation rate. Therefore, a compre-

hensive model, which can consider electron scattering

and charge transport simultaneously, is still desired

for further investigation of the charging dynamics of

a polymer due to electron irradiation. On the other

hand, we have proposed a self-consistent model for

charging effects of a grounded SiO2 thin film due to a

low-energy focused electron beam.[26]

To gain a distinct insight into the charging dy-

namics of an electron-irradiated polymer, in the

present study we develop a comprehensive numeri-

cal model with simultaneous consideration of electron

scattering and charge transport. Here, the scatter-

ing of incident electrons is simulated by the Monte

Carlo method. The motions of charges are computed

by considering diffusion, drift, trapping, and recombi-

nation. Some preliminary numerical results are pre-

sented on time evolutions of the internal charge dis-

tribution, surface potential, and leakage current.

2. Model and solution

2.1. Electron scattering

The electron–atom scattering as well as the ion-

ization and electron deposition is simulated with the

Monte Carlo method. Here, the scattering processes

can be divided into two categories: elastic and inelas-

tic scatterings. For an electron with energy higher

than 10 keV, the elastic scattering process can be de-

scribed by the screened relativistic Rutherford scat-

tering cross section

dσ(θ)

dΩ
=

λ4
RZ̄

2

64π4a20

[
sin2

θ

2
+
(θ0
2

)2]2 . (1)

Here, σ is the scattering cross section, θ the scattering

angle, Ω the solid angle, λR the relativistic electron

wavelength, Z̄ the mean atomic number, a0 the Bohr

radius and θ0 the screening factor.

The inelastic scattering process is described by

the fast secondary electron model and the inelastic

scattering cross section of the electron with an energy

E is

dσ

dϵ
=

πe4

E2

[ 1
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+

1
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( τ
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Here ϵ denotes the energy transfer ∆E normalized

with E; τ is the electron kinetic energy normalized

by the rest mass energy of an electron, and e the ele-

mentary charge. Furthermore, the average energy loss

rate is calculated by the modified Bethe equation of

stopping power

dE

dS
= −7.85× 104ρZ̄

EĀ
ln
(1.166(E + kJ̄)

J̄

)
, (3)

where S, Ā, k, and J̄ are the free path between two

sequential scattering events, the mean atomic weight,

the correction coefficient, and the mean ionization en-

ergy, respectively. In each inelastic scattering event,

one secondary electron is generated after gaining the

lost energy of the scattered primary electron. A hole

is simultaneously generated at the scattering position.

Both the scattered primary electron and the generated

secondary electron will be further scattered and even

produce more electrons and holes until the electrons

exhaust their energies. Some electrons arriving at the

sample surface may be emitted from the surface by

overcoming the potential barrier at the surface. The

distributions of electrons and holes induced by the

incident electrons can then be obtained by the final

states of the electrons and holes.

2.2.Charge transport

The electrons and the holes deposited in the poly-

mer will drift and diffuse due to the internal self-

consistent electric field and charge density gradient.

Some charges may be trapped by trapping centres

when transporting in the material. At the same time,

electron–hole recombination will occur. In principle,

the trapped charges may also be released again via

detrapping. However, some experimental work shows

that the charges in some polymers could persist for

a long time,[12] which indicates that the detrapping

effect is often very weak and therefore negligible.

The charging process is investigated by a model

with a comprehensive consideration of scattering,

drift, trapping, and recombination of charge carriers.

The equations for free electron density nf , trapped

electron density nt, and hole density p are given as

∂nf

∂t
=

(∂nf

∂t

)
scat

+
(∂nf

∂t

)
drift

+
(∂nf

∂t

)
dif

+
(∂nf

∂t

)
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+
(∂nf

∂t

)
rec

, (4)
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Here, we use subscripts scat, drift, dif, trap, and rec to

represent the terms corresponding to scattering, drift,

diffusion, trapping, and recombination, respectively.

Note that hole trapping is ignored because it is negli-

gible. Then, the term for scattering can be calculated

from the charge distribution obtained by the Monte

Carlo simulation. Here, the secondary electron emis-

sion and redistribution are considered together with

the self-consistent electric field to give real-time infor-

mation about their influences on electron scattering.

The terms for drifting and diffusing are treated

using charge conservation equations as(∂n
∂t

)
drift

=
1

e
∇ · Jn
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(
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)
, (7)(∂n
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dif
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1

e
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e
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)
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e
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(
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)
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Here, superscripts n and p denote the parameters for

electron and hole, respectively, J is the current den-

sity, E the electric field in the material, µ the carrier

mobility, D the diffusion coefficient determined by the

Nernst–Einstein equation, D = µkBT/q, with kB be-

ing the Boltzmann constant. The electric field satisfies

the Poisson’s equation

∇ ·E = −ρ

ε
. (11)

The carriers will leave the polymer via a leakage cur-

rent if they arrive at the grounded substrate at the

bottom.

A free electron is changed into a trapped one if it

is trapped by a trapping centre. The trapping term

can be denoted by(∂nf

∂t

)
trap

= −nf

τf

(
1− nt

NT

)
, (12)

where τf is the lifetime of free electrons and NT the

trap density. Both free and trapped electrons may

be recombined with the corresponding holes and the

equations for recombination, respectively, are(∂nf

∂t

)
rec

= −αfnfp, (13)(∂nt

∂t

)
rec

= −αtntp. (14)

Here αf and αt are the free and trapped electron–hole

recombination rates, respectively

2.3.Numerical solution procedure

The time evolution of charges in the polymer can

be investigated by solving Eqs. (4)–(6) numerically.

For example, the solution procedure for the electron

density is illustrated in Fig. 1. To discretize and nu-

merically solve this problem, the sampling point se-

quence ti is considered. At the initial time t0 = 0,

the values of nf and nt are set to be zero. For any

sampling point ti, the change rate of electron density

∂n/∂t is calculated by the method described in the

above section. The value of n for ti+1 is obtained it-

eratively using

n(x, y, z, ti+1) = n(x, y, z, ti)

+
(∂n
∂t

)
t=ti

(ti+1 − ti). (15)

Here, the time interval ti+1 − ti is adjusted according

to the value of ∂n/∂t. For a big value of ∂n/∂t, a small

time interval is chosen to reduce the numerical error.

Otherwise, a big time interval is used to speed up com-

putation. Computational skills given in Ref. [27] are

used to enhance the numerical stability. The electric

field and the surface potential are then updated ac-

cording to the new charge distribution. The incident

electron energy used in the next iteration step should

be modified according to the surface potential. The

simulation for the hole density can be performed sim-

ilarly.

start

i=0

n↼x↪y↪z↪↽/0

calculate
∂n
∂t

finished?

output data

N

Y

update the electric 

field and surface 

potential

∂n
∂t↼ ↽ni⇁/ni⇁

t/ti i=i+1
Dti

Fig. 1. Solution procedure of the electron density.
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3. Results and discussion

3.1. Simulation condition

We use the above method to simulate charging

characteristics of the grounded uniform polymer sam-

ple under a uniform electron irradiation shown in

Fig. 2. The parameters for simulation are listed in

Table 1. In principle, a complicated three-dimensional

model is required to accurately describe a sample with

an arbitrary structure. However, the one-dimensional

model in this work can be seen as a prototype struc-

ture for a grounded polymer material in an electronic

device. Therefore, our simulation results can still pro-

vide useful information about the polymer charging

due to electron irradiation.

JPE

Jleak

Jdrift+Jdif

JSE

zz

H

Fig. 2. Simulation configuration and currents in the pro-

cess of uniform electron irradiation for a kapton sample.

Here, JPE and JSE denote the current densities of incident

and secondary electrons, respectively Jleak is the leakage

current density from electrons, and current densities Jdrift
and Jdif are due to drift and diffusion in charge transport,

respectively.

Table 1. Parameters of the kapton sample used in

the simulation.

Parameter Value

Relative dielectric constant (εr) 3.4

Electron mobility (µn) 3.0×10−11 cm2·V−1·s−1

Hole mobility (µp) 1.0×10−12 cm2·V−1·s−1

Free electron–hole
1.6×10−16 cm3·s−1

recombination rate (αf)

Trapped electron–hole
1.6×10−16 cm3·s−1

recombination rate (αt)

Trap density (NT) 5.0×1016 cm−3

Lifetime of free electrons (τf) 1 s

Sample thickness (H) 25 µm

3.2.Charging dynamics and charge evo-

lution

The charges generated by electron scattering are

the source for the irradiation-induced charging. Fig-

ure 3 shows the results of Monte Carlo simulation on

the electron and hole change rates induced by scat-

tering at different incident electron energies. We can

see that the electron range formed by scattering in-

creases with incident electron energy rising. This is in

agreement with the continuous slowing down approx-

imation range calculated by the ESTAR program,[28]

validating our Monte Carlo simulation. On the other

hand, the mean free path of inelastic scattering is

much smaller than the electron range. Thus, hundreds

of inelastic scattering events occur due to an incident

electron so that many electron–hole pairs can be gen-

erated in the electron range. Consequently, the elec-

trons and holes in the electron range are in a plasma

state.
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Fig. 3. Electron and hole change rates induced by scat-

tering of incident electrons with different values of energy

EPE at a fixed current density JPE in the simulation.

The properties of the charging process depend on

irradiation time or total irradiation dose. We first

look at the charge evolutions during and after irradia-

tion. Here, the charge relaxation process is simulated

by setting the incident electron current to be zero af-

ter the irradiation time t = 20 s. Figure 4 illustrates

the quantities of total charges for free electrons, free

holes, trapped electrons, and net charges on a unit

area as functions of t. In the early stage of charging,

both free electron and hole densities in the polymer

are very low. The speed of trapping and recombi-

nation are much lower than the scattering. Therefore,

the free electrons and holes both increase linearly with

t when t < 1 s. The trapped electrons also increase

linearly with t since the trapping is proportional to

the free electron density. The increase in electron and

hole densities is damped by the recombination and

then tends to saturation in 3 s–5 s. The saturation of

free electrons appears first since its increase is damped

by both trapping and recombination. The increase in
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trapped electron density also slows down due to the

saturation of free electron density. The net charge

density, however, keeps linearly increasing when the

incident current is kept constant since little charge es-

capes from the surface. In the relaxation process, the

densities of electrons and holes decrease exponentially

due to the electron–hole recombination.
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Fig. 4. Total charges for different kinds of charges versus

irradiation time t during charging (t < 20 s) and relax-

ation process (t > 20 s).
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Fig. 5. Spatial distributions of net charges at different

irradiation times.

The charge evolution can also be demonstrated by

the charge distributions at different irradiation times.

Figure 5 shows the net charge distributions at differ-

ent irradiation times. For a small dose irradiation,

the internal electric field is not strong and the charge

transport is very slow. At the same time, most of

the trapping centres are unoccupied. Therefore, most

of the irradiation-induced charges are trapped or re-

combined at the generation position and the shape

of the net charge distribution is close to that of the

charge change rate shown in Fig. 3. The charges con-

centrate onto the bottom slightly by the electric force

after t = 10 s. During the relaxation process after

t = 20 s, there is little variation for the net charge

distribution. The simulated steady state charge dis-

tribution is compared with the existing experimental

data as shown in Fig. 6. A reasonable agreement is

available here, though some deviations exist probably

owing to the parameter difference between simulation

and experiment or the accumulation effect of charges

during the experiment.

0 5 10 15 20 25
−70

−60

−50

−40

−30

−20

−10

0

10

measured data

simulated data

N
e
t 

ch
a
rg

e
 d

e
n
si

ty
 ρ

/
m
C
Sc

m
-

3
 

Depth position z/mm 

Fig. 6. Comparison of steady state charge distribution

between the simulation results and the measured data in

Ref. [12].

Under a short time irradiation, the distribution of

the deposited charge changes slightly with the irradi-

ation time because the internal electric field is weak.

However, the charge distribution will be deformed by

the electric field with the charge accumulation. We

simulate its evolution during a long time irradiation

till 800 s, in which the irradiation dose is chosen to

make the internal electric field close to the breakdown

level. Figure 7 shows the net charge distributions at

different irradiation times. In Fig. 7(a), the net charge

density is presented in a form of the gray scale map.

The depth profiles of charges are illustrated at 20 s,

100 s, 200 s, and 800 s in Fig. 7(b). The full width

at half maximum (FWHM) for a charge distribution

is also plotted as a function of t in Fig. 7(c). The

simulation results show the narrowing of the charge

distribution when t < 200 s. With the charge accu-

mulation in the electron range, the remaining unoc-

cupied trapping centres tend to be exhausted and the

excess negative charges drift toward the surface due

to the self-consistent electric field. The value of the

negative charge is also affected by the hole density.

In the electron range, negative charges are balanced

by the scattering-induced holes. The hole density is
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much lower outside the electron range. Thus, the elec-

trons concentrate near the edge of the electron range,

forming a peak of the negative charge distribution.

0

200

400

600

800
0 5 10 15 20 25Ir

ra
d
ia

ti
o
n
 t

im
e
 t

/
s 

0.00

−3.00   

−2.25   

−1.50   

−0.75  

0 5 10 15 20 25
−3

−2

−1

0

(c)

(b) t=20 s

800 s

200 s

100 s

C
h
a
rg

e
 d

e
n
si

ty
/
m

C
Sc

m
-

3

(a)

0 100 200 300 400 500 600 700 800
0

2

4

6

8

10

F
W

H
M

/
m
m

Irradiation time t/s

Depth position z/mm 

Depth position z/mm 

C
h
a
n
g
e
 d

e
n
c
it
y

/
m

C
Sc

m
-

3

Fig. 7. (a) Gray scale map of time-dependent net charge

profiles. (b) Net charge profiles at different irradiation

times t. (c) FWHM for the charge distribution as a func-

tion of t.
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Fig. 8. (colour online) Surface potential Us and electron

range Rs each as a function of irradiation time.

The net charge distribution is broadened when

t > 200 s, as shown in Figs. 7(b) and 7(c). This is

due to the effect of the self-consistent electric field on

incident electrons. With the negative charge accumu-

lation, the self-consistent electric field forms a barrier

at the surface. After overcoming the barrier, the land-

ing energy of incident electron decreases. The electron

range also decreases. Figure 8 further gives the sur-

face potential Us and the electron range Rs each as a

function of t. At t = 800 s, the surface potential de-

creases to a value near −8 kV and the electron range

decreases from 15 µm to 8 µm. Negative charges are

thus deposited in a small depth region and the FWHM

for the total net charge distribution becomes wider.

3.3.Charging equilibrium and leakage

current

The leakage current is an important factor espe-

cially for the grounded polymer with a low trap den-

sity, because it directly affects the transient charg-

ing process and therefore the final equilibrium state

of space charge distribution. Accordingly, we sim-

ulate the charge evolution under a long-period irra-

diation at which a steady state of charging will ap-

pear. In the simulation, the trap density is set to be

5× 1015 cm−3 because a higher trap density could ac-

cumulate a large quantity of charges and cause the in-

ternal electric field beyond the breakdown level before

equilibrium. Figure 9 illustrates the net charge distri-

butions at different irradiation times. Here, charges

accumulate first in the electron range. The accumu-

lation in the range will be suspended by the recom-

bination of trapped electrons and holes. Then, trap-

ping will take place mainly outside the electron range,

where trapping tends to saturation when all trapping

centres have been occupied. The high charge density

region extends toward the bottom after t = 100 s.

At about t = 600 s, the high charge density region

extends to the bottom. Figure 10 presents the total

charge accumulated per unit area and the leakage cur-

rent density each as a function of t. Before the high

charge density region arrives at the bottom, the leak-

age current is very weak because of weak transport.

Thus, the quantity of total charges per unit area in-

creases linearly with irradiation time. However, the

leakage current increases rapidly when the high charge

density region has arrived at the grounded bottom.

After a transient process, the leakage current trends

to saturation. The saturation value of the leakage cur-

rent density Jleak is equal to JPE − JSE as illustrated

in Fig. 2. Evidently, the currents flowing into and out

of the sample are balanced and the net charge flux be-

comes zero. Consequently, the total charge quantity

tends to its equilibrium state.
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Fig. 9. (a) Gray scale map of time-dependent net charge

profiles under a longtime irradiation. (b) Net charge pro-

files at different irradiation times.
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area and the leakage current density Jleak with respect to

the current density JPE of incident electrons, each as a

function of irradiation time.

4. Conclusions

We developed a new numerical model and simu-

lated dynamic charging characteristics of a polymer

subjected to electron irradiation. The simultaneous

processes of electron scattering and charge transport

are described accurately by including the effects of a

self-consistent electric field. Here, the electric field

could affect not only the charge transport beyond the

electron range but also the distribution of high charge

density. Preliminary simulation results show that the

reduction of trap density could help prevent the charge

accumulation because a lower trap density allows more

charges to move toward the bottom, resulting in the

leakage current and the saturation of charge accumula-

tion. Further investigation can be suggested to quan-

tify the effects of irradiation condition, polymer pa-

rameter, and sample structure on complicated charg-

ing processes of a polymer in the space environment.
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