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Modeling of surface-volumetric charging of a dielectric irradiated by
electrons with energy range from 6 to 30 keV
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The physico-mathematical model applied to ground tests for geomagnetic plasma exposure based on the combined
consideration of surface and bulk processes of transport and charge accumulation for calculating the kinetics of
charging high-resistance dielectrics irradiated by medium-energy monoenergetic electrons (from 6 to 30keV) is
proposed. The model takes into account the contribution to the charging of the dielectric by the trains of longitudinal
optical phonons generated by each thermalizing primary electron with energy below the band gap of the dielectric,
which supplements the induced conduction current due to the generation of electron-hole pairs. As a result, the
current induced by trains of longitudinal optical phonons of the tunnel conductivity through free electron traps is
introdused, as well as the current induced in the conduction band due to multiphonon ionization the electron traps
by trains of longutudinal optical phonons in the region of existence of electric field. Using the example of the
a-AL O3 (sapphire) dielectric, the results of computer simulation of the internal currents distributions, charges, and
electric field in the dielectric with the open surface irradiated by monoenergetic electrons with energies from 6 to
30keV are presented according with the achievement the quasi-equilibrium in the irradiated part of the dielectric

and with switching of the energy of primary electrons during the irradiation process.
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Introduction

The relevance of studying the processes of radiative elec-
trostatic charging of dielectrics by medium-energy electrons,
corresponding to the low-energy part of geomagnetic plasma
electrons, is due to the need to prevent powerful electric
discharge processes both on surfaces and in the power
cable network of spacecraft (SC) [1]. The upper limit
of the spectrum of EM interference caused by electric
discharge processes during radiative electrostatic charging of
solar cells by geomagnetic plasma electrons in the normal
potential gradient mode reaches several GHz [2-7], which
indicates that the rise time of the discharge current can be
about 1ns. In this case, the average value of the discharge
current flowing through the protective glasses of the photo-
converters of solar cells and the back electrode reaches 25 A,
and the amplitude value of the discharge current can reach
100 A [1]. Besides, the results of studying the processes
of electrostatic charging of dielectrics find application in
such areas as electron lithography [8,9], scanning electron
spectroscopy and microscopy [10]. The reason for this is
the significant difference between the processes of electrons
interaction with charged and uncharged dielectric, which is
especially evident at energies up to 30 keV.

Currently, information about the electric charges stored in
structural dielectrics and internal electric fields is obtained
from the results of ground test-bed tests for the effect
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of geomagnetic plasma, in which the charge effect of
geomagnetic plasma is modeled by a flow of monoenergetic
electrons with an energy of about 10keV, where the main
informative parameters are the magnitude of the surface
electric potential of the dielectric, with respect to the
potential of the metal substrate and the potential of the
walls of the vacuum chamber (collecting electrode), as well
as the density of the current flowing through the metal
substrate during charging. However, these parameters are
less informative for estimating the internal electric fields of
the dielectric, since they weakly depend on the distribution
of excess internal charges in the dielectric. Besides, as a rule
the process of charging the structural dielectrics with open
surface occurs in the presence of electric discharge plasma,
in which the negative surface potential of the dielectric is
completely or partially neutralized by positive ions from
the electric discharge plasma and from the ionized residual
atmosphere. Namely under the conditions of neutralization
of the surface potential of the dielectric by ions of the
electric discharge plasma the dangerous internal charges
and electric fields are created, leading both to internal
electrical breakdowns of the dielectric with plasma ejection
towards vacuum, and to local breakdowns of the dielectric
throughout its entire thickness. This mechanism takes
place in the case of protective glasses of spacecraft solar
cells, which have thickness of about several lengths of the
maximum range of primary electrons.
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In view of the foregoing, there is a need to create and
verify a computer model for charging structural dielectrics
with medium-energy electrons, capable of estimating the
dynamics of internal distributions of electric charges in
dielectrics irradiated by medium-energy electrons, taking
into account the electrical state of the dielectric surface and
specific test-bed conditions of irradiation, including presence
of electric discharge plasma. Such computer model can be
used to recalculate the test results obtained at the test-bed
to full-scale space conditions.

Most of the papers related to the dielectrics charging
processes are based on the description, mainly, of bulk
processes of charge transport and accumulation. These
works can include the so-called double layer formation
model and its modifications [11-14], in which the main
sources of fields are charges formed as a result of secondary
electron emission (SEE) electrons exit and injection by
means of primary electrons with energy from 1 to 30keV.

In the paper [15] it was shown that additional consid-
eration of the surface charge, ie. charge localized on the
open surface of the dielectric, as well as the conductive
environment leads to qualitatively different results in the
charging kinetics. In particular, during long-term irradiation
a strong inversion of the subsurface field can be observed,
this field is formed due to bulk electrons (major carriers)
captured by surface traps.

In this paper we propose a model that takes into account
the charging by electrons of a thin surface layer of the
dielectric containing a high concentration of charge traps
associated with structural surface defects, and the charging
of the dielectric surface is possible both from the side of
the bulk of the dielectric and from the outer side, which is
in contact, for example, with electrical discharge plasma.
Besides, the model takes into account the multiphonon
mechanism of electron tunneling through deep traps and
the multiphonon mechanism of electron release from deep
traps due to trains of longitudinal optical phonons (LO-
phonons) generated by each thermalizing primary electron
of geomagnetic plasma decelerated down to the energy
equal and below the band gap width of the dielectric.

The results analysis [16,17] shows that primary electrons
during their thermalization are responsible for the high
rate of generation of LO-phonon trains. Also note that
the generation rate of phonons exceeds the rate of their
absorption, thereby leading to their accumulation. The
presence of a high concentration of LO-phonons as a result
of irradiation with primary electrons contributes to increase
in the frequency factor of the tunneling transition of the
electron, due to multiphonon process, from the occupied
trap to the free one. Besides, in actual dielectrics there is
increased concentration of deep traps in the near-surface
region, among which there are also deeper traps than in
the bulk [18] due to defects in the near-surface region.
This mechanism generates the additional tunnel current
of electrons, which, in the presence of increase in the
concentration of deep traps towards the surface, is enhanced
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towards the surface of the dielectric and is the additional
source of negative charging of surface.

Within the framework of the model, as applied to the
crystalline dielectric a-Al,O3 (sapphire), the time depen-
dences of the potential (flying energy) of the open surface
of the dielectric are determined. The main regularities of
changes in the surface density of charge, concentrations of
the bulk excess charge of electrons and holes, as well as
the electric field depending on the coordinate (through the
thickness of the dielectric) and time are established. Exam-
ples are given of modeling the process of dielectric charging
in a variable environment that simulates the spacecraft entry
into the Earth’s radiation belt or the consequences of a solar
flare. The influence of the process of charging the defective
surface of the dielectric by internal currents initiated by
external electron irradiation were evaluated. Estimates were
obtained for changes in the spatial distributions of the
electric field, as well as for electrons and holes in traps
in a two-stage process of establishment of charge quasi-
equilibrium, first in the part of the dielectric irradiated by
primary electrons and then in the part not irradiated by
primary electrons. The calculation algorithm of the model
makes it possible, if necessary, to calculate the charging
under conditions of contact of the dielectric surface with
the electric discharge plasma or with the ionized residual
atmosphere.

1. Physical concept of the model

The model was made within the framework of a one-
dimensional approximation by analogy with the diagram
shown in Fig. 1 as a further development of the model [15].
In the experiment this geometry takes place when the beam
width significantly exceeds the penetration depth of primary
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Figure 1.  Schematic representation of experimental setup

(test=bed, microscope) corresponding to the present model. Here
Vi (t) and V,(t) — are the potentials of the collecting electrode and
the adjacent metal substrate, respectively, @s(t) — the potential of
the open surface of the dielectric, jsee(t) — SEE current density,
jBse(t) — current density of backscattered electrons.
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electrons into the dielectric bulk, which in most cases also
corresponds to scanning electron microscopes (SEM) in the
scanning mode or in the defocused beam mode.

The charging model @-Al,O3 is considered, in which a
sample with thickness of d has a back electrode on the
unirradiated surface, where d can vary from a value of about
the range of the primary electron to several millimeters. The
open surface is irradiated with medium-energy electrons
and is separated from the conducting environment (for
example, from a screening metal collecting electrode or
from the boundary corresponding to the Debye radius of
the plasma) by a vacuum gap h thick. Depending on the
test conditions, the valu h can take a wide range of values,
starting from h~ 1cm (SEM conditions) [10] or h~ 1m
(test-bed Prognoz 2), or limited by the Debye radius of
plasma in geostationary orbit h ~ 100m [1]. The collecting
electrode and the back electrode can be at the potentials
Vi (t) and V,(t), respectively.

1.1. Surface and near-surface model

It is assumed that actual sample has a thin damaged
surface layer (TDSL) containing a high concentration of
electron traps and a transient near-surface layer (Fig. 2)
from a high concentration of electron traps on the surface
to a lower concentration of electron traps in the bulk of the
dielectric.

TDSL can exchange electrons with the bulk of the
dielectric through currents flowing in the near-surface layer
of the dielectric, such as induced conduction currents, as
well as diffusion and drift currents.

The outer side of the TDSL dielectric is able to retain the
charge for a long time, including the charge deposited on it
from the side of the vacuum gap, for example, due to the
deposition of ions from the residual gas atmosphere or ions
from the surrounding low-temperature electric discharge
plasma.

It is assumed that the near-surface region contains at least
by an order of magnitude greater number of deep electron
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Figure 2. Model of dielectric near-surface layer.

traps, which decrease exponentially deep into the dielectric
and equalizing with the bulk concentration of traps:

Nt(x) = Nspt exp(—x/Xun) + Npr, (1)

where Ngpt — surface concentration of free traps of charge
carriers (electrons); Npt — average bulk concentration of
deep electron traps; Xtyn — parameter characterizing the
runoff factor of the near-surface concentration.

1.2. Main system of equations

The description of the dielectric charging kinetics, in
general terms, is given by a system of equations consisting
of the Poisson equation and the continuity equation [19].

It is assumed that the considered dielectric a-Al,O3
(sapphire) has the electron conductivity type [20], while
the mobility of holes is neglected. The bulk of the
dielectric is considered as a structure containing many traps
Npt ~ 10 m~3 [21], the main part of which is occupied
by deep electron-type traps, the role of which is played by
oxygen vacancies (F+ and F centers) [20,22,23].

In view of the foregoing, the present model is built in the
approximation that all processes are explicitly expressed in
terms of charge distribution densities of electrons ppr (X, t)
and holes p{r(x,t) located in deep traps. Thus, for the
Poisson equation we have

—srsovz(p(x, t) ~ ppr (X, t) + pdr (X, 1), (2)

where @(X, t) — potential of the electric field in the bulk of
the dielectric; e, — relative permittivity of dielectric; ey —
electrical constant.

Here and below, the reference point X = 0 is tied to the
surface layer/dielectric interface, and the positive direction
is set in the direction of dielectric thickness increasing.

To take into account the influence of the vacuum chamber
wall and the back electrode, which are at the potentials
Vi (t) and V,(t), as well as the surface charge density of the
surface layer os(t), the equation (2) is supplemented with
boundary conditions:

o(~h.t) =Vi(1), (3)
(9(0.1) =Vi(1) T — coer Vo (. )],y = os(t).  (4)
(d. 1) = Va(t). (5)

The dynamic component of the model is given by the
continuity equation, which is represented by a system
of charge balance equations, each of system components
describes the change in the concentrations of electrons (6)
and holes (7) trapped in deep traps, respectively:

dppr (X 1)
ot

Ijpe(Xt)  djper(x,t)
X X

=S, t) -

Cdjtun(x,t)  djTe(X, 1)
0x 0x

dprec(X, t)
ot ’
(6

+ Orap (X, 1) +
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Ppor(%t) _ djse(t) | _ dprec(x. 1)
ot ax T Ir (X 0) ot (’7)
30’5(t) .
o — Uslb). (8)

The right-hand parts of equations in system (6)—(8) are

as follows:
Sa(x,t) is the rate of capture of primary-beam elec-
trons by deep traps (determined using the Monte Carlo
method); jpr(X,t) is the electron diffusion current
density; jper(X,t) is the electron drift current density;
isee(X,t) is the SEE electron current density; ggap(X,t)
and ghap(X,t) correspond to nonpositive and nonnegative
values of derivative —d jrap (X, t)/9X, where jrap(X,t) is
the current density of intrinsic and radiation-induced con-
duction that is related to the production of electronhole
pairs; jtun(X,t) is the tunnel current density of charge
captured by deep traps that is induced by trains of LO
phonons, which are produced by each thermalizing electron,
in the region of gradient of empty deep traps; j1r (X, t) is the
conduction current density due to multiphonon ionization
induced by trains of LO phonons, which are produced by
each thermalizing electron; and js(x,t) is the density of
current charging the dielectric surface.

Note that in system (6)—(8) the approximation is made in
which the excess radiation-induced charge is considered to
be immediately trapped by deep traps. Such approximation
takes place due to the high concentration of deep traps in
the bulk of the dielectric Npt ~ 10> m~3 [21], the prob-
ability of being trapped in these traps noticeably exceeds
the probability of recombination between free electrons and
holes trapped in deep traps ppt(X,t). Further correction
occurs due to recombination with near-surface holes, which
remained after the release of SEE electrons and were also
trapped by deep traps.

The electron part of the distribution pgap(X,t) is lo-
calized mainly near the open surface of the dielectric
and participates in processes of recombination with near-
surface holes left after the SEE electrons exit. The hole
part pgap(X,t) extends deep into the dielectric and has
significantly lower charge densities both in comparison with
its electron component pgap(X,t) and in comparison with
the density of electrons pgy (X, t), trapped by deep traps.

The recombination in equations (6) and (7) between
electrons entered the conduction band and holes trapped
in deep traps is determined by the relation

) x,t)  k —
pREgt( ) = RI(E)C WPF (X, t)|pD-|- (X’ t)pISLT (X’ t)" (9)

where krec — coefficient responsible for the recombination
rate; ) — elementary charge.

The ionization rate of deep traps Whg(X,t) in expres-
sion (9) depending on the electric field and temperature
as applied to electrons is calculated by the Poole-Frenkel
formula multiplied by a function that takes into account

Technical Physics, 2023, Vol. 68, No. 6

the concentration gradient of free traps in the near-surface
region of the dielectric:

et )= (1- (1 28 en(-25))
. exp<@>, (10)

ks T

where B = (€} /mer&9)'/* — Frenkel parameter; F(X, t) —

electric field; kg — Boltzmann constant; T — temperature.

The rate of change of the surface charge is taken into
account by means of relation (8), and the current density
js(t) is the sum of the currents flowing to the surface both
from the side of the bulk of dielectric and from the side of
the vacuum gap, for example, currents of low-energy ions
from the gas environment (plasma). If the electric field in
the vacuum gap is inverted, i.e., R/ (t) < 0, then the current
js(t) also includes electrons returned to the surface. In
particular, for the case of high vacuum and flying energy
EL(t) > Exa, where Ey; is the second crossover energy, one
can use the relation

js(t) = jrap(0,t) + jpir (0, 1) + jppr (0, 1)
+jTUN(O,t)—|—jTF(O,t). (11)

At the point of zero field, the electron drift stops, which
leads to local accumulation of charges in adjacent regions
and the appearance of large concentration gradients. Thus,
the microrelief of the electrons distribution in the conduction
band Wk (X, t)ppt (X, t), created near the specific points,
requires small values of the computational grid spacing for
its consideration in the calculation by the finite difference
method. This, in turn, due to the accumulation of errors,
makes it difficult to calculate the processes at large times
responsible for the shift of the second critical electron
energy for the SEE electron exit.

In view of the foregoing, the calculation at large times,
comparable with the time for the achievement by electron
flying energy E, (t) of the second critical energy Ey, for the
charged dielectric, is possible only by averaging the current
distributions over intervals exceeding the characteristic
length of the microrelief of these distributions near specific
points and in the local region of the strong electric field.

1.3. Electric field

Solving the system (2) —(5) and taking into account
the relation F(x,t) = —gradp(x,t), we obtain a formula
describing the distribution of the resulting electric field
inside the dielectric, i.e. field, which takes into account
the distribution of both the volumetric charge inside the
dielectric and the charge that is concentrated in the surface
layer of the dielectric:

X

F(x,t) = F(0,t) + eoler /p(é, t)dé, (12)

0
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where p(X, t) = ppr(X, t) + ppr(X, t) is the total density of
the excess (nonequilibrium) charge on deep traps in the
bulk of the dielectric.

In relation (12) the internal subsurface field of the open
side of the dielectric F(0,t) is given by a formula that
includes the parameters of the environment geometry h
and d , as well as the function of the influence of the
external source on the field distribution inside the dielectric
in the form of surface charge density os(t) on the surface
and the potential values of the conducting environment V; (t)
and V,(t):

h 1
FO.1) = d+&h (O-S(t)e_o o

d
< [(a-apie vt +vi) —v2<t>>. (13)
0

1.4. Current of secondary electron emission

The current density of SEE electrons, which depends
on the electric field in the near-surface region of the
dielectric, in the simplest case can be approximated by the
expression [15]:

jSEE(X, t) = jOSSEE(t) eXp(—SiO/eXp(—ﬂEF(é, t))dé),
0

(14)
where jo — current density of the primary electron
beam; Ssge(t) — SEE electron yield factor, which is a
function of the subsurface electric field F(0,t); Be —
parameter of electron current weakening by electric field.
The dependence of the SEE electron yield on time in
expression (14) is calculated by the formula [24]:

EL(t
Ssee(t) = A L( ) ail(t)[l — exp(—a(t))},
1
R(t
at) = %, s(t) = spexp(BeF (0, 1)), (15)
where A — selected parameter (probability of exit from
depth s(t)), Ei — ionization energy of a neutral dielectric

atom, Sp — average depth of SEE electrons yield in the
absence of the electric field, R(t) — maximum penetration
length of primary electrons with flying energy E, (t) into the
bulk of the dielectric.

1.5. Diffusion and drift currents

The density of diffusion and drift currents of charge
carriers (electrons) is determined by the expressions

joir (6 ) = D5 - (Wer (x, (X, 1), (16)

Jorr (%, 1) = —uf™Wee (X, opr (X, DF (X, 1), (17)

where Dﬁﬂo = D,P, — diffusion coefficient of free electrons,
taking into account the probability P, of the electron
entering the conduction band with subsequent trapping by
deep trap, ucT = D¢fey/kg T — the mobility of free electrons,
expressed by the diffusion coefficient in accordance with the
Einstein formula.

1.6. Currents of intrinsic and radiation-induced
conduction

The classical expression for the current density of intrinsic
and radiation-induced conduction, provided that the electric
field is relatively small F(x,t) < 10°V-em™! (as applied to
a-Al;03), is described by Ohm’s law

jrap (X, t) = (00 + oric(X, t))F (X, ), (18)

where op — intrinsic conductivity, and radiation-induced
conductivity is determined according to the Rose-Fowler
formula [25], oric(X, t) = kricD (X, t)2, in which D(x, t) —
dose rate distribution; Kkgrc — coefficient of radiation-
induced conductivity; A —parameter that depends on the
type of material and varies from 0.5 to 1 (@-ALLO 3).

Accounting for trains of LO-phonons generated by each
primary thermalizing electron with an energy below the
dielectric band gap (for a-Al,O3 below 10eV), leads to the
presence of additional components of induced conductivity.
In particular, it becomes necessary to take into account the
tunneling current jtyn(X,t) of electrons in free deep traps
in the concentration gradient region of these traps, as well as
the current jtg (X, t) associated with multiphonon ionization
due to trains of optical phonons.

Thus, the total current density of intrinsic and radiation-
induced conduction within the framework of the model
takes the form

JRap (X, 1) = jrap (X, t) + jrun(X, t) + jre(X,t).  (19)

1.6.1. Tunneling current through deep traps due to
LO-phonon trains

In the available publications [17,20,26-38] relating the
calculation of the tunneling current of electrons maintained
by phonons through traps in the dielectric, the situation is
not considered in which the decelerating electrons of the
primary beam with energy below 10eV actively participate
in the generation of phonons.

Thus, in the proposed model, the following key features
of electron tunneling in the dielectric between deep traps
under conditions of irradiation with low-intensity medium-
energy electron beam (6—30keV) are distinguished:

e Fach primary electron of the beam after completion
of the processes of generation of electron-hole pairs, but
before thermalization, having the energy from value slightly
exceeding the phonon generation threshold to values of
about 10¢V, intensely generates the train of oscillations of
optical and acoustic phonons over a time of 200 fs [16].

Technical Physics, 2023, Vol. 68, No. 6
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e Fach trap electron, being in a deep potential trap,
together with its held dielectric atoms, participates in
phonon oscillations of these atoms, periodically acquiring
sufficiently high kinetic energy (up to several eV), which is
maily determined by the train of LO phonons produced by
each thermalizing electron of the beam. As a result, the
trap electron periodically rises to the edge of the potential
well of the trap, getting the opportunity to make a tunnel
transition or to enter the conduction band.

o If the dielectric has the structure of a crystal, then
the LO-phonon vibrations of this crystal atoms and,
consequently, the kinetic energy of the trapped electron
associated with them are strictly oriented with respect to the
crystallographic direction so that the trapped electron can
leave the given trap only in 2 opposite directions, oriented
to the nearest free traps of the crystal structure, for example,
oxygen vacancies.

o If an electron trapped in the deep trap is in excited
state due to interaction with the train of LO-phonons, then
it will most likely leave the trap in the direction from which
the average distance to the nearest free trap will be less.
The average interval between the generation of LO-phonon
trains, thermalized in the crystal by electrons:

€o

Jre(0,)S¢”

where jpg(0,t) is the current density of the primary
electron beam injected into the dielectric; S — crystal area,
which is irradiated by the transverse beam.

Let the number of trap electrons participating in the
shift towards the surface by the value of the aver-
age distance (ltun) = ¢/Ni(X) between traps is equal to
por (X, YW(X, t)/eg, where W(X) — probability of the trap
electron participation in the shift to the surface at distance
(Itun) during the action of the next LO-phonon train. Then
the effective velocity of the trap electrons through the traps
is equal to

Atpg = (20)

1

- Atpe /Nt (X) ’

The probability W(X) can be represented as the product of
the coefficient of proportionality ktyn and the concentration
gradient of free electron traps

Vte(X) (21)

N X
W(X) ~ kryn|gradN(x)| = Kruno - exp <_ XTUN)'

XTUN
(22)
For the tunneling current density at depth X, we obtain
the expression

JTun(X, t) = vee(X)opT (X, HW(X) (23)
or explicitly
. N . _
jTun(X, t) = ktun X—SDT jPe(0, 1)ScNy (x) 713
TUN
_ X
X ppr(X, t) exp <— v > . (24)
TUN
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Assuming that the probability of the trap electron tunnel-
ing to the neighboring trap depends on the distance (ITyn)
to it as [26]:

Lﬁ) , (25)

X —5 €&Xp -2 ITUN
(lrun)? < thron) ==
where m*, Er and i — are the effective electron mass, trap
depth, and Planck’s constant, respectively.

Taking into account the above for the tunneling current

density in deep traps, we have

N .
o ipe(0.DSN ()
TUN

. X
x ppr (X, t) exp <— Xron > ,
(26)

where P(X, Lpn) is the quantity that considers the fraction
of all electrons in the primary beam that contribute to the
generation of LO-phonon trains at the point X, depending
on the average attenuation length of optical phonons L.

Thus, by introducing an additional parameter Lpn, which
characterizes the average decay length of optical phonons, it
becomes possible to take into account both short-range and
long-range orders in the dielectric, going, respectively, from
the amorphous phase to the crystalline one.

jTun(X, t) = krunP(X, Lpn)

1.6.2. Current due to multiphonon ionization stim-
ulated by LO-phonon trains

The presence of zero field point deep in the dielectric
(x = 10~%m) leads to increase in the electron concentration
npt (X, t) in this region. A similar situation arises in the
near-surface region at a depth of 1nm [15]. Accounting
for the current jrg(X,t), which depends on the electric
field in the near-surface region of the dielectric, contributes,
along with other currents, to additional suppression of the
growth of inhomogeneities in the distribution of electrons in
traps, which, among other things, has a positive effect on
the computational characteristics of the model.

Assuming the rate of generation of free electrons by LO
phonon trains proportional to the current density of primary
electrons, we have

V\ér (X, t) X jpE(X, t) e§0 (27)

The average drift lengths of the released electrons in
opposite directions, orthogonal to the open surface of the
dielectric, are determined by the expressions

lRE(F(X, t)) = lEO €xp (—FﬁEF(X, t)) . (28)

Ate (F (X, 1)) = Ago exp(—BeF (X, 1)), (29)
where Ago is the average electron drift length in the
absence of the electric field F(x, t), and Are(F(X,t)) and
Are(F(x,t)) are the mean electron drift lengths in the
forward direction, i.e., to the back electrode, and in the
opposite directions in the presence of the electric field,
respectively.
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1.7. Thickness of dielectric d > Ry (EL)

If we assume that the concentrations of free deep
traps in the near-surface region are sufficiently high
NgpT ~ 102 m—3, then we can assume that the electrons
released due to the LO-phonon train, after movement to
distance Ag(F(x,t)) are trapped by free traps and do not
recombine with near-surface holes. In this case, the average
velocity of electrons in traps (taking into account the exit to
the conduction band) is given by the expressions

vRre (X, t) = Are (F (X, t)) W (X, 1), (30)

VTE (X, t) = Me (F (X, t))V\ér (X, t). (31)

Then the current density in deep traps (taking into
account the drift in the conduction band) can be expressed
as the algebraic sum of two components of the current
densities:

jTE(X, 1) = jre(X, t) — jTe(X, 1)

_ %p,;T(x, Ovre (X, t) — e O], (32)

where the coefficient 1/2 is related to equal proportion of
electrons moving in the forward and reverse directions when
entering the conduction band.

Taking into account the expressions for the rate of
electron generation due to LO-phonon trains (27), as well
as the transport average velocities (30) and (31), the above
expression can be represented as

JTr (X, t) = kreP(x, Lph)% jre(X, t)opr (X, 1)

X [)-RE (F (X,t)) _ﬂvTE (F(X, t))], (33)

where ktg — coefficient that can be selected on the basis
of experimental data.

2. Experimental results
Below there are the results of modeling the kinet-

ics of charging the high-resistance dielectrics using the
example of widespread oxide a-Al,O; (sapphire) (see

Main parameters a-Al;O3 (sapphire)

Parameter Values Units

& 10

Un 4.107* [21] m%/(V-s)
Up 2-1077 [21] m%/(V-s)
Uth 10° [21] m/s

Eqy 9 21] eV

P 398 kg/m’
Kric 4.6-107' [39] S-s%/(m-rad®)
Not 10% m~>
Nsor 10% m~’

4
3.0 20 : : .
: —— Ep=12keV
—-—-Ey=15keV
251" Eo=20keV -
L e Eo =30 keV
Ezo - .
1.5k i
i
1ok — e o —— s
0 50 100 150 200

Figure 3. Incoming energy of primary electrons vs. irradiation
time at different initial energies Ey. Here jo= 1074 A/mz,
d=1mm,h=1m

Table), corresponding to various initial conditions |, Ep, at
zero boundary conditions Vi (t) =V,(t) =0V and h=1m
(thereby simulating the laboratory conditions of charging
in conducting environment, which correspond to space
conditions with a Debye radius equal and over 1 m [1]).

Fly-in energy of primary electrons Fig. 3 at initial
energies Ey in the range from 12 to 30keV and current
density jo = 10* A-m~?2 reaches quasi-equilibrium in the
irradiation time interval from 50 to 100s at dielectric
thickness d = 1l mm. The current density jtyn(0,t) in the
near-surface region of the dielectric, due to the presence of
a large concentration gradient of free traps, contributes to
a strong influx of electrons from the bulk to the surface of
the dielectric, which is illustrated by the time dependence
of the total current jg(t), charging surface (Fig. 4), most
of which is formed by the currents jtun(0,t), jtr(0,1)
and jric(0,t). As a result, there is an inversion of the
subsurface field of the dielectric F(0, t) < 0 (Fig. 5) occurs,
which leads to the formation of a zero field point near the
open surface at a depth of about 1 nm.

It can be seen from Fig. 6 that the maximum fraction of
the surface charge in relation to the charge stored in the
bilk at Ngp1/Npt = 10 reaches 8% at energies of primary
electrons Ey close to Ex;. The exit of SEE electrons,
along with the injection of primary electrons, leads to the
formation of two main distribution centers of holes nit (X, t)
and electrons ng(X,t) trapped in deep traps. The first of
which is located in the near-surface region, the second —
in the depth of the irradiated region of the dielectric. The
change in the dependences of these distributions for the
energy Eg = 15keV is illustrated in Figs 7 and 8.

Analyzing the data corresponding to the initial energy
Ep = 15keV, it can be seen that quasi-equilibrium in the
charge distribution curves corresponds to the times of
equilibrium for the current jg(t) charging the dielectric
surface.
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Figure 4. Total current density, charging dielectric surface vs.
irradiation time at different initial energies of primary electrons Ey.
Here jo = 107*A/m?, d=1mm, h=1m.
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Figure 5. Subsurface field vs. irradiation time at different initial
energies Ey. Here jo = 107*A/m?, d=1mm, h=1m.

The presence of the first electric field maximum Fyax
(x = 1.5-10"%m (Fig. 9)) leads to enhanced ionization of
deep electron traps, as a result the Poole-Frenkel effect,
followed by the recombination of released electrons with
holes i1 (x, t), which is manifested by the depletion of the
distributions of both electrons and holes in deep traps in
this region (Fig. 7 and 8).

Holes generated as a result of radiation-induced con-
duction, due to recombination lead to gradual neutral-
ization of the central part (X ~3.5-107"m) of the dis-
tribution Npr(X,t) of electrons trapped in deep traps.
It is also reflected in the electric field distribution
in Fig. 9. Rate of holes generation in the depth
of the dielectric can exceed the rate of their re-
combination, which in our case leads to increase in
the holes concentration of holes in the depth of the
dielectric(x ~ 3.5-107°m (see insert Fig. 7)), forming
another positive charge center near the second maximum
of the electric field Fyaxo.
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2.1. Thickness of dielectric d is close to Ry (EL)

Actual issues relate to the charging of dielectrics, the
actual thickness of which reaches ~ 100 um (for example,
light-conducting protective coatings of solar cells of space-
crafts).

When the thickness of the dielectrics is comparable to the
maximum range of primary electrons, a feature appears in
the charging kinetics associated with the two-stage process
of establishment of charge quasi-equilibrium.

In particular, for the initial energy Eg = 15keV on the
graph of the total current of electrons charging the surface
js(t) (Fig. 10), flowing from the bulk of the dielectric, the
two-stage process is observed: the first stage of a rapid
change in currents at relatively small times ~ 50s, the
second stage is a long-term negative charging of the surface.

In contrast to similar processes at thicknesses
d > Rpax(EL), the surface potential (fly-in energy Ej(t))

10 T T T
—— Eg=12keV
gL —-—- Ep=15keV |
E() =20 keV
-------- Eo=30keV
6 -
X
e
4 -
2 _.I I R s T B Y e R e Bt :
Y AT 25 ST YR DY ISR RS 1R A RS
0 50 100 150 200

Figure 6. Fraction of charge stored on surface traps with relation
to total charge in bulk of dielectric Ey. Here jo = 1074 A/mz,
d=1mm, h=1m.
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Figure 7. Distribution of holes left after release of SEE, trapped
by deep traps at initial energy Eg = 15keV, corresponding to
different times. Here F.x1 —is the coordinate of the first electric
field maximum, jo = 107 A/m?, d = 1mm, h= 1m.
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Figure 8. Distribution of electrons trapped by deep traps at initial
energy Ey = 15keV, corresponding to different times. Here Fpax1
and Fpax> are the coordinates of the first and second maximums
of the electric field, respectively, jo = 107*A/m?, d = 1mm,
h=1m.
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Figure 9. Distribution of electric field at initial energy

Eo = 15keV, corresponding to different times. Here Fnac1 and
Finax 2 are the coordinates of the first and second maximums of the
electric field, respectively, jo = 107*A/m?, d=1mm, h=1m.

does not reach the equilibrium state during the time to reach
quasi-equilibrium by surface currentjs(t). In particular, it
can be seen from Figs 11 and 12 that the onset of the
quasi-equilibrium state in the irradiated region (depth up to
2-10~%m) does not correspond to the time of the first stage
completion on the dependences of currents js(t) Fig. 10.

Further charging of the dielectric leads to increase in
the distribution of electrons trapped by deep traps in the
vicinity of the second point of the zero field (X ~ 1076 m)
on the side of positive values of the electric field. In the
region of the negative electric field (Fig. 11), due to its large
magnitude, there is a strong outflow of electrons towards
the back electrode due to the deep traps ionization with
subsequent drift in the electric field.

2.2. Variable radiation environment

When the spacecraft enters the Earth’s radiation belt
or as a result of the solar flare the initial conditions for
dielectric charging may change. This situation often occurs
in natural conditions, but is not yet reproduced in standard
test methods for radiative electrostatic charging.

The present model allows simulating such a situation as
switching the initial energy Ej and/or the initial current den-
sity jo, which gives more opportunities to verify the model
and to bring the result closer to the natural environment.

One of the advantages of switching the initial conditions
(by the example of switching the initial energy Ey) is the
possibility to realize the case corresponding to the flying
energy Ei(t) less than Ey, for charged dielectrics. In
particular, Fig. 13 shows that after changing the initial
energy Ey from 20 to 12keV, the flying energy decreases to
E_ ~ 6 keV. Further, the incoming energy E_ (t) changes to

—7
8 Xlo T T T
—— Ey=12keV
—-—-Ey=15keV
Eo=20keV
-------- Eg=30keV
100 150 200

f,s

Figure 10. Total current density, charging dielectric surface vs.
irradiation time at different initial energies of primary electrons Ej.
Here jo = 107* A/m?, d = 100um, h= 1m.
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Figure 11. Distribution of electric field at initial energy of

primary electrons Ey = 15keV, corresponding to different times.
Here jo = 107* A/m?, d = 100um, h= 1m.
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Figure 12. Distribution of electrons trapped by deep traps at
initial energy Eg = 15keV, corresponding to different times. Here
jo=10"*A/m? d = 100um, h= 1m.

the second crossover energy Ey, in the absence of return of
EEE electrons to the emitting surface.

Thus, such an approach makes it possible to simulate
the charging of dielectrics upon irradiation with electrons
with energies both above and below the second crossover
energy Eyo.

Increasing the current density of the primary beam to
100 nA/cm? enhances the density of current js(t) charging
the surface traps (Fig. 14). In this case, the relative fraction
of the stored negative charge on the surface of the dielectric
in the peak reaches 70% (Fig. 15) of the total stored charge
of electrons and holes trapped in deep traps of the bulk.

2.3. Discussion of results

The generation of LO-phonon trains, along with the
concentration gradient of free deep traps in the near-surface
region of the dielectric, leads to the stable negative charging
of the dielectric surface. In this case, the fraction of
the surface charge can reach about 70% with respect to
the total space charge of electrons and holes trapped in
deep traps. Although the model can give, in view of
the approximations made in the theoretical part, somewhat
overestimated results.

The values of the initial energy Ey(t), which are close to
the second crossover energy Ey,, along with the increased
current density of the primary beam jo, lead to increase
in the fraction of charge trapped on dielectric surface. As
a result, strong negative electric fields F(0,t) ~ 107 V/m
are formed, which can shift the second crossover energy
to new value Ey, < Exo. The developed model is suitable
to consider the presence of a plasma environment. In
this case, instead of the value of the vacuum gap, one
should speak about the Debye length. The decrease in
the vacuum gap h leads to a strong increase in the electric
field inside the dielectric, which can subsequently lead to
electrical breakdown of the dielectric. Such situation can
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Figure 13. Fly-in energy of primary electrons vs. time in mode
of switching the initial energy Eo from 20 to 12 keV, corresponding
to time ts = 25s. Here jo = 10 A/m*, d = 1mm, h=1m.
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Figure 14. Total current density, charging dielectric surface vs.
irradiation time at different initial energies of primary electrons Ej.
Here jo =103 A/m?,d = 1mm, h= 1m.
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Figure 15. Fraction of charge stored on surface traps with relation
to total charge in bulk of dielectric at different energies of primary
electrons Eg. Here jo = 107> A/m%, d = 1mm, h = 1m.
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take place when actual dielectrics in geomagnetic plasma are
considered, whereas in the case of a random plasma flare in
the environment the Debye length can sharply decrease, and
the dielectric surface can be charged with positive plasma
ions until the surface potential is completely neutralized,
@s = 0. The positive charge presence on the surface of the
dielectric and small value of h can lead to strong increase in
the electric field inside the dielectric to critical values and,
as a consequence, breakdown of the dielectric.

In dielectrics of thickness ~ Ryax(Ep), the strong outflow
of electrons towards the back electrode occurs after quasi-
stabilization of the distributions of electrons and holes
trapped in deep traps. The largest contribution, along with
the dark current, is made by the drift current (enhanced by
the Poole-Frenkel effect) in strong electric field. The outflow
of electrons into the non-irradiated region of the dielectric
leads to shift in the center of mass of the distribution of
electrons trapped in deep traps towards the back electrode.
The potential of the open surface continues to rise until
the distribution of electrons Nnp;(X,t) reaches the back
electrode, after which the potential rise slows down sharply
up to quasi-equilibrium state, while the fly-n energy E (t)
does not reach second crossover energy Ey,.

Conclusion

Thus, using a-Al,O3; as an example, we demonstrated
that electron transfer under the action of LO-phonon trains
can play a significant role in the presence of concentration
gradient of free deep electron traps, as well as strong
electric fields, which takes place, in particular, in the near-
surface region of actual dielectrics. Accounting for these
processes complements the current of ,classical® induced
conduction associated with the generation of electron-hole
pairs. In particular, the density of acurrent associated with
the ionization of deep traps due to LO-phonon trains leads
to depletion of the concentration of electrons trapped by
deep traps in the near-surface region of strong electric field.
The presence of the current density associated with the
gradient of free deep traps in the near-surface region in
the presence of LO-phonon trains promotes a large outflow
of bulk electrons due to tunneling processes through deep
traps from the near-surface region to surface traps.

The contribution of currents based on trains to the total
induced conductivity increases in proportion to the rise of
the primary electron current, which affects the charging of
surface deep traps and leads to inversion of the subsurface
electric field ~ —10° V/m. In this case, the fraction of
the charge trapped by surface traps reaches ~ 70% of the
total excess charge of the bulk of dielectric for the primary
current density 100 nA/cm?.

The model shows that in the simplest case, the total
charge distribution of electrons and holes in the bulk
of dielectric has the form of ,three-mode” distribution,
which differs from representations that take into account
distributions corresponding to two modes (two layers): the

distribution of holes remaining after the release of SEE
electrons; distribution of stopped primary electrons. The
presence of such a distribution is due to the consideration of
the recombination processes associated with the enhanced
ionization of deep traps by means of LO phonons train in
regions of strong electric field, as well as the presence of
recombination maximum of electrons injected deep into the
dielectric with holes left after the generation of electronhole
pairs near the second point of zero field X ~ 10~ m.

The switching mode of the primary energy of electrons
makes it possible to simulate the charging of the dielectric
by electrons with an fly-in energy lower than the second
crossover energy Eyx, =~ 10keV corresponding to the un-
charged dielectric a-Al,O3. In mode that does not take
into account the switching of the initial energy of electrons,
direct simulation with energy below the second crossover
energy can lead to difficulties associated with consideration
of the part of SEE electrons returned by the electric field.

The decrease in dielectric thickness to values about the
maximum range of primary electrons leads to a critical rapid
growth of the electric field in the unirradiated part of the
dielectric, which can subsequently cause electrical break-
down until the charging mode reaches quasi-equilibrium
with respect to the surface potential. In particular, for
the dielectric thickness ~ 100 um only currents charging the
surface have time to reach quasi-equilibrium.

Accounting for the heterostructure vacuum gap surface
bulk of dielectric makes it possible to carry out simulations
that include charging the dielectric surface, including by
low-energy ions of the vacuum environment (plasma, resid-
ual atmosphere).
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