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Abstract

The new flight-drift model (FDM) of selfconsistent electron transport and electrical charge storage in wide-gap insulators reflects a more realistic
simulation of these processes in dielectric and insulating materials than the former mainly ballistic model. Thus, electron-hole creation, their ballistic
flight, followed by field-drift transport, and finally trapping in localized states and/or recombination are taken into account. The experimentally
accessable quantities of field assisted secondary electron emission o as well as the resulting surface potential V; due to internal current j(x, 1),
charge p(x, 1), field F(x, t), and potential V (x, ¢) distributions are obtained. The calculations are performed for bulk Al,O; ceramics with open and

metal-coated and grounded surfaces.
© 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Insulating and dielectric materials, especially as oxides, per-
ovskites, ceramics, and functional layers become more and
more important in modern technology.! Especially, the influ-
ence of dielectric polarization and charging on the features
of these materials has been investigated more intensively and
reported, e.g. on the conference series on Electric Charges in
Non-Conductive Materials.>? Furthermore, the electrical charg-
ing of insulators under different types of ionizing irradiation
(electrons, neutrons, and X- y-Rays) is of considerable interest
in many fields of technology and science from the development
of thermonuclear fusion (ITER) as a possible future source of
energy, see ref.* to the multiform development of insulating
materials for satellites and spacecrafts protection.’ All these
applications come within the same physical mechanism. Irradia-
tion induces the injection of high energetic charges and generates
electron-holes pairs. Secondary electrons are emitted but an
important part of the charge carriers remains in the sample and
its drift depends on the trapping properties of the material. The
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knowledge of these charging phenomena would help in prevent-
ing insulator breakdown mainly responsible for the damage of
electronic devices.®

A first approach of these phenomena is based on the
dynamic double layer model (DDLM) in which the phenomenon
is brought to the simplified case of two layers of opposite
charge. A solution of the respective equations were achieved
by Melchinger and Hofmann.” More recently, Cazaux® devel-
oped a description of the SEE evolution in insulating samples
using this DDLM.

The first comprehensive Monte Carlo calculations of the self-
consistent charging were made by Vicario et al.” Ganachaud et
al.’% and Renoud et al.''!2 Of course, these calculations are
complex because of the deal with the full simulation of primary
electron straggling as well as with the generation and transport
of secondary electrons and holes in the selfconsistent field. Nev-
ertheless, it is of importance to enlighten this phenomenon of
selfconsistent charging. One of the first attempts was the pla-
nar selfconsistent charging simulation of our co-author (HJF)
already in 1978,'314 later on improved for insulating layers on
conducting substrate in ref.!> and for bulk materials in ref.'®
These authors use field-dependent attenuation lengths A(F) for
the ballistic transport of electrons and holes which had been
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Fig. 1. Scheme of the flight-drift model including the ballistic flight and attenuation followed by drift, trapping, and recombination of electrons and holes in and/or

via respective traps.

found experimentally by means of electron beam induced cur-
rents (EBIC) measurements'’>'® and had been verified by Monte
Carlo calculations.'9-20:21,22

The present paper will extend the ballistic flight model for
electrons and holes to a more comprehensive and realistic new
flight-drift model (FDM). There the ballistic flight of excited
electrons and holes is followed by their drift and respective
recombination and/or trapping in shallow and deep traps, see
Fig. 1.

2. Electron and hole transport

The scattering and straggling of primary electrons (PE), their
excitation of secondary electrons (SE) and holes (H) as well as
the ballistic flight and attenuation of the latter ones as ballistic
electrons (BE) and holes (BH), as presented schematically in
Fig. 1, has been described partially in ref.'® and more compre-
hensively in our recent paper.® In the present paper, we will
pay attention to the new extensions, i.e. the drift of electrons
and holes in selfconsistent fields, their recombination and/or
trapping in localized states, i.e. traps, as well as their release
from these traps by means of the Poole—Frenkel effect.>*2>

These processes are included in the following Eq. (1) for
drifting (D) electrons (E) in reverse (R) towards the surface and
transmission (T) into bulk directions:

JBER(x) = {jBETR(x + Ax) +

JBER(X)[1 — WEpr(x)] + jBET(X)[1 — WEFT(X)] + 0E1(Xx)WEIPF + QE2(X) WE2PF

generated drifting electrons in the electric field F; and as elec-
tron drains we see the recombination and trapping terms with
trap concentrations N and actual charges p as well as the respec-
tive cross sections S, all as presented in Fig. 1. Of course, the
current equation jgg¥ for holes (H) looks adequate.

The field direction factor Fg of generated electrons, initially
moving in an electric field F, is explained by Monte Carlo
calculations!® and approximated with Eq. (2) for electrons and
holes, respectively.

FE : lt ht )
= — F ~tanh—
W= TR
The Poole—Frenkel release?*% of charges from traps is given
by Eq. (3):
ER — AEpr
Witer = fifexp {—H T 3

with the trap barrier lowering A Epr due to an electric field F/
given in Eq. (4):

232
AEpp =2——— F'% = pppF!/2 )

(4meper)'/?

For the relevant dielectric and insulating materials alumina
and silica we get the trap barrier lowering:
FE(X)}

generation detrapping
X exp [—QHlSEHle} exp [—QHZSEHZA)C] exp {— <N1QE1) SEle] exp [— <N2 — QEQ) SEgAx} (1)
eo eo [} €0
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recombination

Here the convection term describes incoming and outgoing
drifting electrons in the depth element Ax; the generation term
presents the sources of drift electrons by attenuated (exhausted)
ballistic electrons; the detrapping term is the Poole—Frenkel
release of electrons from traps, presenting also a source of
drifting electrons; the field factor Fg means the anisotropy of

trapping
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We may describe the trapping and detrapping processes by
first-order kinetics. Thus, an incident current density j leads to
an actual trap occupation rate ny(t) with time #:

j Etr — AE

dnT:—l-i(N—nT)Sdt—an exp B Nl dt
eo kT

(6)

where the second term means the Poole-Frenkel release of
trapped charge (detrapping). N is the existing trap concentration,
S the capture cross section, f an “attempt of escape frequency
factor”, shortly called pre-exponential “frequency factor”, and
AFEpr is the lowering of the thermal activation energy ET by
an electric field F, i.e. the Poole-Frenkel effect, as described by
Egs. (3) and (4).

In the following we have tested the trapping and
Poole-Frenkel release mechanism by means of time-dependent
filling and detrapping of the balance Eq. (6) and its iterative
integration t = t + At. Thus, we get the partial filling rates as
presented in Fig. 2.

From these calculation we may deduce an appropriate fre-
quency factor dependence on the trap activation energy, see
Fig. 3:

log f = 4 + SE7(eV). )

where fis given in s! and the activation energy Et in eV.

Then the resulting charges will be counted from the bal-
ance of trapping and detrapping probabilities as well as from
current fluctuations (divergences) as described detailled in
ref.??

3. Samples with open and metal-covered surfaces

The problem of electron beam charge injection in different
target arrangements is demonstrated in Fig. 4. Incident electrons
(so-called primary electrons PE) with initial energy E( and cur-
rent density jo penetrate the insulator target up to the maximum
range R(Ey) and create a mainly positive—negative spatial charge
distribution o(x) where the positive charge beneath the surface
is due to secondary electron (SE) escape into vacuum (open
sample) or into an electrode upon the surface (coated sample).
According to the electrode arrangements the charges will create
different field and potential distributions F'(x) and V(x), respec-
tively, with a low surface field F(x = 0) ~ 0 and a high floating
surface potential V{y for the open sample and a fixed zero surface
potential for the grounded surface Vy = 0, see Fig. 4(below).
However, the latter one shows a high electric field beneath the
surface.

The electric field F(x,t) in open samples (Fig. 4, above)
is calculated by successive summation (integration) of charges
beginning from the surface into the bulk, i.e. towards the
grounded support, see Fig. 4, because the sample support is
the nearest electrode to the incorporated charges, usually much
closer than any other metallic parts of a scanning electron micro-
scope (SEM). Thus, the electric field of all charges possesses a
component into the sample and the field at the surface F(x = 0)
is nearly zero.
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Fig. 2. Trapping and detrapping rates of charge carriers in localized states (traps)
with concentration N = 10'8¢cm~3 and thermal activation energies Et = 0.3
and 1.5 eV, respectively, according to Eq. (6).

Of course, the metal-coated sample (Fig. 4, below) presents
a special case of the previous procedure with the fixed value
Vo.metal = 0 and all field contributions of incorporated charges
are directed to the close metallic surface electrode, vice versa,
as for open samples where the field components are directed to
the support (as the closest electrode). But here, in metal-coated
samples, the electron penetration depth R of about 3 wm can be
neglected with respect to the bulk sample thickness d of several
millimeters.

4. Results and discussion

Open samples possess an open, non-covered surface and the
secondary electron emission is only limited by the height of
the surface barrier, i.e. by the electron affinity xaj,0, = 0.9eV.
Of course, all holes and also low energy drifting electrons
will be totally reflected at the surface barrier. The total current
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Fig. 3. Detrapping frequency factor f of charge release from traps with thermal
activation energy ET, demonstrating the range of full to empty traps for two
temperatures 7 = 300 and 800 K according to Eq. (6) and Fig. 2.

Jwot(x), the charge p(x) and field F(x) distributions in depen-
dence on electron beam irradiation time ¢t = (10, ..., 100) ms
(Eo = 20keV, jo = 1073 A/cm?) are presented in Fig. 5(left).
At the surface, we see the built-up of a positive charge distri-
bution with a center of gravity at about 2.5nm. The field is
increasing positively enforcing field-enhanced secondary elec-
tron emission into the vacuum. The field remains positive up to
0.5 wm sweeping electrons towards the surface and holes into
the bulk. Then, beyond 0.5 pwm, the field changes to negative val-
ues and keeping almost constant up to the support electrode at
x = d = 3mm. The drifting and finally trapped charges form
a four-fold charge distribution: plus—minus—plus—minus. The
positive surface charge is due to emitted SE and remaining
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holes as we have obtained already by the former only ballistic
model.'®

Here we should mention, that all distributions, especially
of jiot(x) and pyor(x) are shrinked towards the surface and do
not reach the electron maximum range R(E() in a remarkable
extend. The reason for that is given by the overall negative charg-
ing and the resulting negative surface potential Vj. After 10 ms
irradiation it approaches already —13 keV and the resulting ini-
tial energy of the incident electron beam is E{y = Eg + eVs =
7 keV, see ref.23

As already mentioned in context with metal-covered samples
and Fig. 4 thin metal or conducting material layers, like carbon,
electrically grounded, are conventionally used to avoid surface
charging of insulating samples. These layers are mostly evapo-
rated or sputtered onto the surface, their thickness is very thin,
about 10 nm, in order not to affect the incident electron beam so
much.

As we see in Fig. 5(right) the distributions of currents,
charges, fields and potentials are shown for surface potential-
fixed layers Vo = 0. They show much less fluctuations than
for open layers in Fig. 5(left). The plus and minus charges are
located near to the surface and the field is thoroughly positive
increasing towards the surface up to 0.3 MV/cm. The negative
potential shows a maximum of only —27 V in the depth, nearly
at the maximum range R &~ 3 p m of the incident electrons with
energy Eg = 20keV. Thus, the incident and spatially exciting
electron beam is not affected by retarding field effects. Thus,
the main intention of charging prevention is fulfilled, however,
the greatest affect to the SEE measurements, spectroscopy or
microscopy is given by the electron scattering in the metallic or
conducting material layer on the surface. Therefore, preference
should be given to positive-ion-covered surfaces as discussed
also in ref.2? in context with ESEM, or even to charge neutral-
ization by “low energy electron rinsing” as commonly used in
electron spectroscopy of insulating samples.

Surface Reflection - Absorption

metallic layer
on the surface

Fig. 4. Plus—minus charge distribution p(x) beneath the surface and the respective electrical field F(x) and potential V(x) distributions in a dielectric sample on
conducting support with an open surface (above) and a metal covered and grounded surface (below). On the right, the reflection and/or absorption of electrons and

holes at the respective surfaces are shown.
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Fig. 5. Total current jioi(x), charge p(x), and field F(x) depth distributions in a bulk (3 mm) Al,O3sample as a function of irradiation time ¢ for an initial beam
energy of Eg = 20keV and current density jo = 107> A/cm?; left: in an open surface sample; mention that all the bulk distributions are shrinked towards the surface
because of a strong negative charging and respective retarding of the electron beam to Ejy = Eo — e¢Vy = 7 keV; contrary to right: for a metal-covered and grounded

surface (Vp = 0).

5. Conclusions

The new flight-drift model of selfconsistent electron trans-
port and electrical charge storage in wide-gap insulators reflects
a more realistic simulation of these processes in dielectric and
insulating materials. Electron-hole creation, their ballistic flight,
followed by field-drift transport, and finally trapping in local-
ized states and/or recombination are taken into account. The
experimentally accessable quantities of field assisted secondary
electron emission o as well as the resulting surface potential Vj
due to internal current j(x, t), charge p(x, t), field F(x, t), and
potential V(x, t) distributions are obtained.

The charging of open, i.e. non-covered and floating insulat-
ing bulk samples is strongly controlled by the surface potential
Vo(x = 0) and the consequent electron beam retarding for neg-
ative charging Vp < 0 or even beam accelleration for positive
charging Vj > 0 according to the affection of the initial energy
E{, = Eo + eVp. Thus, the maximum range of incident pri-
mary electrons is rapidly diminished for high beam energies
Ey > 5keV by negative charging and the internal current, charge
and field distributions are shrinked strongly towards the surface.

A similar effect is given in conventional metal or conducting
material coated insulating samples. Usually the coating layer
is grounded and no electron beam retarding field effects are
observed, also within the sample where the negative potential
distribution does not exceed several tens of Volt, i.e. V(x) <
—50 V. Thus, the exciting electron beam is not affected neither
in the front of the surface in vacuum nor in the internal bulk

insulator. However, one cannot neglect the additional scattering
of the incident electron beam as well as of backscattered and
secondary electrons within the coating layer. Thus, in order to
prevent charging, the positive-ion-covered surface bears certain
advantages versus metal coating.
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