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The electron beam induced self-consistent charge injection and transport in a layered insulator SiO2–Al2O3 is described by means of an electron–hole 
flight–drift model FDM and an iterative computer sim-ulation. Thermal and field-enhanced detrapping are included by the Poole–Frenkel effect. The 
surface layer with a modified electric surface conductivity is included which describes the surface leakage cur-rents. Furthermore, it will lead to particular 
charge incorporation at the interface between the surface layer and the bulk substrate. As a main result the time-dependent spatial distributions of 
currents j(x,t), charges q(x,t), field F(x,t), and potential V(x,t) are obtained. The spatial charge distribution with depth shows a quadro-polar plus–minus–

plus–minus structure in nanometer dimension.

1. Introduction

The scaling down of electronic devices results in a constant de-

crease of the involved dielectric thickness leading to various prob-

lems of physical limits such as high leakage currents or breakdown

phenomena. The use of modified surface layers or thin film depo-

sitions are classical solution to reach the limited thickness or mass

reduction while avoiding the problems mentioned above [1,2]. For

a better understanding of these phenomena of charge transport in

insulators a physical model and a computer simulation will be set

up in the present paper. Indeed, thanks to a flight–drift model

(FDM) of injected electrons and holes in insulators and an iterative

computer simulation an understanding of the self-consistent

charge transport in bulk insulating samples is possible [3–5].

The aim of the present work is to show the influence of a silica

(SiO2) surface layer on the electron and hole injection, drift and

trapping, on the secondary electron emission, and on the spatial

charge distribution in alumina (Al2O3) bulk samples.

2. Theoretical background

The problem of electron beam charge injection in a heteroge-

neous layered target is demonstrated in Fig. 1. Incident electrons

(so-called primary electrons PE) with initial energy E0 and current

density j0 penetrate the insulator target up to the maximum range

R(E0):

RSiO2
¼ 33:7ðE0=keVÞ

1:55; ð1aÞ

RAl2O3
¼ 28:7ðE0=keVÞ

1:55; ð1bÞ

where R is given in nm, and the electron beam energy E0 should be

inserted in keV [6]. The flight–drift model (FDM) with the scattering

and straggling of primary electrons (PE), their excitation of second-

ary electrons (SE) and holes (SH), their ballistic flight as ballistic
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electrons (BE) and holes (BH), respectively, their attenuation and

drift as drifting electrons (DE) and holes (DH) in self-consistent

fields, followed by recombination and/or trapping and detrapping

in localized states (traps) is presented schematically in Fig. 2. All

these processes are included in the following Eq. (5) for drifting

electrons (DE) in reverse (R) direction towards the surface and

transmission (T) directions into the sample volume (bulk):

j
DER
DETðxÞ ¼ j

DER
DETðx� DxÞ þ jBERðxÞ½1�WEFRðxÞ� þ jBETðxÞ½1�WEFTðxÞ�½

n

þ convection generation by ballistic attenuation

þ .E1ðxÞWE1PF þ .E2ðxÞWE2PF

�
� FEðxÞ

�

� detrapping by Poole—Frenkel effect

� exp � N1 �
.E1

e0

� �

SE1Dx

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

WE1

� exp � N2 �
.E2

e0

� �

SE2Dx

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

WE2

� trapping in shallow
ð1Þ
and deep

ð2Þ
states

� exp �
.H1

e0
SEH1Dx

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

WEH1

� exp �
.H2

e0
SEH2Dx

� �

|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

WEH2

� recombination with holes: ð2Þ

Here the first convection term describes incoming and outgoing

drifting electrons in the depth element Dx; the second generation

term presents the sources of drifting electrons by attenuated (ex-

hausted) ballistic electrons; the third (detrapping) term is given

by the Poole–Frenkel release of electrons from traps, presenting also

a source of drifting electrons. The field factor FE describes the

anisotropy of all generated drifting electrons (DE) in the electric

field F. Finally, as electron drains we see the trapping and recombi-

nation terms with trap concentrations N and actual charges . as

well as the respective cross sections S, all as presented in Fig. 2.

Of course, the current density equation j
DHR
DHT for drifting holes (DH)

looks adequate with the respective trapping parameters of holes,

as already described in [4].

Further on, the Poole–Frenkel release [7,8] of charges from traps

is given by:

WHPF
EPF ¼ fHE exp �

EH
E � DEPF

kT

" #

; ð3Þ

for electrons (E) and holes (H), respectively. This enhanced charge

release from traps is due to a trap barrier lowering DEPF by an elec-

tric field F [8]:

DEPF ¼ 2
e3=2

ð4pe0erÞ
1=2

F1=2 ¼ bPFF
1=2: ð4Þ

The resulting charges will be counted from the balance of trapping

and detrapping: .(x,t) = �.E1 � .E2 + .H1 + .H2. On the other hand,

wemay account the charges and the fields from current fluctuations

(divergences) too:

�
o

ox
jðx; tÞ ¼

o.ðx; tÞ
ot

¼ e0er
o

ot

o

ox
Fðx; tÞ; ð5Þ

as it has been already described more detailed in Ref. [4].

3. Results and discussion

The general computation scheme for the self-consistent charg-

ing has been presented already in [4]. The simulations for layered

targets were performed for 3 mm bulk Al2O3 samples covered by a

1 lm SiO2 surface layer, see Fig. 1. First of all we want to check the

total SE emission rate r = g + d of backscattered (g) and true sec-

ondary electrons (d) released from the target material. For bulk

insulating samples and no electrical conduction to the support this

rate r should approach the value ‘one’ in stationary saturation

state, r(t)? 1, i.e., currents of injected primary electrons (PE) j0

Fig. 1. Primary electron (PE) injection into a layered target with a surface layer d1
and an overall sample thickness D; the interaction volume (hatched) is extended to

the maximum electron range R(E0) with following currents: iBE: backscattered

electron, iSE: secondary electrons, iS: surface current, ic: possible real conduction

current, ip : polarization displacement current.

Fig. 2. Scheme of the flight–drift model (FDM) including the excitation of ballistic electrons and holes, their flight and attenuation, followed by drift or diffusion, trapping or

recombination.
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and emitted backscattered and secondary electrons jSE compensate

each other and the final stationary state with j(x,t) = 0 is reached.

In Fig. 3 (top) we see that this steady stationary state is reached

after (20–50) ms electron beam injection with E0 = 20 keV and j0 =

10 lA/cm2 at room temperature T = 300 K. It means that for this

temperature the supposed surface traps with thermal activation

energy ES ffi 0.2 eV are not yet activated and the surface charges re-

main still localized. Increasing the sample temperature T to 500

and 1000 K we observe a lower saturation value of r(t) < 1 with

an indication of a surface leakage current jS > 0 due to the increas-

ing mobility of the surface charges.

The negative surface potential V0(t) is presented in the lower

part of Fig. 3. There the maximum negative value V0 � �15 kV is

reached already after t = 17 ms injection but then a slight decrease

due to surface charge release and surface leakage current jS (t) is

observed leading finally also to a steady saturation state with a

surface potential of about V0(t > 70 ms) � 12.5 kV for a high tem-

perature of T = 1000 K. Obviously, this behavior of the both exper-

imentally accessible quantities, the SE rate r and the surface

potential V0, offers the possibility to compare and characterize

insulators with respect to their electrical features.

The peculiarity of the layered sample with a surface layer of

thickness d1 on a bulk substrate is the interface between both in

the depth d1 as shown in Fig. 1. Within the more dense material

Al2O3 the spatial concentration of electrons and holes is higher

than in SiO2 leading to a jump of currents across the interface at

d1. Consequently, a bipolar minus–plus spatial charge distribution

is built up at the interface d1, as to be seen in Fig. 4. With ongoing

electron beam injection the internal total current density j(x,t) will

be flattened and finally approaching the value zero over all depths

x: j(x,1)? 0. This corresponds to the steady stationary state r = 1.

The respective charge distributions in Fig. 4 show a typical plus–

minus–plus–minus quadro-polarity as already described in Refs.

[4,5]. The reason for that is the electric field distribution F(x) in

plus–minus bipolarity separating electrons and holes in one and

the other direction. More details can be found in Ref. [5].

4. Conclusions

Electron beam charge injection is associated by self-consistent

charge transport in insulating and dielectric samples and described

by an electron–hole flight–drift model (FDM) implemented by an

iterative computer simulation. Ballistic electrons and holes are fol-

lowed down to their attenuation and drift, their possible recombi-

nation or trapping in shallow and deep traps. Furthermore a

detrapping by the temperature- and field-dependent Poole–Fren-

kel effect becomes possible allowing even a charge hopping trans-

port. In this context a special SiO2 surface layer has been installed

to investigate the effect of surface leakage currents.

As a main result the spatial distributions of currents j(x,t),

charges q(x,t), electric field F(x,t), and potential V(x,t) are obtained

in a self-consistent procedure as well as the time dependent sec-

ondary electron emission rate r(t) and surface potential V0(t) both

experimentally accessible. For bulk full insulating samples the

above quoted time-dependent distributions approach the final sta-

tionary state under the condition j (x,t) = const = 0 and r = 1. In

case of remarkable surface leakage current iS the steady stationary

final state is obtained with r < 1. Generally we obtain a plus–

minus–plus–minus spatial charge distribution with prevailing

minus parts within the bulk insulator produced by a bipolar field:

a positive field near the surface and a negative one in the remain-

ing bulk. Thus, due to drift processes of electrons and holes the

opposite charge separations lead to the quadro-polarized charge

structure across the sample depth.

First experimental results of r(t), V0(t) and instationary sample

isc and surface is current measurements are still in sufficient agree-

ment with this self-consistent charge transport simulation, see

more in [3,5]. Such investigations offer the opportunity to charac-

terize insulating materials with respect to their quality, their elec-

trical behavior, and radiation resistance.

Fig. 3. Total SE rate r(t) and surface potential V0(t) as a function of irradiation time t

and sample temperature T; sample: 1 lm SiO2 layer on 3 mm Al2O3; electron beam:

E0 = 20 keV; j0 = 10 lA/cm2.

Fig. 4. Charge distribution (profile) within a SiO2–Al2O3 sample injected by an

electron beam of E0 = 20 keV.
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