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Selfconsistent electrical charging in insulators
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Abstract

A Monte Carlo program based on acoustic and optical phonon scattering as well as on impact ionisation of valence band electrons has
advantages in description of very low energy electron scattering (in eV and meV regions) and is aimed especially to wide gap dielectrics
a p insulator
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nd insulators. Thus, the rapid relaxation and the ballistic transport of excited electrons within the conduction band of a wide ga
ccurs over femtoseconds. The field-dependent transport and trapping parameters allow us to model the selfconsistent charge
harging-up of SiO2 thin layers as well as bulk Al2O3 samples during electron bombardment. The resulting distributions of currents, c
nd electric fields within these samples explain, e.g. the phenomena of field-enhanced and field-blocked secondary electron emiss

o prove the accessible quantity of the surface charging-up potential we have chosen the X-ray bremsstrahlung (BS) spectra, i.e
he short wavelength threshold due to the negative surface potentialV0 and respective retarding of the incident electron beam. This e
s demonstrated for a 3 mm bulk Al2O3 sample andE0 = 30 keV electron beam irradiation resulting in a huge negative surface poten

exp
0 = −17 kV.
2005 Elsevier Ltd. All rights reserved.
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. Introduction

The investigation of dielectric polarization and its influ-
nce on the essential features of insulating materials has led
nally to better understanding and applications of these ma-
erials, see e.g. the conference series on electric charges in
on-conductive materials1 and ref.2. One of the subjects of

nterest is the prediction of electrical charging of insulators
nder electron beam irradiation as it is of great importance

n electron spectroscopy and microscopy and many fields of
odern technology. For instances, the knowledge of such
henomena would help in preventing insulator breakdown
ainly responsible for the damage of electronic devices.3,4
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For description of the charge transport the phonon-b
model of low energy scattering within an energy band st
ture of a solid bears certain advantages against common
electron scattering mechanisms. However, the latter one
scribe the inelastic processes as well, but the main imp
ment is given by introducing the acoustic phonon scatte
instead of the elastic binary encounter approximation o
Mott scattering for electrons with low energiesE< 100 eV.5,6

The very low energy electrons should behave like Bloch e
trons and will interact with perturbations of the atomic latt
i.e. with phonons.

With these scattering parameters we have performe
simulation of secondary electron (SE) excitation and e
sion from the insulator SiO2.6 There is a rapid impact ion
ization cooling leading to cascading at the beginning du
the first femtoseconds followed by slower attenuation du
LO phonon emission losses. Respective electron trajec
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Fig. 1. Semi-logarithmic plot of the SE escape probabilitiesn(x) in depen-
dence on the electric field strengthF�0 (above); the probability 37% indi-
cates the mean escape depthλe(F) as a function of the field which is plotted
below and fitted by the formula inserted.

demonstrate the relatively short range of primary electrons
PE with energiesE> 50 eV due to strong impact ionization
losses (cascading) and the much greater range of secondary
electrons SE withE< 50 eV finally caused by the less ef-
fective phonon losses (attenuation) in a wide gap insulator
like SiO2 with Eg = 9 eV. By means of these MC calculations
we got the electron backscattering ratioη(E0), the primary
electron maximum rangeR(E0), the secondary electron yield
δ(E0), as well as the SE escape depthsλ(F) in dependence on
the present electric fieldF.

The field-dependent transport parameters (see e.g.Fig. 1)
allow us to model the selfconsistent charge transport and
charging-up of insulating SiO2 layers7 and bulk Al2O3
samples8 during electron bombardment maintained by the
current components of primary electronsjPE, secondary
electrons jSE, associated ballistic holesjBH as well as
Fowler–Nordheim (FN) injectionjFN from the substrate,
seeFig. 2. The resulting distributions of all currentsj(x, t),
chargesρ(x, t), electric fieldsF(x, t) and the potentialV(x, t),

in dependence on the layer depthx and the timet explain the
phenomena of field-blocked and field-enhanced secondary
electron emission ratesδ�1 and the surface potentialV0 due
to the charging.

2. Current attenuation and transport

Electron beam irradiation on non-conductive samples in
a scanning electron microscope (SEM) will produce internal
and external currents as given inFig. 2as well as chargeρ(x)
and associated fieldF(x) distributions.7,8

Therefore we have introduced the ballistic current atten-
uation probabilityWF. First of all,WF will depend on the
actual field strengthF enhancing or diminishing the mean
attenuation lengthλ(F), seeFig. 1. This very important trans-
port parameter has been investigated experimentally9 as well
as calculated by Monte Carlo simulations.6 Thus, the field-
dependent attenuation probability indicated for electrons by
(E) in transmission (T) and reverse (R) direction is:

R
TWEF = exp

[
− 	x

λE(±F )

]
exp

[
− 	x

λE,0 exp(±βEF )

]
. (1a)

For holes (H) we can write the respective relation:
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WHF = exp −
λH(∓F )

= exp −
λH,0 exp(∓βEF )

,

(1b)

ncluding the mean field-dependent attenuation lengthλE for
lectrons andλH for holes with their field-free valuesλE,0
ndλH,0 as well as the field-enhancing factorsβE andβH,
espectively.7,8

ig. 2. Scheme of currents in an insulating sample of thicknessdduring elec
ron irradiation with primary electrons (PE). The currents of inner secon
lectrons (SE) and holes (H) are given in foreward (T: transmission) a
everse (R) direction. The total re-emission fractionσ =η + δ of backscat
ered electrons (BE) and SE is diminished by tertiary electrons (TE)jFN:
owler–Nordheim injection of electrons from the substrate in case of s
ositive charging and thin layersd< 200 nm, seeFig. 3.
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Whereas the mean attenuation length for electronsλE(±
F) is enhanced for positive fieldsF> 0 in reverse (R) motion
towards the surface, it is diminished for transmission (T) di-
rection towards the sample support. Negative fieldsF< 0 will
result in opposite relations for electrons, i.e. enhancement in
(T) and retarding in (R) direction, respectively. Of course, for
holes (H) the relations forRTWHF in Eq.(1b)should be given
vice versa, i.e. with an opposite sign with respect to electrons
in Eq.(1a).

Further on, we should consider electron–hole recombina-
tion as a second kind of current attenuation. With the related
recombination cross sectionsSEH =SHE, we can write the re-
combination probability for electrons (E) and holes (H) over
the distance	x:

WEH = exp

[
−ρH

e0
SEH 	x

]
(2a)

WHE = exp

[
−ρE

e0
SHE 	x

]
. (2b)

Now the charges are registered separately for electronsρE
and for holesρH, respectively.

Another attenuation of the currents is given by the trapping
probability to localized electron and hole states (traps) with
an overall concentrationNE,0 and an actual occupationNE
for electrons andNH,0 andNH for holes:
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resulting in the positive sign for positive charges moving in
x-direction, i.e. transmission. This current can be inserted
into the continuity equation, providing the excessive charge
	ρ(x) as well as via the Poisson equation the respective field
distributionF(x), and the potential slopeV(x), see refs. 7, 8
In this way we obtain the selfconsistent charging process in
non-conductive samples under electron irradiation.

3. Charging and secondary electron emission (SEE)

From the currentj(x, t) and potentialV(x, t) distributions of
the previous part, we may deduce the respective secondary
electron emission rateσ(t) as well as the surface potential
V0(t) =V(x= 0, t). Both quantities are experimentally acces-
sible from outside the sample and can be proved directly by
measurements.10

The total SE rateσ is given by backscattered (BE) elec-
trons as well as by “true” secondary (SE) electrons released
from the target material:

σ = η + δ = IBE + ISE

I0
= I0 + I(x < 0)

I0
= 1 + I(x < 0)

I0
(6)

whereI(x< 0) is the “resulting” electron current into the vac-
uum diminished, of course, by the impinging reverse moving
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EE = exp{−[NE,0 − NE(x)] SEE	x} (3a)

HH = exp{−[NH,0 − NH(x)] SHH 	x} (3b)

EE andSHH hold for the capture cross sections for electr
nd holes, respectively.

Finally, we can write the current balance in the depx
xplicitely for electrons (E) in reverse (R) and transmis
T) direction:

ER
ET(x) =


jER

ET(x ± 	x)︸ ︷︷ ︸
convection

+ 1

2
(j0gi(x) 	x)︸ ︷︷ ︸

generation


 WEFWEHWEE︸ ︷︷ ︸

attenaution

,

(4a)

s well as for holes (H):

HR
HT (x) =

[
jHR

HT (x ± 	x) + 1

2
(j0gi(x) 	x)

]
WHFWHEWHH,

(4b)

ith the respective expressions for the different kinds o
enuation from Eqs. (1)–(3).

.1. Total current and field

The overall currentj(x) in the depthx is given by sum
ation of the several components ofFig. 2: incident primary
lectrons (PE), excited inner secondary electrons (E) as
s holes (H):

(x) = −jPE(x) − jET(x) + jER(x) + jHT(x) − jHR(x) (5)
E beam currentI0. So we have to add againI0 to I(x< 0)
n order to get the real emission current (IBE + ISE) and the
espective fractions (σ + δ).

Fig. 3 shows the experimental SEE ratesσ(E0, d) from
hin SiO2 layers on Si substrate in dependence on the
hicknessd and the incident electron beam energyE0. We
bserve field-enhanced (E0 < 2 keV, d< 180 nm) as well a
eld-blocked (σ = 1,d< 1000 nm) SEE.10The stationary fina
urrents inside a 100 nm SiO2 layer forE0 = 1 keV are given
n the lower part ofFig. 3. Obviously, the field enhanced SE
ere withσ =η + δ ≈ 1.6, is maintained by Fowler–Nordhe

unneling electron injection from the substrate due to the
ositive charging of the near-surface region.

Contrary behavior, a blocked SEE we observe in
l2O3 samples (Fig. 4). Respective current-charge-fie
otential distributions inside bulk Al2O3 samples with the

ime (t) and energy (E0) dependences we have calculate
ef. 8

Thus, we may observe the time dependence of the
ndary emissionσ(t) presented inFig. 4 (above). The pos

tive charging atE0 = 1 keV is limited by the surroundin
rid potentialVG. On the other hand, the negative cha

ng atE0 = 30 keV is not limited by returning SE (or TE
ven SE are enforced to leave the negative surface, an
urface potential approaches a high negative saturation
0 ≈ −21 V after t≥ 20 ms. Of course, this huge negat
harging has led to a retarding of the primary electron b
his retarding of incident PE is correlated with a decre
f the maximum electron rangeR(E′

0) within the insulating
ample, finally leading toσ(E′

0) → 1.
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Fig. 3. Experimental SE emission ratesσ in dependence on PE initial en-
ergiesE0 and SiO2 layer thicknessd (above); current components of the
steady-state secondary electron emission from a 100 nm SiO2 layer under
electron irradiation ofE0 = 1 keV (below); PE: primary electrons, SE: sec-
ondary electrons, BH: ballistic holes, FN: Fowler–Nordheim tunneling in-
jection. The resulting total current in the steady state remains constant:jtot

(x, t) = const.

Let us look to the influence of the grid potentialVG (hith-
erto we have considered only a grounded grid withVG = 0). In
Fig. 4(above) we see a drastic change of theσ-slope with time
when increasing the grid potentialVG to +10 V, +100 V, and
+1000 V. Now, obviously, the surface will be charged more
positively and it takes more time until the surface potential
V0 is reaching the positive grid potentialVG and starting the
retarding process.

Indeed, when looking to the time-dependent and final
steady state charge distributions inFig. 4 (below) we see
that the grid potential considerably controls the incorporated
charge. For high positive grid voltagesVG = +1000 V we get
a plus–minus–plus–minus charge distribution instead of a
minus-plus-minus one obtaines for lowerVG. Also the range
of incorporated charges is increasing withVG. That indicates
that the surface potentialV0 has become more positive and
the incident beam energy is increased by +eV0.

Generally we may state that the actual retarded or elevated
electron beam energyE|

0 is diminished or increased by the
surface potentialV0

E
|
0 = E0 + eV0 (7)

Fig. 4. Rapid change of the secondary electron emission fractionσ =η + δ

from a 3 mm Al2O3 sample with irradiation timet for E0 = 1 and 30 keV,
respectively, and different external grid potentialsVG; The initial valueσ0

(t→ 0) corresponds to the non-charged sample; the final steady state for
the bulk sample should always approachσ = 1 (above); Final steady state
charge distributionsρ(x) for the low energy injectionE0 = 1 keV and different
external grid potentialsVG (below) (j0 = 10−5 A/cm2).

Thus, let us check experimentally the surface potential
V0(x= 0). We will use the X-ray brems-strahlung (BS) spec-
tra, i.e. the shift of the short wavelength threshold due to the
negative surface potentialV0 and respective retarding of the
PE beam according to Eq.(7). This method has been pro-
posed already by other authors, e.g. Belhaj et al.11 In Fig. 5
this effect is demonstrated for the bulk 3 mm Al2O3 sam-
ple andE0 = 30 keV electron beam irradiation. We observe
the BS short wave limit atEx= 13 keV; that corresponds to
a negative surface potential ofV

exp
0 = −17 kV. Comparing

this with our simulation value ofV0 =−21 kV from8 we rec-
ognize a worse isolation behavior of the real experimental
Al2O3 target than of the simulated one. Indeed, this was ex-
pected and, nevertheless, it demonstrates the right tendency
of huge negative charging for high electron beam energies
with secondary electron ratesσ(E0) < 1 and bulk insulating
samples.
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Fig. 5. Measurement of the negative surface potentialV0 by means of
the EDX bremsstrahlung (BS) spectra and the high energy (short wave-
length) threshold shift:E|

x = E0 + eV0. We obtain an experimental value of
V0 =−17 kV with respect to the computed value of−21 kV.

4. Conclusions

The selfconsistent charge transport in thin silica films and
bulk alumina samples during electron beam irradiation is de-
scribed by means of an iterative computer simulation. Ballis-
tic electron and hole transport as well as their recombination
and trapping are included. As a main result the time depen-
dent secondary electron emission rateσ(t) and the spatial
distributions of currentsj(x, t), chargesρ(x, t), the fieldF (x,
t) and the potential slopeV(x, t) are obtained. For bulk in-
sulating samples the time-dependent distributions approach
the final stationary state withj (x, t) = constant = 0 andσ = 1.
Especially for low electron beam energiesE0 = 1 keV the in-
corporation of charges can be controlled by the potentialVG
of a vacuum electrode in front of the target surface.

Finally, for high electron beam energies and bulk samples,
the real negative surface potentialV0 < 0 is measured by EDX
bremsstrahlung spectra and the shift of the short wavelength
edge. For the initial beam energyE0 = 30 keV the experimen-
tal valueV0 =−17 kV is still in agreement with the simulation
of an ideal target providing a higher value ofV0 =−21 kV.
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