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Abstract

We study the charge of an insulating target irradiated by a broad electron beam of a few keV with our Monte Carlo simulation model. We
are particularly interested in the dynamics which leads the system towards a stationary state. We examine successively the role of parameters
such as the density of current in the primary beam, the density of traps, their activation energy. According to the situation considered, one
observes that the regulation of the system can sometimes be stopped, either because the traps become saturated, or, in the case of thin targets,
by the appearance of a leakage current towards the ground, due to carriers released from the traps.
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1. Introduction

The aim of this paper is to characterise the behaviour of an
insulator bombarded by an electron beam with an energy of
a few keV. We are interested more particularly in the evolu-
tion of the secondary electron emission yieldσ(t) and of the
surface potentialVs(t) as the system charges. The dynamics
of these processes is controlled by the traps present in the
sample. We make use for that of a Monte Carlo simulation
model1–3 which is well adapted to follow the history of all
the charges in interaction with the sample. We have restricted
our study to the case of a broad primary electron beam (defo-
cused mode) so that the problem can be described by using a
simplified one-dimensional model. The internal field and the
surface potential are thus determined self-consistently, within
a formalism close to that proposed by Cazaux.4 The presence
of the insulator–vacuum and of the sample–substrate inter-
faces is accounted for by the image charge method.5

2. General evolution of the system

When the primary beam energyEp is sufficiently high, the
initial total secondary emission yieldσ0 is lower than 1. One
expects that the effective energy of the primary electro
Eeff, will decrease during the implantation. More precise
one predicts thatσ(t) increases progressively with the tim
of bombardmentt to the limitσ∞ = 1 and that the surface po
tentialVs(t) decreases before it reaches a limit value deno
byV∞ in what follows. One generally considers that the s
tems has stabilised when it is characterised byVs(t) =V∞ and
σ(t) =σ∞.

Let us first assume that the parameters characterising
system are such that no “internal constraint” restrains
evolution of the system towards a stationary state. For t
one selects a very high value for the density of trapping s
(Nt = 1020 cm−3), as well as for the activation energy of th
traps (Ea = 1 eV) so that no detrapping effect can occur. T
electric field necessary to obtain a lowering of the poten
barrier of the order ofEa is about 20 MV cm−1. This value,
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which anyway exceeds the breakdown voltage, is never at-
tained in our calculations. The bombarded surface is fixed
very large, with a primary beam radiusφ/2 = 100�m.
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Fig. 1. Time evolution of the (a) total secondary yieldσ, (b) surface potentialVs. (c) Evolution ofσ as a function of the effective energyEeff.

We first present the evolution of the surface potentialVs
(Fig. 1a) and of the total secondary emission yieldσ (Fig. 1b)
as a function of the irradiation time, forEp = 10 keV. The
behaviours obtained by simulation are quite in conformity
with those expected. In order to quantify the time evolution of
Vs and ofσ, we have fitted them by two sigmoidal functions:

Vs(t) = V∞
(

1 − exp

[
−

(
t

τV

)α])
, σ(t)

= σ∞ − (σ∞ − σ0) exp

[
− t

τσ

β
]

.

On Fig. 1c, we have reported the evolution of the total
secondary emission yield,σ, as a function ofEeff, for the
valueEp = 10 keV. As a comparison, we have added the yield
curve obtained by assuming that all the charge effects have
been inhibited (“standard” yield curve). One notices that the
in-charge yield follows the standard curve perfectly. This be-
haviour is reproduced at all primary energiesEp. This indi-
cates that the internal field is not sufficiently high to modify
in a substantial way the trajectories of the carriers in the sam-
ple. We indeed showed recently that, in the case of a very
high internal field, the in-charge yield curveσ(Eeff) passes
above the standard one.3 Here,σ is only affected by the sur-
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out charge equals 1 (Ec2 = 1480 eV in our example). Thus,
the surface potential at stabilisation isV∞ = (Ep −Ec2)/|e|,
that isV∞ =−8520 V forEp = 10 keV (Fig. 1c).

3. Role of the density of current

Several experiments, performed by Blaise to measure the
in-charge secondary emission yield6 show that the current
density, j0, of the primary beam plays an important role
in the charge dynamics. One observes for instance that the
self-regulation regime of the yield that we have described
here-above is replaced by an ageing regime and then by a
breakdown one whenj0 is raised. The yield or the sample
current present sharp variations which accompanied by
damage in the material. The current density can be modified
either by varying the primary intensityI0 or by changing the
beam diameterφ. In the first case, and for usual intensity
values, it is just necessary to adjust the time scale to account
for the new irradiation rate of the primary electrons onto
the target. In the second case, considered by Blaise, an
electrostatic approach makes it possible to confirm the
intuitive idea that the field effects are all the more marked
that the diameter of the primary beam is low.4

We have reported onFig. 2a the evolution of the surface po-
t 4
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ity of cu
ace potential effects through the modification of the b
ffective energy (Eeff =Ep + |e|Vs). At the end of the charg
eff reaches the cut-off valueEc2, for which the yield with

Fig. 2. Surface potential evolutionVs(t) for two values of the dens
ential during the irradiation for densities of currentj0 of 10
nd 106 pA cm−2. The regulation takes place more quic
hen the density of current is increased. Of course, a re

rrentj0: (a) real time scale, and (b) after adjustment of the time scales.
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Fig. 3. Evolution ofVs(t) (a) influence of the traps characteristic, (b) for two target thicknesses. (c) Evolution of the yieldσ(t) for L= 100�m.

tion of the primary beam diameterφ is such that the charge
distribution has a lesser extension at the surface. So, for a
given irradiation time (same injected dose), the surface po-
tential grows asj0 increases. If one adjusts the time scales of
time in order to recover identical current densities, one ob-
tains the curves presented inFig. 2b. The fact that they differ
markedly indicates that the explanation is not only an effect
due to the potential, but that the size of the primary spot is
also a significant parameter.

The experimental results of Blaise can thus be explained
by saying that, if the density of current is very high, an injected
charge will not have enough time to trap before the arrival of
the next primary electron at the surface of the sample. Under
these conditions, an accumulation of moving charges occurs
locally, eventually conferring a quasi conducting behaviour
(see7 for instance) to the corresponding region of the material
(not accounted for in the present model).

4. Trapping and detrapping effects

We are now interested in the influence of the detrapping
effects on the evolution of the charge within the insulating
target. We consider successively samples presenting neutral
traps with an either low (0.25 eV) or high (1 eV) activation
energyE .
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places for carrier trapping and the field value at stabilisation is
always sensibly the same in each case. ForEp = 2.5 keV, The
surface potential at the impact zoneVs(t) varies according to
the behaviour described previously (Fig. 3a, curve 1). One
notably obtains a stabilisation valueV∞ =−1020 V.

When the density of traps is reduced (Nt = 1018 cm−3), the
charge dynamics is different according to whetherEa is weak
or high. When the traps are deep, the charges will occupy the
same site for a long time and the “interaction pear” region can
become rapidly saturated. The self-regulation of the system
is then stopped before the stationary state is reached (Fig. 3a,
curve 2). If on the other handEa is weak, the saturation effects
will be less marked because of the reduction of the residence
time of the carriers in the sites, resulting in a high effec-
tive mobility. The charges will be able to migrate towards
regions deeper in the target. Globally, the internal field will
vary slowly, just like the surface potential (Fig. 3a, curve 3).
The final value reached at stabilisation is it-also reduced and
one has in this caseV∞ =−765 V.

The effect of the migration of charges by multiple trapping
can be evidenced if one works with a sample characterised by
a small thicknessL. In what follows, one goes fromL= 1000
to 100�m.Fig. 3b shows the evolution of the surface potential
for L= 100�m. This latter does not attain its limit value, i.e.
−765 V at 2.5 keV, any more but stabilises abruptly at−660
after a timet= 230 ms. As well, the yieldσ(t) has now the
l
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Our simulations indicate that, when the density of trap

igh (Nt = 1020 cm−3), no noticeable differences occur in
ehaviour asEa is varied. Indeed, there are always availa

ig. 4. (a) Evolution of the total implanted chargeQt and of the centre of c

Max during the irradiation.
imit valueσ∞ = 0.86�= 1 (Fig. 3c).
The total implanted charge and the centre of gravity o

harge stabilise more rapidly than expected (Fig. 4a). This

ositionZb for a thin target. (b) Evolution of the maximum depth of the cha
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can only occur by a leaking of charges. Here, the only possi-
bility is that some electrons have crossed the target and have
been collected at the ground of the sample holder. Under the
influence of detrapping, the maximum depthZMax attained
by the charge distribution increases with the irradiation time
(Fig. 4b). Fort> 230 ms, the crossing has been achieved. This
effect has recently been observed experimentally by Braga.8

5. Conclusion

In this study we have tried to clarify the role of the various
parameters which influence the dynamics of the regulation of
the charging system in the case of a broad primary beam. The
nature of the traps present in the sample, their volume den-
sity as well as their activation energy are determinant. Apart
from effects simply related to the penetration of the beam, the
intensity of the internal field depends also on the size of the
primary spot. The evolution of the charge is then governed
by a competition between the filling of the traps and their re-
laxation under the internal field influence. According to the
relative importance of the processes, different behaviours can
be obtained. The “ordinary” self-regulation of the system cor-
responds to the case where the yield can tend continuously
towards the unit. Saturation effects can also occur and stop
the evolution of the yield before the above limit has been

reached. At last, for a thin sample, a relaxation current to the
ground can also appear, prematurely stopping the evolution
of the yield.
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