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The self-consistent charge transport in bulk alumina samples during electron beam irradiation is
described by means of an iterative computer simulation. Ballistic electron and hole transport as well
as their recombination and trapping are included. As a main result the time-dependent secondary
electron emission rate(t) and the spatial distributions of currenix,t), charges(x,t), the field

F(x,t), and the potential slopé(x,t) are obtained. For bulk insulating samples, the time-dependent
distributions approach the final stationary state \y(tk,t) =const=0 ando= 1. Especially for low
electron beam energiég,=1 keV, the incorporation of charges can be controlled by the potential
V¢ of a vacuum electrode in front of the target surface. Finally, for high electron beam energies,
the real negative surface potentigf<0 is measured by x-ray bremsstrahlung spectra and the shift
of the short wavelength edge. For the initial beam endfgy 30 keV, the experimental value
Vo=-—16kV is still in good agreement with our simulations. ZD03 American Institute of
Physics. [DOI: 10.1063/1.1613807

I. INTRODUCTION great number of experimental and theoretical investigations
have been published on the charging of insulators due to
During the last years, the influence of dielectric polariza-electron bombardment and the related secondary electron
tion on the essential features of dielectric and insulating maemission (SEB. Only for short pulse irradiation, target
terials has been investigated more intensively leading, ficharging is prevented and the real charging-free secondary
nally, to better understanding and applications of theselectron emission yield(E,) as a function of the primary
materials(see, e.g., the conference series on electric chargesectron energf, can be measured and determined theoreti-
in nonconductive materials in Ref. 1, and also Reane Ca”y for various insu|at0rgfl3 However, the Charging be-
of the subjects of interest is the prediction of electrical charghavior under permanent electron irradiation is not yet fully
ing of insulators under ionizing irradiation as it is of great ynderstood and the stationary final state is still very complex
importance in many fields of modern technology. For in-t5 describe. Indeed, the total yield approact=(1) is often
stances, the knowledge of such phenomena would help igsed to predict the sigfr-) of charging in the case of sta-
preventing insulator breakdown mainly responsible for th&jonary electron irradiation, but experimental results are not
damage of electronic devicéS.In electron microscopy, like fully consistent with these prediction$2°It is of importance
scanning electron microscog$EM) or Auger electron spec- 1 nrecise the types of theory that have been led to enlighten
troscopy (AES), electron energy loss spectroscof8ELS),  this phenomenon. One of the first attempts was the planar

etc., the prediction of the influence of charging is essential {Qqne_dimensionalself-consistent charging simulation of our
interprete the results of analysis’ The charging of insula- co-author(H.J.F) already in 1979° later on improved in

tors has also to be known in order to manage applicationget 17 These authors use field-dependent attenuation
such as electron lithography, electron multipliers, eleCtretSI'engths)\(F) for the ballistic transport of electrons and

etc. On the other hand, problems have arisen with the deﬂe?foles which had been found experimentally by means of
tion of interstellar dust grains in the magnetic field near theelectr’on beam induced curren&BIC) measurements
heliopause depending on their surface electric charge. Comprehensive Monte Carlo calculations of the self-

consistent charging were made by Vicara al,'® Ga-
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dAuthor to whom correspondence should be addressed; eIectroniE‘af:haUCbt al,”™ and Renoucet al=" Of course, th'ese calcu-
mail: Christelle.Guerret@univ-pau.fr lations are complex because they deal with the full
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simulation of primary electron straggling as well as with the X p(2)
generation and transport of secondary electrons and holes in  Jpe(X,Eq) =jo(1— n)eXF{ —4-605<m } (1)
the self-consistent field. Contrary to the one-dimensional 0
charging model based on Monte Carlo-calculated and experivith jo as impinging PE current density and the material
mentally well-prooved attenuation length§F) of electrons  parameters for SiQ 7~0.2 the backscattering coefficient,
and holes, the full Monte Carlo simulation bears more uncerp~2 the exponential transmission parameter, and the em-
tainity in all the theoretical parameters used and, of course, pirical equation for the maximum electron ranBereached
takes much more time for one simulation run. However, thédy 1% of PE:
decisive advantage of the full Monte Carlo simulation is the
. . o ) . 900

three-dimensional description of the charging process with  R/nm= —5(E,/keV)'® for E,<8 keV, (29
the lateral charge spreading in the case of point-like electron P
beam injection by a very small beam focus. Thus, the above- 450
mentioned authot&?° could demonstrate the buildup by a R/nm= —5(Eo/keV)'7 for Ey=8 keV. (2b)
computer animation. P

An approach for more rOUgh estimation is based on thq} is given in nm, the target mass densii}'/n g/crn:"' and the
dynamic double layer mod¢DDLM) in which the phenom-  ejectron beam enerdy, in keV. In Ref. 23 one can find the
enon is brought to the simplified case of two layers of opporyespective quantities of any material when knowing the mass
site charge. Complete solutions of the respective equationgensity and the PE backscattering ratitE).

were %ChieVed by Melchingeret al** More recently, The generation rate;(x,Eo) of inner secondary elec-
Cazaux® developed an effective approach of the SEE evolutrons is proportional to the spatial energy lat&/dx of the
tion in insulating samples using this DDLM. impinging and straggling primary electrons, i.e., proportional

The present article is aimed to the extension of the platg the spatial PE energy transfer to the target volume:
nar one-dimensional self-consistent model for thin layers as

given in Refs. 16 and 17, now to bulk insulators. It will (X.E ):aid_E 3)
approach full validity if the electron beam diameter is much 9itX.Eo i
larger than the maximum electron penetration depfk).

Unambiguously, this is fulfilled in scanning electron micro- ", . . .
scopes gwith g slightly defocused beamg Thus, the oneYi€ld factor of nearly a unit. According to Kleifhand Alig

dimensional simulation can be applied to three—dimensiona"fmd BIooI;ﬁ tfhe S.E cr(;.-atlor; en(:-[,\rgyllncreases with the en-
description of the sample potential in a SEM chanfbathe €rgy gapk, of a given target matenia

whereE; is the mean creation energy for one SE ané

results will be presented, in particular, for alumina but could Ei~3E4+1eV, (4)
be easily adapted to any insulator using the relevant material o ) )
data available in the literature. resulting inE;~28 eV for AL,O; with Eq=9 eV. Then, with

Eqg. (3) and empirical expressions fafE/dx from Ref. 23,
we may write the SE creation rate in,&); in the form of a
semiempirical equation

Il. THEORETICAL BACKGROUND

X 2

The strong charging of insulators under electron beam gi/A=0.146E,/keV) 0-3ex;{—7.5(§—0.3) } ®)
irradiation is well known, at least, since Malték936 dis- . . o i ) .
covered the anomalous high secondary electron emission arldliS i @ Gaussian distribution with the maximum shifted by
long-lasting electron postemission from MgO lay&sA 03R frpm the surface into the target volume. Assuming an
strong positive charging due to the emission of secondar{?OtroPic SE generation, one half of the created SE:
electrons(SES from the near-surface regions is responsible}/209i(X,Eq)Ax will move into the bulk sample, i.e., in the
for that self-consistent field-enhanced SEE. On the othefliréction towards the sample support and the other half to-
hand, the deeper injection of primary electrafi®ES will ward; theT samplg surfa}ce. Then, the respective continuity
produce an electron surplus within the bulk of an insulator&duation in one-dimensional form for any SE or hole cur-
The respective charge(x) and field F(x) distributions rents in the transmissiofil) direction towards the sample

maintain the self-consistent charge transport and the SEEUPStratgholden or in reversgR) direction towards the sur-
emission. face looks very simple:

A. Generation of currents and charges JR00 =[x AX) + 3j 08 (X) AX]W(X), (6)

Thus, we should first refer to the injection of primary with the first term in the brackets for the convection part and
electrons and their creation of secondary electrons and holéke second one for the generation of inner SEs or holes fol-
(H). This process for AlO; is similar to that of SiQ@ as we lowed by the overall attenuation probabiligy/(x) of the
have described already in Refs. 16 and 17 based on empiriceharge carriers over the small distarice in the target depth
results of the electron penetration process into solids having. This attenuation probability will be described separately
been obtained by the “film-bulk method?® By means of below.
this method the resulting PE current in dependence of the Thus, the current possesses sources gitk) as well as
target depthx and the PE initial energi&, was found: drains due to the attenuatid(x). Introducing the exces-
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sive chargeAp into the continuity equation we get for the
actual charge change over the tim¢ in the depthAx and
for the timet:

J(X+AX ) —j(x—Ax,t)
5Ax At.

Adding this excessive chargdp to the already present
charge:

p(X,t)=p(x,t—At)+Ap(x,t), (7b)

we may obtain the electrical field distributidf(x) via the
Poisson equation, i.e., by integration of the charges:

Ap(x,t)=— (7a)

1 X
F(X,I)ZEJO p(X ,t)dX . (8)

Further on, the related potential slopéx,t) is given by

X
V(x,t)=f F(x’,t)dx’. 9

d
Because the sample support should be groundé¢g=d)
=0, the integration starts at the sample support electrode
the depthd denoting the sample surface wi+=0 and the
back electrode with the target thickness d.

B. Attenuation of currents

In context with Eq.(6) we have introduced the overall
attenuation probabilityV. First of all, W will depend on the
actual field strength- enhancing or diminishing the mean
attenuation lengti\(F). This very important transport pa-
rameter has been investigated experimentafiyas well as
calculated by Monte Carlo simulatiof%:°

Thus, the field-dependent attenuation probability indi-
cated for electrons b{E) in transmissior(T) and reverséR)

direction is
AX F{ AX }
=ex .
(1089

Ne(£F)

R
Wee=exq — -
THEF p[ Neoexp( = BeF)

For holes(H) we can write the respective relation:
Ry % AX F{ AX
=eXp————=—|=eXp —————————— |,
TnE Nu(FF) N 08X+ BuF)
(10b)

including the mean-field-dependent attenuation lengtfor
electrons and\y for holes with their field-free valuekg o
and\y o as well as the field-enhancing factgds and 8y,
respectively.

Whereas the mean attenuation length for electiops
(=F) is enhanced for positive field6>0 in reverse(R)

Meyza et al.

recombination cross sectior&y=Syg, we can write the
recombination probability for electrons over the distace

Wey=exg — o Sedx|, (113
I 0 ]
as well as for holes:
e ;
WHE=eXp - e_SHEAX . (11b)
I 0 ]

Now the charges are required separately for electperand

for holespy, respectively. Another attenuation of the cur-
rents is given by the trapping probability to localized elec-
tron stategtrapg with an overall concentratioNg o and an
actual occupatioMg :

Wee=exp{ —[Ng,o— Ne(X)]SgedX}. (129
Ny o andNy denote for hole concentrations, respectively:

Whip=exp{ =[Ny 0= Np(X) 1SupAXx}. (12b)

See andSy hold for the capture cross sections for electrons
nd holes, respectively.
Finally, we can write the current of E¢6) explicitly for
electrongE) in the reversé€R) and transmissiofil) direction

jE$<x>:[jE$<xrAx)+%jogmxmxﬁwEFWEHwE(E, \
13

as well as for holegH):

JHROO =[] HRX= AX) + 3 09 ) AXTFWLEWHEW 1 ,

(13b
with the respective expressions for the different kinds of at-
tenuation from Eqs(10)—(12).

The overall currenf(x) in the depthx is given by sum-
mation of the several components of Eq$), (139, and
(13b):

JOX) == Jpe(X) = JEeT(X) +]ER(X) +]HT(X) = [HR(X),

(14
resulting in the positive sign for positive charges moving in
thex direction, i.e., transmission. This current can be inserted
into the continuity Eq.(7), providing the excessive charge
Ap(x) as well as via Eq(8) the respective field distribution
F(x), and the potential slop€(x) by means of Eq(9).

lll. SIMULATION OF THE CHARGING PROCESS

The simulation procedure should be oriented to real ex-
perimental conditions. In Fig. 1 the scheme of a secondary
electron microscope chamber is presented showing the re-
spective currents of primary electrohs of the total second-

motion towards the surface, it is diminished for transmissiorary emissions | with o= 7+ & as the sum of backscattered

(T) direction towards the sample support. Negative figids
<0 will result in opposite relations for electrons, i.e., en-
hancement in(T) and retarding in théR) direction, respec-
tively. Of course, for holegH) the relations foRW,¢ in Eq.

electrons(BE9 (7) and true SH ) released from the target

material. A certain part of emitted electrons can be backscat-
tered or reemitted from the microscope chamber or from a
negatively biased electronic grid. These electrons are called

(10b) should be given vice versa, i.e., with an opposite sigrtertiary electrongTES).

with respect to electrons in E¢L0a.

The insulating target, of course, allows three currents to

Further on, we should consider electron-hole recombinathe grounded support: an instationary displacement current
tion as a second kind of current attenuation. With the relate@f polarizationl p, a real conduction current through the
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currentj gy from the metallic support into the insulator. The
latter one appears only for thin layeils<300 nm ando>1
connected with strong positive charging, see Refs. 16 and 17.
On the other hand, at the surface barrier with an electron
affinity xy a certain fractionPg of incident inner secondary

electrons with an energESE will be reflected:

Pg= \/X/ESEa

the other part,

electron gun

Pse=1- X/ESEa

is emitted as secondary electrons over the surface barrier into
the vacuun For Al,O; with y=0.9 eV andEsz~6 eV we

—(pA get Ps=0.39 for the surface reflection coefficient aRdg
\_/ =0.61 for the SE emission probability.
77 Furthermore, in the presence of a screening or retarding

FIG. 1. Electron irradiation of an insulating target in a scanning electron_gnd or any vacuum electrode, even, by the SEM chamber

microscope(SEM): |4, incident PE currentyl,, backscatteredBE) and itself, _biased to a potentials less than the ac_tual surface
secondarySE) part; |, tertiary electrons backscattered from the chamber; potential Vo=V (x=0) of the sample surface, i.e., only for

Is, surface leakage currenft, real conduction current;s, instationary ;<<\, we observe a SE retarding field current reverse to
displacement current due to charge trapping and incorporation;l gnd the surface of a rate
sample stage current.

16
bulk to the metallic support, as well as a surface leakage (19

currentlg. In their sum they are forming the overall target

support current as already introduced in Refs. 16 and 17. With Bd) and

eyVse=5 eV as the mean kinetic energy of emitted SEs, we
In=lpt+lc+ls. (15 may characterize the retarding field curve of SEs.

The directions of the injected PE currgpk, the inner sec- Thus, we get th? boundary _cgpdﬂmns of the SE gurrent
ondary electron currerite and the respective hole currgng at the surfacexzp with the possibility qf twofold .reflecnon
are schematically presented in Fig. 2. However, in our cas@t the surface witlPs and at the negative grid witRg:
cif a bulk .AI203 target,.the relatively Iargg thickne;s of jer(x=0)=]er(x=0)[Ps+(1—Ps)Pg]. (17)
=3 mm will not allow either a real conduction curre to
the support or a Fowler—NordheiffN) tunneling injection  Both of these reflections of rever$B) moving electrons at
the surface and at a retarding electrode are indicated with
TEs in Fig. 2. Further on, we should assume that holes are

vacuum dielectric sample sample  reflected entirely at the surface barrier. So we get:

jut(x=0)=jur(x=0). (18

When calculating the current balance across the layer accord-
ing to Egs.(138 and(13b), we always have to start with the
reverse currenig at its beginning in the volume behind the
Jen maximum excitation deptfR(E,), then going towards the
surface and starting the transmission curigntvith the re-
. flection parts ofj  at the surface, see E(L7).
! After summing up all current$(x,t) over all x for a
e : certain timet according Eq.(14), we should calculate the
1

‘.__ ---_[--- ______
A

TE .

“ respective chargep(x,t), fields F(x,t) and potentials
V(x,t) as given by Eqs(7)—(9). Then, we repeat this proce-
dure in an iteration cycle until we get a stationary-like state
d X for the actual irradiation timé Afterwards, we increaseby

At and repeat the iteration cycle. The final stationary irradia-
FIG. 2. Scheme of currents in an insulating sample of thickmedsring ~ tion state in an insulator is reached when no changes of the
electron irradiation with primary electroBES. The currents of inner sec- gyerall current a|0ng( are observed, i.ej,(x,t) =const, or
ondary electron$SE9 and holes(H) are given in the forewardT: trans- iy, — 0 Then, also the charge, field, and potential distribu-
mission) and in the reverséR) direction, see Eq(13). The total reemission . . ) . . .
fraction o=+ & of backscattered electrofBEs) and SE is diminished by ~ IONS are not Cha_nglng anymore with time. All is in a station-
tertiary electrongTES). ary equilibrium, in the final steady state.

jHT

\ 4

—f —— — — — —

first x=0 R(E,)
electrode surface max. PE range
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TABLE |. Material parameters of AD; used in the present simulation.

Al,O; material parameters Unit Value Symbol References
Mass density (glcn?) 3.98 p

Electrical permittivity 10 € 32-33
Energy band gap (eV) 9 Eq 34
Mean ionization energy (eV) 28 E; 23-24
Electron affinity (eV) 0.9 X 35

SE mean attenuation length (nm) 5 Neo 16
Hole mean attenuation length (nm) 2 Nyo 16

SE attenuation field factor (cm/MV) 4.6 Be 16
Hole attenuation field factor (cm/MV) 0.8 B 16
e—h recombination cross section (18 cm?) 1 Sen=Sue 36
Concentration of electron traps H@em3) 1-5 Neo 20, 37-39
Concentration of hole traps Not considered Nuo

Trapping cross section of electrons (tbcm?) 1 See 20, 37-39
Trapping cross section of holes Not considered S

IV. COMPUTATIONAL RESULTS

The simulations of the self-consistent charge transport
were performed for 3-mm-thick alumina samples by means
of the material parameters given in Table | with their refer-
ences extended by Refs. 32—39. We look first to the positive
charging at a low electron beam energy=1keV, pre-
sented in Fig. 3. There we see the time evolution of the
currentj(x,t) as well as the respective chargéx,t) and
field F(x,t) distributions. Obviously, we obtain a suppres-
sion of the currentg(x,t) with time t, Fig. 3a), caused by
retarding and reinjection of SE due to a positively charged
sample surface with respect to the grounded gfig= 0.
This process has been described in context with [&@).
The resulting emission currepfx<<0) becomes zero and the
SE rate approaches=1. Thus, the SEE is blocked and the

positive charging becomes stable after about 50 ms, see Fig.

3(b). Due to reinjected secondary electrons the charge distri-
bution shows a minus—plus—minus structure. However, the
positive charges are only slightly prevailing the negative
ones, leading to a relatively small positive surface potential
Vo=+4.34 V[as we will see later on in Fig.(8], and an
almost zero-field strength towards the sample support, Fig.
3(c). We find a contrary behavior for a high electron beam
energy and related negative charging. In Fig. 4, the respec-
tive currentj(x,t), chargep(x,t), and fieldF(x,t) distribu-
tions are presented for an initial beam enekyy~= 30 keV.
Very obviously, with increasing timé the overall current
j(x,t) is more and more restricted to near-surface regions.
Finally, in the stationary statg(x,t)=const=0 the irradia-
tion depth has decreased from 4un at the beginning

=0 to about 0.8um for t>100 ms, Fig. 4a). Looking to the
incorporated charge distribution(x,t) [Fig. 4(b)], we rec-
ognize strongly prevailing negative charges correlated with
negative field strengths over the bulk volume 1 um, Fig.
4(c). Due to secondary electron emission into vacuum from a
mean escape depth Bfo=5 nm beneath the surface of the
insulator the charge distribution in this zone indicates an
electron deficit, i.e., positive charge storage, as we see in Fi

Meyza et al.

j (105 Alem?)

0 10 20 30 40 50 60
(a) depth x (nm)
0.10 A
/ 5 2&0 ms
—~0.05 S M
') NI
IS " Aims v
S '
O 000+ S ——
()] L X ’,' -
~.0.05 / o v B
0.10
0 10 20 30 40 50 60
(b) depth x (nm)
0.15
/,\ O ms
£ 0.10 / 2
S \~ H
= 005 A~ S
e 4 ~ .
I AZ N \X
T e T 0y
0.00f= 1me SESER
0 10 20 30 40 50 60
() depth x (nm)

%G. 3. Low energyEy=1 keV electron irradiation and the related evolution

5, which has been zoomed to nm scale presentation. Nevegy of internal currents, (b) charge distributiong, and(c) field F; incident
theless, the surface potenti®ly(x—0) in this region ap- current densityj,=10"5 Alcm?.
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FIG. 4. High energye,=30 keV electron irradiation and the related evolu-
tion of (a) internal currentg, (b) charge distributiong, and (c) field F;

incident current density,=10"° Alcm?,

proaches high negative values of abMg=—22 kV, Fig.
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+4.6 /’\\ E;=1keV
. N\
+4.4 \

NS

(V)

Vo

+4.3 T
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@ time (ms)

V, (KV)
/

-10
-15
-20
0 10 20 30 40
(b) time (ms)

FIG. 6. Surface potentia¥, as a function of the irradiation timg with
beam energie&) E, =1 keV and(b) 30 keV, and incident current densities
jo=10"% Alcm?, please note the different voltage scales in V and kV.

Moreover, because of the positive surface charge, there
is a small potential decay for electrons towards the surface,
maintaining an enhanced SEE and leading finally to the sta-
tionary steady state with= »+ §=1 and the overall current
j(x,t)=0 over the entire volume and for all times
=100 ms.

V. DISCUSSION

From the currenf(x,t) and potentialV(x,t) distribu-
tions of the previous part, we may deduce the respective
secondary electron emission raté€t) as well as the surface

6(b). Of course, this negative surface potential is responsibl@otential Vy(t) =V(x=0t). Both guantities are accessible

for the electron beam decelleration from originally,

from outside the sample and can be proved directly by

=30 keV down to onlyE,=8 keV. Indeed, this diminishes measurement.
the irradiation depth zone, as we see in Fig)4

0.3

\00 ms
0.2
: 30

~~
[}

£

L Jd
'S .
~

a

|
@

0 l 5 ' 10
depth x (nm)

FIG. 5. Positively charged surface region due to forced SE escape in spite 50

15

The SE rate is given by

1(x<0)

loetlse_ lot1(x<0)
_ _ —

o=n+ 6=

lo lo
(19

where | (x<<0) is the “resulting” electron current into the

vacuum diminished, of course, by the impinging reverse

moving PE beam currenhy. So we have to add, agaih, to

I (x<0) in order to get the real emission currehgg+ | 5p)

and the respective fractionsg{ o).

We may observe the time dependence of the surface po-
tential Vy(t) and the secondary emissi@r(t) presented in
Figs. 6 and 7, respectively.

As we have already mentioned, the positive charging at
=1 keV is limited by the grounded surroundirgyid po-

high PE energyE,=30 keV, but due to an overall negative repulsing tential Vg=0). So,V, passes a maximum ofp=+4.6 V

charge; zoomed in the nm scale.

aftert~5ms, and is then decaying to abolg= +4.35V
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FIG. 7. Rapid change of the secondary electron emission fraectiorp 0.10
+ & with irradiation timet for Eo=1 and 30 keV, respectively, and different 015 ; . . . y .
vacuum grid potential¥s . The initial valueo(t—0) corresponds to the 0 20 40 60 80 100 120
noncharged AIO; sample; the final steady state for the bulk sample ( (b) depth x (nm)

=3 mm) should always approach=1 (j,=10"° Alcn?).
FIG. 8. Charge distributions(x) for a low energy injectiorE,= 1 keV and
different vacuum grid potentials, (&) in dependence on irradiation time

. . . for Vg=+1000 V; (b) final istributions for differev, .
for timest>30 ms. On the other hand, the negative Chargmgor ¢ 0001V (b) final steady state distributions for differet

atEy=30 keV is not limited by returning SEsr TE9, even

SEs are enforced to leave the negative surface, and the suiith V5. That indicates that the surface potentig has
face potential approaches a saturation With=—21kV af-  pecome more positive and the incident beam energy is in-
tert=20 ms. Of course, this huge negative charging has ledreased by+eV,.

to a retarding of the primary electron beam. This retarding of ~ Generally, we may state that the actual retarded or el-
incident PEs is correlated with a decrease of the maximunavated electron beam ener&% is diminished or increases
electron rangdr(Eg) within the insulating sample. by the surface potential,:

In Fig. 7 the time-dependent SE rate@) are presented. ,
Clearly, we recognize the blocked SEE to=1 for E, Eo=EoteVo. (20)
=1keV after 1us as well as the increase of SEE f8y  Thus, in Fig. 9 we have plotted the maximum rafyeersus
=30 keV. The latter one is caused by PE retarding due to the
negative surface potentidly<<O and, consequently, by a
higher SE rater(Ej). Because the backscattering electron ]
fraction of Al,O3 with »=0.18 is nearly constant the true SE ]
rate S59(Eo=30keVt=0)=0.35 has increased t&(E, ]
=8 keV,t>20 ms)~0.82. Indeed, this is a drastic change of R=0.013 E,'7
the SE emission rate due to the negative charging within the
insulators. The steady state=1 is obtained after about 25 1
ms. t>25ms

Let us now investigate the influence of the grid potential
V¢ (hitherto, we have considered ong=0). In Fig. 7 we
see a drastic change of theslope with time when increasing R=0.03 E,'3
the grid potentialVg to +10, +100, and+1000 V. Now, 0.1
obviously, the surface will be charged more positively and it
takes more time until the surface potenti4) reaches the
positive grid potentiaVg and starts the retarding process
according to Eq(16).

Indeed, when looking to the time-dependent and final 0.01 S A— — ——
steady state charge distributions in Figéa)8&nd 8b), re- 0.1 1 10 30
spectively, we see that the grid potential considerably con- E, (keV)

trols the incorporated charge. For high grid voltagés
P 9 9n g FIG. 9. Maximum rangdR(E,) of primary electrons in noncharged A&,

= + ;LOO_O V’_ even we get a plus—mlnus_—plus—mlnus_ Charg?argets(@) retarded by negative charging B=30 keV to a much lower
distribution instead of a minus—plus—minus one obtained fogajue Ej~9keV (®) as well as accelerated d@,=1keV and Vg

lower Vg . Also, the range of incorporated charges increases +1000 V to Ey=2000 keV (®).

10

t=0

R (um)
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°c |
E;=1keV
] P\o e ALO,
Al o d=3mm
20 \ I 273
15 \ ool Eg) -
\0 EO
\ h eV,
] S~ ] | I |
vy Y t>25ms 7 14 21 28 35
1.0 4 “ ..... Eo,=30 keV
1ps 1ms \ x-ray energy ( keV )
102 X8 _Ep =30 keV
Ve=0 +1000V \o*ﬂ FIG. 11. Measurement of the negative surface poteljdby means of the
0.5 O energy-dispersive x-ray bremsstrahlu®f) threshold shiftE,=Ey+eV,
=Eg, initial beam energyEy= 30 keV.
0.0 T . r . v L s T
0 1 2 3 4 5 10 15 20 25 30 35 potential approaches only small positive values \Gf~
E, (keV) +(4-5) eV, as we have seen also in Figg)6But, increas-

ing the voltage potential t&;=+1000 V, o(E,) follows
FIG. 10. Initial rate(O) of secondary electronsy(Eo) from Al,O; as a  the surface potential up td/o=+1002V, i.e., to E(')
function of the PE energl, as well as its change by chargingd¢Eo) (®)  =2002 eV, and then drops rapidly to the final steady state
[in context with Eq.(20)]; sample thicknese =3 mm. o=1. Also, here, the bipolar model in its tendency is ful-
filled but the positive charging is limited, again, by the con-
trolling grid voltageVg .
the initial beam energg, as given in Eqs(2a) and(2b) and In order to prove the accessible quantitidg(t) and
have compared it with the resulting actual rarfd) ob-  (t), we have chosen two experiments. The first one is mea-
tained in the final steady state of irradiation, i.e., in the cas@uring the surface potenti&l, by means of the x-ray brems-
of Eo=30keV after t>25ms. Obviously, the observed strahlung(BS) spectra, i.e., by the shift of the short wave-
value R(E;)=0.9 um corresponds to an actual retarded orlength threshold due to the negative surface potekftjand
enhanced beam ener@,~=9 keV according to Eq(20). Of  respective retarding of the PE beam according to (26).
course, this value is expected from the surface poteNtial This method has been proposed already by other authors,
=—21KkV in context with Eqs(20) and (2b). Then, let us e.g., by Belhajet al® In Fig. 11 this effect is demonstrated
check the other accessible quantity, the SE vatm Fig. 10 for the 3 mm ALO; sample andE,= 30 keV electron beam
we have plotted the initial SE rateo(Eg)=0o(Eq,t=0), irradiation. We observe the BS shortwave limit Bt
i.e., the real material-dependent SE rate from fresh and non=13 keV; that corresponds to a negative surface potential of
charged samples. With our calculations we obtain a maxingP:_17 kV. Comparing this with our simulation value of
mum of the SE rateoy(Eq=0.7 keV)=2.4. This corre- v, =-21kV from Figs. 6 and 10, we recognize a worse
sponds approximately to the experimental values presentadolation behavior of the real experimental,@} target than
by Seilef® with o .=2.6—4.7, but it is considerably smaller of the simulated one. Indeed, this was expected and, never-
than the maximum value,,~6.4 of Dawsorf® The first  theless, it demonstrates the right tendency of huge negative
sigma-unit point is found withro(Eg=50 eV)=1 and the charging of thick insulating samples under high energy elec-
second one atrg(Ep=8.4 keV)=1. tron beam irradiation withro(Eo)<1. Concerning the sec-
Further on, in the case of thick insulating samples, theond accessible quantity(t), it can be deduced from the
SE rate will approach very rapidly the steady state with measurement of the overall target support currgpt®
=1. We see in Figs. 9 and 10 that the negative charging foThese results will be detailed elsewhere.
high beam energiels;= 30 keV never will approach so high
values that the retarded electron ram(&;) would be com-
parable with the SE maximum escape depth of about 25 nr>1/|' CONCLUSIONS
as predicted by the Cazaux modéThis point is related to The one-dimensional approach of ballistic electron and
the fact that the slowing-down of the electrons is mostly duehole transport allows us to simulate the self-consistent
to the negative surface voltage and less to an inner slowingharging-up process in bulk insulators. Because of the great
down as described by Cazaux. Moreover, the retarded energlgickness of the insulating samples, the surface potexial
E;=9 keV approaches almost the second sigma-unit pointhanges very rapidly and controls the further incorporation
E;=8.4keV and the conventional bipolar model is nearlyof charges. At high electron beam energigs=30 keV the
fulfilled. surface potential becomes strongly negative and the electron
On the other hand, for low beam energies=1keV  beam is decellerated down Ej=Eq+eVy~9 keV near to
and positive charginy,>0, the initial SE rateoy>1 will the second sigma-unit valuf(Eg=8.4 keV)=1. Thus, the
be suppressed very rapidly down to=1 by a grounded bipolar model of opposite charging is nearly fulfilled. On the
vacuum electrode or grid biased Y§;=0. So, the surface other hand, the charge beneath the surface is positive because
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