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Abstract

In the environmental scanning electron
microscope (ESEM), the electron beam together with
various signals emanating from the beam-specimen
interaction ionize the gaseous medium in the
specimen chamber . A detailed derivation of
equations describing the charge density and
current flow in the system is presented. It is
shown that the various causes of ionization
operate over distinct regions, which can be
separated out by suitable electrode configuration.
The electron probe retains a fraction of electrons
with the original charge distribution; this is
surrounded by a widespread electron skirt, which,
in turn, is surrounded by charge created by the
secondary electrons, beyond which extends the
action of backscattered electrons.
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Introduction

The environmental scanning electron micro-
scope (ESEM) is a type of SEM that allows the
examination of specimens in a gaseous environment .
The high vacuum in the electron optics column is
separated from the high pressure in the specimen
chamber by differential pumping through a system
of apertures. The electron beam initially propa-
gates unhindered through the electron optics co-
lumn until it approaches the final pressure limi-
ting aperture. 1In the distance from the vicinity
of this aperture to the specimen surface, the ele-
ctron beam loses electrons exponentially. The
pressure and travel distance in the specimen cham-
ber can be chosen so that the average number of
collisions per electron is below 2 or 3, a condi-
tion, which defines the oligo-scattering regime
(Danilatos, 1988). It has been shown that in this
regime, scanning and probing of the specimen sur-
face can proceed in the usual way. The presence
of gas does not detericrate the resolving power of
the instrument, whereas the contrast decreases on
account of beam weakening and background noise.
However, contrast can be compensated for by an
appropriate increase of incident beam current, the
quantitative relationships for which have been
established in the previous reference.

The distribution of charge around a specimen
is much simpler in the vacuum of an SEM than the
corresponding distribution in the gaseous condi-
tions of the ESEM. First, the electron beam pro—
file is drastically modified in the ESEM. It has
been found (Danilatos, 1988) that, in the oligo—
scattering regime, the original beam is split in
two fractions, one consisting of the totally un-
scattered electrons and the other of beam elec—
trons scattered by the gas. The unscattered frac-
tion retains the original electron distribution
and, hence, is of the same diameter as the origi-
nal electron probe, whilst the scattered fraction,
referred also as "electron skirt", usually spreads
over a radius several orders of magnitude larger
than the probe diameter. Second, the important
reactions between signals and gas are yet to be
explored. This paper concentrates on the reaction
between electrons and gas and, in particular, on
the charge generation and distribution (including
deposition and collection) from signal-electrons
emanating from the beam-specimen interactions and
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from electrons emanating from the beam-gas inter-
action.

This study has been necessitated from the
need to understand, design and operate an effi-
cient gaseous detector device (GDD), the fundamen-
tals of which have been presented separately (Da-
nilatos, 1990b). The main purpose of this paper
is to present the derivation of equations gover-
ning the charge density and current distributions,
as they occur in the bulk of the gas and as they
are detected by two parallel electrodes defining a
uniform electric field. To simplify the basic
derivations, the top electrode is a disk with a
hole at its center and is positioned at the plane
of the final pressure limiting aperture, i.e. it
is integrated with the aperture grid. The bottom
electrode is a coaxial disk placed at the specimen
level and, again for simplicity, is integrated
with the specimen. Throughout this work, we will
mainly be dealing with two functions of current:
(a) The point current density denoted by j(r,D),
i.e. the current per unit area at a given point on
an electrode at radial distance r from the axis of
the system, with D the inter-electrode separation.
(b) The disk current I(r,D) derived from the
previous function by integration from O to radius
r. We will examine, in turn, the charge distribu-
tion of an electron beam, electron skirt, fast and
slow electrons from object in vacuum and in gas,
at low and at high electric field. The equations
of gaseous gain and charge conservation for the
ESEM will also be presented.

Terminology

In the vacuum SEM, we are already faced with
a large number of acronyms describing the various
signals. For example, we have SE-I (high resolu-
tion secondary electrons (SE) produced by the in-
coming electron beam at the specimen), SE-II (se-
condary electrons generated by the backscattered
electrons (BSE), as they exit from the specimen
surface), SE-II1 (secondary electrons generated by
BSE at the pole piece) and SE-IV (secondary elec-
trons generated by the electron beam in the elec-
tron optics column) (Peters, 1982). It has been
shown by Danilatos (1990b) that the number of
types of SE, BSE and photons is greatly increased
in the conditions of ESEM. As a result, it would
be difficult to memorize all these types by a nu-
merical system, or by addition of a large number
of new arbitrary acronyms. An attempt has been
made to rationalize a new terminology, a summary
of which is given here.

The basic sowrces, from which signals are
produced, are the probe (P), object (0), gas (G),
walls (W) and scattered probe (P').

There are three basic types (or carriers) of
signals, namely, electrons (E), gaseous ions (I)
and rays (R), the latter being all types of pho~
tons in the visible and invisible regions.

A further differentiation of signals is
according to their energy: For electrons, those
having energies less than 50 eV are said to be
slow (S), while the others are said to be fast
™. The cascade, or avalanche, electrons
appearing in a gaseous discharge are designated as
"cascade" (C) electrons. For photons, those in
the infra-red, visible and near ultra-violet
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regions are denoted by the word "light" (L), while
the x-rays by X.

An acronym may consist of three letters per-
taining to the energy level, the type of carrier
and the source of the signal, in that order.
Thus, SEO is read as "slow electrons from object",
FEO as "fast electrons from object" etc. FEP read
as "fast electrons from probe" may be abbreviated
to EP, i.e. "electrons from probe", since the
probe electrons are only fast ones. CEG read as
"cascade electrons from gas" may be abbreviated to
CE, i.e. "cascade electrons", since they occur
aonly in the gas (for our purposes in the ESEM).

To complete the system and remove ambi-
guities, we may combine different acronyms to de-
note the origin of aone signal from another, when
necessary. The direct (or practically direct)
production of one signal from ancther is denoted
by a hyphen (-), the indirect production through
intermediate stages is denoted by (~), while the
one characterized by both direct and indirect
stages is denoted by (=).

Thus, according to this terminology,
SEG-FEO~EP (read as "slow electrons from gas, di-
rectly caused by fast electrons from object, di-
rectly and indirectly caused by electrons from
probe") are the slow (i.e. the conventional secon-
dary) electrons produced from the gas by the ioni-
zing action of the fast (i.e. conventional back-
scattered) electrons from object, caused by the
unscattered electron probe. Similarly, CE~FEO~EP
are the avalanche gaseous electrons connected to
the useful (i.e. image producing) fast electrons
from the object; the FEO first produce SEG, which,
in turn, start electron avalanches in the presence
of a strong electric field; the resulting CE may
have a broad distribution of energies outside the
50 eV limit. The CE~EP' (reading "cascade elec-
trons directly and indirectly caused by scattered
electrons from probe") are ionization electrons
contributing only to the background noise of the
image.

This is only a brief note on the new termino-
logy, essential for this paper, and a more de-
tailed justification of it can be found in the
paper introducing - it (Danilatos, 1990b); the
reader would be helped by referring to it.

Electron Probe

For comparison purposes, we may describe the
electron probe current density distribution with a
Gaussian distribution function. As the beam pro-
pagates through the gas, it can be assumed that
electrons are removed uniformly from it and the
distribution retains its form. The intensity of
the beam is decreased exponentially by a factor
exp(-m), where m is the average number of electron
collisions with the gas per incident electron,
and, hence, the probe distribution is

I 2
jr) = —bexp[ r‘z —m] - -EP (@H)

2m::2 2c
where Ib is the incident electron beam current

prior to its entry in the gas and c the standard
deviation.
The current I(r) contained within a disk of
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radius r is

1) = [ irh2mdr @
2

I(r) = I exp(—m)[l—exp( L ]] -EP ()
b 2(:2

Electron Skirt

The electrons removed from the original beam
propagating through the gas form a kind of a
"skirt" around the probe (Danilatos, 1988). 1t is
of fundamental importance to determine the elec-
tron density distribution in the skirt, as this
might have a decisive effect on the probe profile
and, hence, on the contrast and resolution of the
instrument. The electron scattering by gas in the
scanning electron microscope has been examined
theoretically for the case of single scattering
(Moncrieff et al., 1979). However, the conclu-
sions from that examination were restricted to
apply only to the outer regions of the electron
skirt, whereas it was further reported by Mon-
crieff et al. (1979) that the useful probe doubled
its original diameter, as the pressure was raised;
this was observed experimentally by scanning the
beam across a sharp edge. The difference between
theoretically derived and experimentally measured
profiles was attributed to the fact that only
single scattering was considered. To clarify this
outstanding question, a rigorous theoretical and
experimental survey was undertaken by Danilatos
(1988), who considered the case of plural scat-
tering. The conclusion of this survey was that
the density of the skirt was orders of magnitude
weaker than the unscattered fraction remaining in
the original spot, throughout the entire range of
the skirt, i.e. including the immediate vicinity
of the useful probe spot. This conclusion was
confirmed by careful experimental measurements,
and the experimental observations by Moncrieff et
al. were questioned.

The analytical method used for plural scat-
tering is quite complex to apply and it was re-
stricted only to monatomic gases, namely to argon.
Its application to molecular gases is further com-
plicated by the complex expressions of the dif-
ferential cross-sections required. As the main
conclusions arrived at from the study of electron
skirts in argon are believed to be valid also in
other gases, we only need estimates of the widths
of the skirts in different gases for the purpose
of finding the relative importance of these widths
to the distributions of charge from the various
signals from the specimen. To easily achieve
this, below, we re-consider the use of analytical
expressions from single scattering theory, which
is much simpler for routine calculations with mo—
lecular gases, such as nitrogen, usually found in
the ESEM.

First, a comparison of the results from plu-
ral scattering with those from single scattering
theory is made. It can be easily shown (Moncrieff
et al., 1979; Danilatos, 1988) that the probabi-
lity V(r)2mrér to find an electron scattered
within an elementary annulus 2nrér is
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Beam
PLA

Fig. 1 An electron in the beam passing the pres-
sure limiting aperture PLA undergoes a collision
between z and z+dz and is scattered through an
angle 6 in the interval &0 (i.e. in the solid
angle &Q) to finally strike a plane between r and
r+ér.

D

V(r)2nrér = [ exp(—oTnz)g—géQndz (4)
(6]

where n is density of gas particles, 9. the total

scattering cross-section of the gas and the other
geometrical parameters are explained in Fig. 1.
From this figure we also find that

réo6

o = Sinfeosd

8Q = 2nsin666 (5)

and

The average number m of collisions per electron is
given by
oTpD

kT

m=omnD = ()

and, thus, the electron density at a distance r
from the axis is

il 3 m_.do 2
Oexp(—DZ)msin 6cosbdz

() = «Ep"

7D
2
UTDI

where the differential cross-section do/dQ is usu-
ally expressed as a function of angle 6, which in

terms of z is
_ -1 r
0 = tan (D—_z)

An analytical derivation of the differential cross-
section has been presented by Lenz (1954) and
adapted by Jost and Kessler (1963) and Danilatos
(1988). The differential cross—-section is the sum

®
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of an elastic and an inelastic term. For atoms,

the elastic term is

5= B R OTRNC)

16[sin2(6/2)+sin2(60/2)]

and the inelastic term

do A(6%+0%420%)
4 E 0
A e B P L)
(8°+67) (6°+0°+67)
E E O
where
6 = A/21nR 1)
6, = J/UE @2y
and
A*Z(1+4E/511000) ?
A = (13)
3.2
41 a
H
with A the electron wavelength given by
X = 1.226x10°(E+9.778x10™ ‘E?) "1/ ? (14)

and E the electron beam accelerating voltage in
eV, J the ionization energy of the gas in eV, R
the atom radius and a, the Bohr radius. The atom

radius may be derived from (Burge and Smith, 1962)

a,11/2
R = [te(O)E:l (15)
where fe(()) is the scattering amplitude for
electrons.
For molecules, the elastic differential cross-
section is (Massey, 1969)
doe sin(qrnm)
= o E E fn(e)fm(e)T (molecules) (16)
n m nm

where q=4nsin(6/2)/\, Lo is the inter-atomic dis-

tance between atoms n and m and fn(6) is the scat-

tering amplitude for the nt" atom, and is given by
Eq. (9). The corresponding inelastic term may be
taken, as a good approximation, equal to the sum

of all atomic differential cross-sections in the
molecule
dol dou
o >
o _Z o (molecules) (& 7))

The accuracy and conditions, under which the above
formulae are valid, have been summarized together
with a tabulation of various constants for a sele-
ction of gases elsewhere (Danilatos, 1988). From
the differential cross sections,the total cross-
sections can be easily found.
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E=10000, J=15.75, m=1]
1

10.9 1y

Log(V)

Probability distr.

=18 0.1 3

=5 -4-3-2-10 1 2
Log(reduced radius, p)

Fig. 2 Probability (V) and cumulative probability
(£) distribution functions versus reduced radius
in the single scattering and in the oligo-
scattering regimes.

From Eq. (7) we obtain for the total current
within a disk of radius r

I(r) = J()j(r')%r'dr' i P! (18)

It can be shown, as is actually expected, that in
the oligo-scattering regime, where m<3,
(s3]

I(r) = Ioj(r‘)ZHF’dr‘ =1, (1e™") -EP (19
The term e " is the fraction of electron beam that
survives without scattering.

In order to compare results from previous

work using plural scattering theory, the curves of
probability distribution (i.e. j(r)/Ib) and cumu-

lative probability (i.e. Z=I(r)/1b) have been re-

drawn from Danilatos (1988) in Fig. 2 together
with new ones calculated from Egs. (7) and (18)
above. The case is for argon with E=10000 eV,
J=15.75 eV and m=1. In this figure, the curves
have been plotted versus a reduced radial distance
p that relates to the real radial distance r as

27ty
AD

20

The various equations depend only on the ratio r/D
and only weakly on the electron beam energy, if
expressed in terms of this reduced radius (Jost
and Kessler, 1963). Close examination of the two
sets of curves shows that electrons are removed
from areas of medium radial distances, as we go
from single scattering to plural scattering; that
is, there are more electrons close to the axis and
in the outer regions of the skirt as m increases.
The difference is more pronounced with the cumula-
tive probabilities. It is interesting to note
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that the latter difference decreases towards the
outer region, so that if we were interested in the
overall width of the skirt, the single scattering
theory would produce a close result. However, if
we were to consider widths at half of the total
scattered current (i.e. at I(®)/2), then the two
methods may yield significant differences, depen-
ding on the value of m. Generally, the two
methods produce similar results that approach each
other as m>0.

It should be pointed out that the distribu-
tions in Fig. 2 are for an infinitely thin elec-
tron beam, or for sufficient distance away from a
finite width beam. They only represent the scat-
tered fraction of electrons and, hence, the cumu-
lative probability reaches only the value of 0.63,
of which the difference from unity is simply the

unscattered fraction (e'i) remaining on the axis
of the system. To see the effect on the profile
of a finite beam in the immediate neighborhood of
the beam, one must combine the distribution of Eq.
(7) with that of the beam given by Eq. (1). This
has been done for plural scattering and found that
the intensity of the scattered fraction is about
two orders of magnitude less than the intensity of
the unscattered fraction with a beam having
c=0.0001 reduced units at m=1 (see Danilatos,
1988). Therefore, the single scattering theory
would produce an even greater difference, as the
distribution curve lies lower at short distances
(see Fig. 2). The relative difference of intensi-
ty between the probe and skirt in the immediate
vicinity of the probe is greater the smaller the
probe diameter. In conclusion, both theories as
well as experiment agree that the unscattered fra-
ction from the original spot can be separated out
from the broad and weak skirt; in addition, we
may use the single scattering equations to make
estimates of the overall width and behavior of the
skirt towards its outer regions.

Profiles for molecular nitrogen have been
computed at 10 keV by use of Egs. (7) and (18),
from which the reduced radius with 50% and 90% of
the total skirt current have been calculated in
the range O<m<3; the limit m=3 corresponds to 95%

of the beam being scattered. In both cases, the

widths increase little versus m, as follows:
p(50%) = 0.052+0.013m 21
p(90%) = 0.61+0.09m (22)

By combining Egs. (6), (14), (20), (21) and (22)
and substituting various constants (T=293 K), we
find the dependency of width in practical terms as

O.354D+2.17Ax10190TpD
r(50%)

(23

hie pD<2

E )‘1/2

(E+9.778x10
20
4.128D+1.503x10" "o, pD

(E+9.778x10" 'E%) /2

r(90%) pD<2  (24)

The above equations are valid in SI units except E
that is expressed in eV; The electron beam energy
was not replaced with E=10000 eV, as it should,
but rather left as a parameter to be varied around
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Q.}
s 17
Beam
h
dh
0 /
R |
R RN s
o} dh
&
he
I~~~
/////— Ro A\ C
0 r 6r
Fig. 3 The FEO originating from O have a current

density j in the neighborhood of point (R,6), or
(R,h), and the ionization charge produced in the
volume element 6Adh flows between the anode (A)
and cathode (C) in the elementary column at B.

This is allowed as an approximation,
(21) and (22) depend weakly on acce-—
The total cross-section strong-
at E=10000 eV,

this value.
because Eqgs.
lerating voltage.
ly depends on the beam energy;

0T=5.7x10'21 m2. The equations presented are all

approximations giving good estimates, but, eventu-
ally experimental measurements should be used to
determine precise values once and for all. The
theoretical considerations presented can form a
basis, and the ESEM provides a new precision in-
strument for measurements in particle impact
phenomena .

Fast Electrons From Object

The FEO are distributed both over energy and
solid angle as they emerge from the beam-specimen
interaction. This property is formally expressed
by the derivative of the FEO coefficient n with

respect to energy E and solid angle Q as dnz/dEdQ,
which is a characteristic function of the speci-
men. We can initially consider the distribution
of FEO only over solid angle, irrespective of
energy. Such a distribution depends both on the
material and, mainly, on the topography of the
specimen, i.e. on the angle of incidence of the
beam on the specimen surface. Two cases of di-
stribution are considered in this work: First,
the well known cosine distribution, which de-
scribes normal beam incidence (see, for example,
Reimer, 1985), is used as a basis to determine all
relevant ionization currents. However, the same
details of derivation are applicable with any
other distribution. Thus, because the cosine di-
stribution describes a well polished surface, the
uniform distribution being a more "realistic" ave-
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Beam

PLA B A
O
&
R
D
B
c
0 r

Fig. 4 Schematic defining the parameters for FEO
current received by electrode A.

rage case is also considered towards the end of
this paper, without repeating the same steps of
derivations. For the cosine function we have:

dn ntcose

o (25)

n

where 6 is the scattering angle from the normal of
the specimen surface and n, the total FEO coeffi-

Cient. From this, we can easily derive the cur-
rent density j due to FEO at a point with polar
coordinates (R,0) from the point of beam incidence

(see Fig. 3). This is found to be:
s nthcose o
jR,0) = = Ro --FEO (26)
nR

where the current density is designated as a ve-
ctor along the direction of the unit position ve-

ctor ﬁo' Here, we consider both FEO~EP and

FEO~EP'. The FEO due to the electron beam skirt
emerge from an area of the order of tens of mi-
crons, which is several orders of magnitude smal-
ler than the size of the electrodes, or the region
in the gas, over which they normally travel;
hence, initially, they may all be considered as
coming from a point source.

The current density due to FEO at point B on
the top plane electrode A (see Fig. 4), i.e. the
current per unit area of electrode, at a radial
distance r from the optical axis and a vertical
distance D from the specimen is

2
n.I.D n.1I
j(r,D) = 2 = =1 ...FRO @n
n(D°+r°) nD°Q
where
l"2 1/2
Q= [1 + -—2-] (27')
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In the above, the relations r=Rsin® and D=Rcosé
were used, while the factor Q is introduced to
simplify the many expressions, in which it is fre-
quently encountered. As both Egs. (26) and (27)
describe current densities at a point, the letter
j has been used in both cases for simplicity; the
accompanying spherical coordinates will signify
that we describe the density in space, whereas the
cylindrical ones refer to a horizontal plane
(here, the electrode).

By integrating j(r)2nrdr between O and r we
find the current collected by a disk electrode:

&
QZ

For a given annular collector with fixed radii r,

and Yy

distance D 3
ma

x

I(r,D) = nth[ = - -FEO (28)

there is a maximum current I"x at a

r.=r

I =n1

t'b +
ri rZ

FEO in Gas, Low Field

The equations developed above are applicable
to FEO both in vacuum and gaseous conditions, pro-
vided that, in the latter case, the number of
scattering events per FEO is kept low, so that the
total deflection of electrons is small compared to
the size of detection electrode and the distance
traveled by them. In a gas, a certain proportion
of collisions results in ionizations. The func-
tion of primary ionization rate N(R,6), i.e the
number of ionizations per unit volume per unit
time at point (R,0) in the gas, arising from the
direct action of the FEO, relates to the pressure
p and to the ionization efficiency S (i.e. number
of ionizations per unit pressure per unit length),
as:

NGR,6) = LR.OPS

-+ - (SEF)B,-FEO (30)

where e is the electron charge. The Iianization
efficiency S is a reduced factor to be distingu-
ished from the ionization efficiency coefficient s
(i.e. number of ionizations per unit length) and
to which relates by S=s/p. The FEG are the fast
electrons from gas, known as 6-rays (e.g. Corson
and Wilson, 1948), but they constitute a small
fraction of all the electrons produced from gas,
which are usually SEG.

The charge (positive or negative) generated
at a point in the gas per unit volume per unit
time is, therefore,

1 nlIbpScose B nthphS

eN =
x(r2sh? )3/2

(31)
nRz

Let us consider the case of a uniform elec-
tric field between two plane electrodes where the
charge carriers, i.e. positive ions and electrons,
drift in opposite directions towards the elec-
trodes. Due to thermal agitation, the charges
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also diffuse outwards at a certain rate depending
on the intensity of the field, the gas pressure
and the nature of gas. This effect is orders of
magnitude less pronounced for the positive ions,
because their temperature does not significantly
exceed that of the neutral gas, whereas the elec-
trons are much less thermally coupled with the gas
and, as a result, their temperature significantly
rises, as they gain energy from the external
field. We may further restrict the case under
consideration, where the conditions of field, gas,
pressure and distance D are such that the magni-
tude of the outward diffusion is within fraction
of a mm, whereas the electrodes extend over seve-
ral mm or more; also, here, the field is low and
does not trigger any avalanches from the ioniza-
tion electrons produced by FEO, but is strong
enough to result in complete collection of all
electrons and ions generated by the FEO (condition
of saturation ionization current). The extent of
radial diffusion of electrons is considered later
in this paper and a review of related theories has
been presented by Danilatos (1990b).
Total ionization current

Under these conditions, we can calculate the
ionization current density arriving at the top (or
bottom) electrode. First, we consider the total
current induced by both electrons and ions in the
gas. This is done by integrating the current
generated in an elementary column between the two
electrodes at point B (see Fig. 3):

D
D n 1 pS
- _ _ t'b hdh
j(r,D) = joeNdh o L ERCIET 32)
n I pS
+ j(r,D) = ‘n—b—[% - 11)—0} .- -S(ERI)G-FEO (33)

Here, the electrons and ions from the gas directly
produced by the FEO are regarded as simply drif-
ting in the gas without multiplication.

The corresponding total current within a disk
of radius r is given by

I 55

I(r,D) = 2nlIbp]B[1 - 5

= Q] -+ -S(E&I)G-FEO (34)

Negative (or electron) ionization current

The derivations of ionization currents above
were based on the simple method of counting the
total number of electrons arriving at the top
electrode, which is equal to the total number of
positive ions arriving at the bottom electrode.
As has been discussed elsewhere (Danilatos, 1990b;
1990c), the signal detected at each electrode is
actually generated by induction only during the
motion of charges between electrodes, whereas the
current in the external circuit, due to a charged
particle, ceases to flow, when the particle ar-
rives at the respective electrode. The total sig-
nal induced on either electrode is due to both
ions and electrons. When an electron/ion pair is
formed at some point h from the bottom electrode
(see Fig. 3), the electron travels a distance D-h
to ore electrode and the ion a distance h to the
other electrode. In a uniform electric field, the
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electron is responsible for a fraction (D-h)/D and
the ion for a fraction h/D of the total pulse in-
duced; the total charge that flows in the external
circuit is e. Because the electrons and the ions
have different mobilities in the gas, which differ
typically by three orders of magnitude, it may be
necessary to consider the respective signals in-
duced separately. For example, the time of flight
of a particular charge between electrodes deter-
mines the frequency response of the system, and we
need to know the relative magnitude of the elec-
tron and ion contributions. The simple counting
method fails to supply the correct answers.
Therefore, we resort to first principles of the
theory of electricity as follows:

Two basic equations are used. The first:

I =qu/D (35)
relates the induced current I by the moving charge
q with velocity v between electrodes at distance
D, and the second:
J=pv (36)

relates the velocity with the current density at a
point and with the charge density p at the point.

Thus, in the column element with base 8A and
height dh at point h (see Fig. 3) the negative
charge is pn(h)dhéA, which, moving with drift ve-

locity v, induces a current déI in the external
circuit
v p (h)dhéA
déI = “—“T)—— 37

The electron charge density at a point h is found
by adding all the contributions of electrons gene-
rated in the column at points h' with h'<h. The
rate of charge production in the volume element
dh'6A is eN(h')dh'S8A and, by the continuity prin-
ciple, this charge crosses the area at point h at
the same rate

dj(h)8A = eN(h')dh'SA (38)
Combining Egs. (36) and (38) we find
i, i
p.(h) = En‘[oeN(h')dh (39
; r)thpS 1 1 ]
P ) = | r (h2+r2)”2] 40)
Hence, Eq. (37) becomes
dhéa ("
ds1 = A [ eN(h')dn 41

By integrating Eq. (41) with respect to h from O
to D, we find the total current induced at the
electrode by the charge in the elementary column.
Because this current is collected by an area 8A,
the current density at the electrode is
j(r,D)=81/6A:
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Ddh h

j(r,D) = jo S [ eNchtyan® . -SEG-FED  (42)

After integrating we find

n. 1 pS
LY {1 Lk ] . -SEG-FEO

j(r,D) = = > + ﬁlﬂm (43)

The corresponding disk current is found to be

I(r,D) = ntlprS{l -Q+ 25+ %)ZIHD('LQ)J
-+ SEG-FEO  (44)

For later derivations, it is instructive to
note that we can arrive at the same result as Eq.
(42) as follows:

The column element dhSA at h produces a cur-
rent eN(h)dhéA that is constant in the column for
h'>h. This current corresponds to a constant
charge density clpn=d;i(h")/vn for h'>h, which is

_ eN(h)dh
dpn = v
n
Due to this partial density, a partial current
dzél is induced
2 do, db'OA v Nehddidh 8A
d o1 = =
D D
b h
dsI = fhd 81 = eN(h)dhéA[l— ﬁ}
D
i =& = J eN(r,h)(l— %]dh 45
0

which, after yields the same result
as Eq. (43).
Positive ionization current

Along the same lines, we can derive the cor-
responding equations for the positive ion density
and cwrrent. Taking care of the limits of inte-
grations and replacing the electron drift velocity
with the ion drift velocity vp, we find

integration,

1 0 .
o) = ¢ jheN(h ydh (46)
nIpS
1 1
p (h,r) = —=2 - e 46"
p nup (r2+h2)“2 DQ

The current induced is given by corresponding
equat ions

D
< D D
: dh e h
e,y = [ 5 [Lence,nhant = [neN(r,h)D dh

-+SIG-FEO  (47)
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which, after integration, yields

n I pS
- b1, r 1l erea /
je, D) = p |: DlnD('1+Q) DQ] SIG-FEO (48)
Similarly, by integration, the corresponding

disk current is found to be

1(r,B) = nthDDS[l =l (%)ZIHD(§+Q)J

-« -SIG-FEO  (49)
The positive ions move in the opposite direc-
tion to that of electrons and, because they also
have opposite charge, they induce a current in the
same direction as that by the electrons. We can
confirm that by summing Eqs. (43) and (48) we find
the same total current as that given by Eq. (33).
Although one could derive the equations for posi-
tive ions by simply subtracting the ones for elec-
trons from the total current, the derivation and
result are presented above both for theoretical
completeness and for easy engineering reference.
The total space charge density is found by
algebraically summing Egs. (40) and (46'):

PR i [ P I Y
PAL, oo v v 2 212 v DQ v r
P n’ (h“+r®) P n

(50

SEO in Gas, Low Field

The slow electrons from object, in the pre-
sence of gas and low external uniform field, col-
lide with the gas molecules without ionizing it
and acquire a steady drift velocity in the direc—
tion of the field. Due to thermal agitation, they
also diffuse radially, so that by the time they
reach the upper electrode, a fraction of them is
located within a disk of radius r. This fraction
has been calculated by Huxley and Zaazou (1949)
and their result is adapted as follows: If the
slow electron yield coefficient is 6t, then 6t1b

current originates at the specimen surface, and
the current I(r,D) reaching the anode within r is

6 1
t b eV
I(r,D) = 5L1b—Q—eXD|:m (I-Q)] «~8E0 (51)
where V is the applied potential, k Boltzmann's
constant, T absolute temperature and € is the

ratio of thermal energy of electrons to the ther-
mal energy of the host gas molecules. Values of
the latter factor have been compiled from the
literature by Danilatos (1990b). The diameter
within which the majority of electrons arrive at
the top electrode can vary greatly, but, for most
practical cases, it is of the order of mm. Thus,
all the SEO due to both the useful probe and the
skirt can be considered as originating from a
small region, i.e. a point.

The corresponding current distribution can be
found by a simple differentiation with respect to
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r and then by division by 2nr:
. V 1 eV
D) = A[—e—- + —]exp[ (l—Q)]
ZTIDZQZ 2kTe = Q 2KkTe
“#<SE0  (52)
SEO in Gas, High Field

Total current

When the external field 1is sufficiently
strong to impart enough energy to the drifting
electrons to ionize the gas, it can be easily
shown (see review by Danilatos, 1990b) that the

total current I in the external circuit increases
by a factor
s = e - CEADSSED (53)
t b

where o is the first Townsend coefficient. This
represents the total effect of both electrons and
ions in the steady state condition, i.e when we
allow enough time for the slower positive ions to
reach the cathode. The avalanche of electrons
reaching the top electrode has the same radial
distribution as the SEO at low field, i.e. as
given by Egs.(51) and (52) according to Townsend
and Tizard (1913). The positive ions do not
spread by any appreciable amount any further as
they move to the bottom electrode. Therefore, we
only have to multiply these equations by the gain

factor Tl However, if we need to know the con-
tribution of the electrons separately from that of
the positive ions, we have to establish the cor-
responding gain factors as follows:
Electron current

In an analogous manner as previously, we need
to define a linear charge density Xn(h)

dg

L) =

(54

where dq is the electron charge in a slab of
thickness dh at h (see Fig. 5). Because dh=vndt,

we get for the electron current In crossing a

plane at h

In(h) = vnln(h) (55)

The increase of electrons in the slab is represen-—
ted by

dl. =l _dh (56)
n n

from which the current of electrons at h is:

I =61e™ &)
and thus

6'Ih "
A () = —— e (58)
n v

n
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Fig. 5 The SEO originating from O multiply in an
avalanche (dotted lines), as they drift towards A
by the field and outwards by thermal agitation.

The induced current in the external circuit by the
electrons in the slab is

vnln(h)dll

al. = D

59

By integrating Eq. (59) from O to D, we find the
total current induced by the electrons alone, and
the corresponding amplification factor:

I il

= ——[eaD——l) -+ -CE~SEO (60)

oD
t'b

Positive ion current

The electrons create positive ions along
their path to the anode, but the ions thus formed
do not further ionize the gas as they drift
towards the cathode. In addition, they do not
diffuse outward in any significant amount, because
their € factor is close to unity for the fields
frequently used in the ESEM. The linear density
of positive ions Xp(h) again satisfies a relation

—

A h) = 61)
P

B
v

o

where Ip is the positive ion current flowing at h.

This is due to all ions from h'>h, which are
formed at the same rate as the corresponding elec-

trons. For a slab dh' at h' this rate is simply
given by Eq. (56) as
dI =dI = ol dh' = o8 I e dh' (62)
P n n t b
from which
? ah’ (Lop _an) .
I=Ja61e dh' = & I |e*—¢ 63
P h t b bl

Substitution of this result in Eq. (61) leads to




6L1b oD Oth
> [e -2 ] (64)

P

r () =
P

Finally, the current induced by the moving posi-
tive charge is found by integration as

v A (hdh
PP

NN

0

611 s gD %D[e‘”’—l] CI~SED

(65)

which is the gain factor for the avalanche ions
due to SEO. We can immediately confirm that, by
adding the results of Egs. (60) and (65), we pro-
duce the result of Eq. (53), as expected. It is
worthwhile noting that the gain factor for elec-
trons includes the contribution to it of the ori-
ginal electrons (i.e. SEO), which is equal to
unity, whereas the factor for positive ions is
entirely due to the ionization of the gas.

FEO in Gas, High Field

As we have seen, the FEO have enough energy
of their own to create a primary, or initial,
ionization in the gas, mainly the S(E&I)G-FEO. 1In
the presence of a strong enough field, the SEG-FEO
produce secondary, or additional, ionization as
they drift towards the anode. Each SEG-FFO starts
a new avalanche that spreads according to Eq. (51)
with a gain similar to Egs. (53), (60) and (65),
but properly modified to take into account the
variable position of the starting point (see
Fig. 6). The general case is quite complex to
express analytically, but for the present purpo-
ses, it would be sufficient to consider the simple
case where the spread of the avalanches is con-
fined within a small diameter column, in which we
can integrate the total effect. Again we distin-
guish three cases:

Total current

In a similar fashion, the total current
induced by the moving electrons and ions can be
easily found by counting the number of electrons
reaching the anode. This calculation yields the
correct answer, if we wait enough time for the
positive ions to complete the circuit. The
element in the column of Fig. 6 produces an ini-
tial current eN(r,h)dhdA, which is then amplified

by a factor ea(D'h), so that the point current

density is found by integrating over the height of
the element

D
JEr) = JOeN(r,h)e

G(D-h)dh 66)

#3002, D) =

D
n I pS o (D-h)
e J = dh L CERD~FEO (67)

252 /
8 o (F +h )3 2

The total current collected by a disk of
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Beam
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/ Q
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CE=FEQ’] / &
dh
D
h
(0
0 r &r

Fig. 6 Schematic of the parameters for the deri-
vation of distribution eguation for CE~FEO. A FEO
originating from O starts avalanches with the
ionizing collisions along its track.

radius r is

D

h a(D-h)
b S 2”11&# [“m] s
0 (r“+h”)
« « -C(E&I)~FEO (68)
It is worthwhile noting that Eqg. (68) is

valid even if the spread of each individual ava-
lanche is greater than the area A of the elemen-
tary column, but much smaller than the area of the
disk electrode. This is because j(r,D)SA=561,
where 81 is the current induced in the external
circuit by all the avalanches starting inside the
elementary column, but may spread outside the
boundaries of it, as it develops towards the
anode .
Electron current

By following the same reasoning as in pre-
vious sections, we can derive the separate contri-
butions to the induced current by the electrons
and ions. Omitting the intermediate steps, but
subject to the same conditions as in the previous
section for the total current, we finally find

D

j(r,D) = J eN(r,h)&-%(e“‘“"”—l}dh 69)
0

D
TlthDSJ h
2
o (

» ®(D-h)
» Joe ) = noD 2 3/2{e -l)dh
+h“)

« » +CE~FEO (70)

The disk current is

2n 1 psp®
I(r,D) = t0(;) J [1 - 2 hz 1/2] [ea(n-h)_lJ
0 (r“+h®)

+ « +CE~FEO (71)
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Positive ion current

The derivation of the equations for positive
ions is a little more complicated, but it follows
the same reasoning. Omitting the details here,
the final equations are as follows.

The point current density is

D

. _ (D-h) 1 5
Jjer;D) = JOeN(r,h) [e [1— (xD]+ (xD]dh C72)
n I pS P
: Ty [
s 3D = =2 [ - h2 3/2[9(“0 h)(od)-l)+1th
o(r°+h%)

«++CI~2FEO (73)

Finally, the disk current is

D
2n 1 pS
t b h o(D-h)
I(F,D)=TJ\ [l— ——5—2-‘1/—2] [e (<XD—1)+]](H)
0 (r°+h®)
CI=FED (74)
The same condition applies for Egs. (70) and

(73), namely, that the avalanche widths are not
appreciably greater than the width of the column
of integration. However, Egs. (71) and (74) are
always valid, provided that the disk radius is
much greater than the avalanche spread.

FEO in Gas with SEO-Retarding Field

All previous analysis was done with the field
assumed to be in a direction that accelerates all
electrons away from the specimen, i.e. from the
bottom electrode towards the top electrode. It
the electric field is reversed with sufficient
intensity, then the SEO will be retarded back to
specimen, leaving only the FEO as the active com—
ponent for signal generation.

The S(E&I)G-FEO will simply move in opposite
directions, and the Egs. (32), (33) and (34) for
the total ionization current are valid also for
the present case, except that the current will
flow in the opposite sense. However, the indivi-
dual components for electrons and ions have diffe-
rent equations, when the polarity of the field is
reversed: Because each of these species of charge
carriers moves in an opposite direction, they
simply exchange their travel paths and, because
their equations depend on the travel paths in the
uniform field, their corresponding equations
should be simply exchanged; one can confirm this
conclusion by following the same steps of deriva-

tion by use of the induction theory. Thus, the
equation for electrons is
Ey2 r
I(F,D) = T)thpIS 1 = Q == (ﬁ) ll’lm
-+ +SEG-FEO (75)

and for ions
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E

D

r

P bee
RITGET0))

I(r,D) = 0 I plS(1 - Q + %E + 1

==~ SIG-FEO (76)

The situation for a high retarding field that
causes avalanche amplification is, somehow, diffe-
An analysis shows that the factor eaw'h)
in the Egs. (66)-(74) should be replaced with em‘.
Therefore, for the total signal we have

rent .

D

0 I_pS Oh
cr o wss LD he” dh - 1E
GG, D) = = J‘ Wi C(E&ID~FEO (77)
o (r°+h®)
and
D
5 = h oh
I(r,D) = ZWLIbng [1——*2 > 1/2]e dh
0 (r°+h°)
- -C(E&D~FEO  (78)
For the signal induced by electrons only we
have
D
n I pSr
e ) h Oh
Jr,D) = meJ N 3/2{8 _1th
o (r°+h%)
-+ -CESFEO  (79)
and
)
2n I pS
Ler il = : IbJ J [k 2 hz 1/2] [eah_l]
0 (r“+h”)
-+ -CE~FEO  (80)
Finally, for the signal induced by ions only we
have
D
n1pS
s _ t'b h ah, o
INE LD % maD J B 2 3/2[6 (O(Dl)ﬂ]dh
o(r°+h®)
= = CIeFEQ (81)
and
2n 1 pS(°
1 t™ b h ah
B = J [1— et “2] [e (ch—1)+1]dh
0 (r°+h®)

-+ -CI~FEO  (82)

Ionization from Electron Beam

The electrons from probe and from skirt pro-
duce ionization before the beam strikes the speci-
men and hence the produced cwrent contributes
only to the background noise. The ionization is
confined within a relatively small radius and the
corresponding distributions will not be derived
here. For the present purposes, it will be suffi-
cient to simply find the combined ionization cur-
rent produced by the electron probe and the skirt
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together, at low and high field.
It can be easily found that,
the total ionization current is

at low field,

I=IpSD - -S(ERI)G-E(P&P') (83)

The ionization current due to electrons only
is
I=1rpsp - SEG-ECPEP') (84)
The ionization current due to ions only is,
therefore, the same as in Eq. (84).
At high field, the total ionization current
is
IpS
. Ee“”-l] -+ -C(E&I)~E(P&P"')

e (85)

v

The corresponding current induced by elec—

trons only is

I=—5 b

I pS
i [1 Ea““—l] * 1] .. .CE~E(P&P')  (86)

Finally, the corresponding current induced by
ions only is

1 = . ;
-(x—ﬁ:l -+ -CI~E(P&P') (87)

Ionization Efficiency

Crucial to most of the derivations above is
their dependence on the ionization efficiency S,
which strongly depends on the electron energy and
the nature of gas. This coefficient, or related
ones, can be found in the literature. On many
occasions, information is given on the ionization
mean free path Li, or on the ionization cross-sec-

tion o which inter-relate as

T

T,
P

i pS

Q=

(88)

In order to understand the relative magni-
tudes of the charge distributions in the ESEM, we
consider a typical case, namely, the use of nitro-
gen as the filling gas. For this, data on the
ionization efficiency have been taken from Engel
(1965) and Massey (1969) and fitted with empirical
equations in two ranges of energy as follows:

S(E) =485.63E"' Jexp(-7.05E%" ")

for 0.02<E<0.3  (89)
and
SOE) = AE™Y w1, 73aEm 0982
for 0.3<E<30 (90)

where the energy is expressed in keV and all other
quantities in SI units. As there is some varia-

810

tion in the data published by various authors, the
above formulae provide satisfactory means for
engineering considerations.

The distribution of FEO over energy depends
mainly on the target material and is almost inde-
pendent of the incident beam energy, provided that
the distribution is plotted as a reduced energy
W=E/Eb, where E is the FEO energy and Eb the beam

energy (Matsukawa et al., 1974). Let us consider
normal beam incidence on a copper specimen with a
flat surface. For this case, the experimental
results by Matsukawa et al. have been fitted with
the empirical equation

dn _

5
i i
g = LOEDAW =

i=0

= 0.05-0.23W+2. 25W°~7 . 408W +15.784W"-10.29w>  (91)
This equation does not include the fine structure
(peaks) of the Auger electrons, or the low-loss
peak of the FEO, but it closely represents about
90% of the FEO. The error will be small, if Egs.
(89), (90) and (91) are used to find a practical
mean for the ionization efficiency as:

E

b dn
JE ~ S(E)FRdE

min

E
J‘b
E

min

<S> =

(92)
dnjE
dE

The main question here is with regard to the
lower limit of integration Emin. As was pointed

out earlier, the distribution of ionization in the
bulk of the gas caused by FEO can be expressed by
the equations arrived at, provided that (a) the
FEO have high enough energy and (b) undergo a
relatively small number of collisions, so that
they do not lose significant energy and they are
not deflected significantly in the gas region
under consideration. Clearly, the equations are
not valid for relatively high (travel
distance)x(pressure) conditions and for the low
energy FEO, cases which need to be treated sepa-
rately. However, for a great many conditions of
design and applications of ESEM, we may proceed
with our derivations. The lower limit Emin must

be much higher than the energy loss of a FEO
between two consecutive ionizing collisions. For
nitrogen, this energy loss (in the form of ioniza-
tion, excitation etc.) has a relatively constant
mean of 34.6 eV for E>2 keV, but varies at lower
energy (see literature surveys by Danilatos, 1988;
1990b). For example, an electron of 0.4 keV pro—
duces an average of 4 ionizations, but at 0.8 keV
it produces 13 ionizations, because a sharp
increase occurs from 0.7 keV (Cobine, 1941).
Therefore, Emin=0.8 keV seems a reasonable choice.

This choice also satisfies a limitation imposed by
the external potential between electrodes. Poten-
tials up to 400 V have been used, and, therefore,
the trajectories of FEO with energies of the same
order (i.e. 400 eV) or lower will be affected.

For E>0.8 keV we can use the simple Eq. (90)

in Eq. (92) to arrive at the analytical




CHARGE DISTRIBUTION IN THE ESEM

expression
5 A
i i i-B+1
? L i-B+1 (1_wmin ] 5
<S> = == 5 AE " = CS(E) (93)
i i i+l
i?o(_l) m(l—wmin]

where the constant C can be readily calculated.
The significance of Emin in our calculations

depends on the value of Eb through Wmn— min/Eb.
Thus, taking nt=0.31 for copper, we find that, for
E.b=1, only 31.6% of FEO contribute to the calcula-
tion of <S>, and C=1.11. For Eb=2 we have 79.7%
of FEO contributing and C=1.34, for Eb=5 we have
86.2% and C=1.47, for Eb=10 we have 87.4% and
C=1.53 and for Eb=30 we have 88.2% and C=1.64.
Therefore, for Eb>2 keV practically all the FEO

that are accounted for by the Matsukawa et al.
distribution are included in the calculation of
the <S>. For Eb<2 the fraction of FEO electrons

with E<Emin becomes significant.

The Gain Factor

Another critical parameter in the equations
derived is the a—coefficient (first Townsend coef-
ficient), which depends on the field, pressure and
nature of gas. A literature survey on derivations
for this coefficient together with tables of con-
stants for various gases are presented elsewhere
(Danilatos, 1988). A simple expression is

a = Apexp[g—%] (94)

where & is the intensity of the electric field and
A and B are constants of the gas; for nitrogen A=9
1/Pam and B=256.5 V/Pam in the range 75<&/p<450.

Only the simple case of amplification factor
exp(—oD) is considered here, because, under the
stable conditions sought, this describes quite
adequately the gaseous gain. As the y-processes
start appearing, a higher gain is achieved, but
the situation becomes quickly unstable. The
y-processes are various mechanisms whereby new
electrons are ejected from the cathode resulting
in new generations of electron avalanches in the
gas. These mechanisms operate singly or simulta-
neously and are responsible for the ultimate
breakdown of the discharge as we increase the
applied bias. This regime ought to be avoided,
and maximum amplification is preferred through the
gaseous amplification alone (i.e. through the
oa—process). This situation has been discussed in
detail together with an extended literature survey
elsewhere (Danilatos, 1990b).

A small correction to the gain factor may be
more pertinent to briefly consider here, especial-
ly for the lower range of electrode bias. For a
given field, there is a minimum electrode separa-
tion, below which no gain can be achieved, because
the electron does not gain enough energy to ionize
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the gas (see e.g. Weston, 1968). This minimum
distance Dm corresponds to the minimum effective

ionizing potential of the gas Vm through the equa-

tion

\Y
m A"
5 o= g (95)
m
and, thus, the actual gain factor G is
G = exp(cx(D—Dm)] = exp(faD) (96)
where the correction factor f is
VIII
f=1- T 97)

This becomes more significant at low voltage,
especially with the equation for SEO. This cor-
rection may be incorporated in all the relevant
equations, but its effect is found to be much
smaller than the uncertainties caused by other
effects, such as, for example, the purity of the
gas used. This correction is not important for
the main features of the distribution functions
derived above.

Examples of Distribution

ILet us apply some of the equations to a typi-
cal case, for which we choose the following para-—
meters. We use a 10 keV electron beam, for which
we can calculate <S>=0.38 from Eq. (93). The
electron beam is described by a Gaussian distribu-

tion given by Egs. (1) and (3) with c=10"° m. We
may also choose a pressure of p=1000 Pa and di-
stance D=0.001 m. The parameter € for nitrogen in
Eq. (51) presents the difficulty that it has been
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Fig. 7 Total, electron and ion disk currents from
the primary ionization of FEO, with the parameters
shown .




G. D. Danilatos

Disk current

CE=FEO

Disk radius rx1000, m

Fig. 8 Total, electron and ion disk currents from
the secondary (avalanche) ionization of FEO, with
the parameters shown.
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Fig. 9 Total, electron and ion disk current from
secondary (avalanche) ionization of SEO, with the
parameters shown.

found tabulated for values of &/p only up to 45
V/Pam (Danilatos, 1990b); as &/p may well exceed
this value in the ESEM, an immediate remedy is to
extrapolate the available data with the straight
line €=36.5+1.73(%/p), but an actual relationship
should be established in future work. 1In all the
following examples, to make the comparison easy,
we set the beam current and the SEO and FEO coef-
ficients equal to unity, i.e. Ib=nt=5t=1.

By use of Egs. (34), (44) and (49), we obtain
the graphs in Fig. 7. We note that the electron
current is higher than the ion current and the
difference is significant at small disk radius.

) CEI=FEQ
161
14} CI=FEQ
1 2:.
104

Disk current

CE=FEO

01 2 3 4 5 6 7 8 9 10
Disk radius rx1000, m

Fig. 10 Total, electron and ion disk current from
secondary (avalanche) ionization of FEO, with
parameters shown (retarding bias).

fo.9
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0.1

Normalized disk current

Log(disk radius r, m)

Fig. 11 Simultaneous plot of normalized disk cur-
rents for beam, skirt, FEO and SEO (cosine distri-
bution of FEO); dotted lines show the radii at
half maximum of current.

The total ionization current, i.e. the S(E&I)G-FEO
is not very high for this particular FEO distribu-
tion and electrode configuration, and it takes
place within a few mm of radius.

By applying a bias V=400 volts to the elec-
trodes, we obtain, through avalanche formation, a
multiplication of current according to Egs. (68),
(71) and (74) as shown in Fig. 8. We now note
that the ion cwrent is much greater than the
electron current and the total gain has increased
by more than a factor of ten over the initial
ionization current.

|
.
|
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Gross gain, G
C(E&I)=SEO=E(P&P’)

Log(G)

Fig. 12 logarithm of gross gain versus pD for
cascade electrons and ions due to SEO, with diffe-
rent fixed anode bias; dotted line corresponds to
m=1.
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Fig. 13 Logarithm of useful gain versus pD for
cascade electrons and ions due to SEO, with dif-

ferent anode bias.

By use of Eq. (51) in conjunction with
(53) for the total current, with Eq. (60) for
electron current and with Eg. (65) for the
current, we obtain the graphs in Fig. 9. The
achieve a relatively high gain of more than two
orders of magnitude composed predominantly of ion
current . The SEO are distributed and amplified
within a small radius of about one mm.

By reversing the applied bias and by use of
Egs. (78), (80) and (82) we obtain the results
shown in Fig. 10. The difference from the "for-
ward" biasing is that the distribution is now more
spread out in radius.

In order to compare the range of action over
radius between various currents, simultaneous
plots of the electron probe by Eq. (3) and skirt
by Eq. (18), together with results for C(E&I)>SEO
and C(E&I)~FEO, as above, are shown in Fig. 11.
The abscissa shows the logarithm of radius and the
ordinate shows normalized values of the functions
of disk current obtained by dividing the current
by its maximum value at the maximum radius used;
at this radius, all currents have reached their
saturation maximum, with the exception of
C(E&RI)~FEO which, however, for the present FEO
distribution, is close enough to its saturation
value.

One consequence of the casine form of distri-
bution on the gaseous currents connected to FEO is
that these currents approach a finite value, as we
increase the electrode radius.

Ea.
the
ion
SEO

Gross Gain and Useful Gain

The distribution equations for the signals
from the specimens, as presented above, refer to
the gross signal caused by all beam electrons
(i.e. those in the skirt and those in the
remaining useful probe). To separate the useful
signal from the background signal (=noise), these
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equations must be simply weighted by the appropri-
ate useful gain factors. Below, we calculate the
useful gain factors for the SEO and FEO
separately.
Slow electrons from object

First we consider the C(E&I)>SEO~E(P&P'),
which, starting from the specimen surface, multi-
ply according to Eq. (96). For a fixed voltage,
this gain depends on the product pD and shows a

maximum at some characteristic value of pD. Al
the maximum we have the Stoletow condition:
V'
(pD) = = (Stoletow) (98)
opt B

On a Log(G) versus pD diagram, we can easily show
that the maxima of gain lie on a straight line:

AV

mg(c)opt = 0.16ApD-0. lb—B"'

-« +C(F&I)~SEO~E(P&P') (99)
Typical curves are presented in Fig. 12 for
the case of nitrogen, with Vm=15.5 volts. The

curves have been drawn only in the range for which
the constants A and B are valid, but they should
approach the abscissa asymptotically (i.e. unity
gain). There might be little use plotting for
values of pD equivalent to m>3, which, for a beam
of 10 keV, corresponds to a boundary shown by a
vertical line at pD=2. The straight line obeying
the Stoletow condition passes close to the origin
of the axes.

In order to find the fraction of the gross
gain that corresponds to the useful unscattered
probe, we must multiply by exp(-m). Taking into
account Egs. (6) and (94), the useful gain is
given by
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V=400

Gross

Useful
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Fig. 14 Simultanecous plot of gross and useful
gain for SEO, with 400 volts anode bias.

o
G = exp[pD[fAe-BpD/v— ——I]:I

KT
- - -C(E&I)~SEO=~EP (100)
A set of curves for the useful gain is shown in
Fig. 13. Again, we note a maximum which defines

an optimum condition of operation for the ESEM.
This new condition is found to be

o
-BpD/V(,  pDB] _ T
fae (l ~ ] = T

-+ +-(optimum ESEM operation) (101)
We note that pD and V enter as a ratio in the
above equation and, hence, they are proportional
to each other. The maxima again lie on a straight
line as shown in Fig. 13, because, under the con-
dition of Eg. (101), we obtain a linear relation
with respect to pD (pD/V=constant):

_ e apbD -BpD/V
Log(G)opt = O.AthB—Ve pD

-+ -C(EQI)~SEC~EP  (102)

The logarithm of useful gain can, in theory,
assume negat ive values, which means that the gain
can be less than unity; however, this may have
little practical significance. The curves have
only been drawn down to the abscissa. At the
previously arbilrary limil of m=3 (where pD=2), we
note that the useful gain for a bias V=400 volts
is still G=7.1, which is quite significant. In
other words, when the beam has lost 95% of its
electrons and when using the gaseous detector
device (GDD), we may still be able to form accept-
able contrast. Therefore, we are led to search
for and define yet another practical limit of m,
for the case of GDD. We could, perhaps, define
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Fig. 15 logarithm of useful gain versus pD for

cascade electrons and ions due to SEO, with dif-

ferent accelerating voltages.

this limit to be the point where the curve of use-
ful gain becomes unity. Such a limit would, of
course, depend on the operating conditions of the
GDD.

It is important to compare the overall gain
to the useful gain for a fixed voltage, say V=400

volts in nitrogen. This is shown in Fig. 14. The
difference between the two curves, due to the
skirt, should be kept as low as possible. We note

that the two maxima occur at a different pD value,
which is fortunate. This implies that, when the
ESEM is operating under the optimum condition of
Eq. (101), the skirt noise is not yet very high.
As pD is increased beyond this point, the dif-
ference between gross and useful gain is monotoni-
cally increased simultaneously with a decrease of
the useful gain, all to the detriment of useful
contrast .

We also consider the effect of using dif-
ferent accelerating voltage for the electron beam.
A set of useful gain curves with different keV
beams is shown in Fig. 15, where the o, has been

calculated for each keV from Egs. (16) and (17).
It is noted that the effect can be very pro—
nounced. The gain drastically diminishes towards
5 keV (and below), whereas it approaches asympto—
tically a limiting curve at the high keV range.
The limit is simply given by Eq. (96), to which
Eq. (100) is reduced, as o, becomes very small at

very high keV.

If we are interested in the useful gain
factors for the signals induced by electrons or
ions only, then we must likewise multiply the cor-

responding gain factors by e
Fast electrons from object

In a similar fashion, we can find the various
gain factors associated with the C(E&I)~FEO. The
equations previously derived are applicable for
all FEO~E(P&P'). For the case of a cosine distri-
bution of FEO, the gain as obtained with a disk of
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Fig. 17 lLogarithm of useful gain versus pD for
cascade electrons and ions due to FEO, with dif-
ferent anode bias.

very large radius can be found (after integration)
from Eq. (68) as

I =

Rely

G = 2pDS [i—D [ef"‘D-l] +1—f]

-+ -C(ERI)~FEO~E(P&P' ) (103)
where the correction factor f was accounted for in
the limits of integration of Eq. (68) and has been
incorporated above for completeness. It can be
seen that its effect is small also at low bias,
where the gain is mainly determined by the primary
ionization by the FEO. At low field, where the
avalanche gain is unity, Eq. (103) reduces the
same result as Eq. (34) with very large r, i.e.

G = 2pDS - - -S(E&I)G-FEO~E(P&P') (104)
which simply states that the gain is proportional
to pD and to the ionization efficiency. The gain
by Eq. (103) is also proportional to pD, and has a
maximum when plotted versus this product. A set
of curves using Eq. (103) is shown in Fig. 16. At
low bias the curves gradually degenerate to
straight lines as per Eq. (104).

By multiplying Eq. (103) by the factor e ",
as previously, we can find the useful gain for
C(ERI)~FEO~EP, and a set of curves is shown in
Fig. 17. The curves for V=100 and V=200 volts
have less than unity gain (negative values) and
have been drawn for completeness. It should be
remembered that the equations of gain derived here
depend on the distribution function of FEO used,
and appropriate adjustments should be made with
other distributions.

Uniform FEO Distribution

In a practical situation, the surface of a
specimen has variable topography and, as a result,
the FEO distribution may change from point to
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point as the beam scans the image. If this dis-
tribution were known for each point of specimen
surface, the corresponding ionization function
eN(r,h) could be easily established and, then, the
various distributions of current could be found
exactly as in the case of the cosine distribution.
Distributions of special interest are left for
future studies; here, the uniform (or spherical)
distribution of FEO will conclude the present
investigation. A typical specimen may have such
"an average roughness" that a FEO has equal proba-
bility in all directions; this is a much more
realistic case than the case of a polished speci-
men. The main functions have been derived for
this case and the results are presented below
without detailed explanations:

n
g_g = o (105)
I(r,D) = ntlb(l—%} . “FEO (106)
TltlbDS
eN(r,h) = AT Qao7)
2n(r“+h“)
I(r,D) = nthpIE[%tan_l(%) + an]
.- -S(E&I)G-FEO  (108)
e, = n, 1,008 Sean”" 5)-3(5)%1n (5) 1nc]
.- -SEG-FEO  (109)
D
I(r,D) = %qt1bpSJ ]n[1+(;_;)2]ed(D-h)dh
0
-+ -C(ERI)~FEO  (110)
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Fig. 18 Total, electron and ion disk current from
the primary ionization of FEO, with parameters
shown (uniform FEO distribution).
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Fig. 19 Total, electron and ion disk current from

secondary (avalanche) ionization of FEO, with
parameters shown (uniform FEO distribution).
D
n I pS
_ t’b ryz|| a(p-h)_
I(r,D) = 5D Joln[h(h) ][e 1]dh
--CE~FEO  (111)
For retarding field:
D
I(r,D) = 0,1 pS[ 1n[1+(5)2]e°‘“dh
b h
Jo & d
-+ -C(E&I)~FEO (112)
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Fig. 20 Simultaneous plot of normalized disk cur-
rents for beam, skirt, FEO and SEO (uniform dis-
tribution of FEO); dotted lines show the radii at
half maximum of current.
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Fig. 21 Simultaneous plot of disk currents for
beam, skirt, FEO and SEO (cosine distribution of
FEQ).

I, D) =

D
”thpS ryz2|[ on
T) Oln[1+(E) ][e -1]dh

---CE~FEO (113)

We can visualize the results for this new
distribution in the following graphs. The same
operating conditions have been chosen as previous-
ly. Fig. 18 shows the primary ionization currents
by the FEO as determined by Egs. (108) and (109);
the positive ion current component was simply
derived from the difference between the total and

|
|
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|
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the electron current. We note that now the ioni-
zation is spread outwards with no indication of a
saturation level. The electron component is
higher than the ion component and the total cur-
rent has increased well above that given by the
cosine distribution.

The corresponding graphs for Egs. (110) and
(111), with external bias V=400 volts, are shown
in. Fig. 19. The gaseous gain is considerably
increased, well above that derived by the cosine
distribution. A similar result (not shown) is
found with a retarding field, in which case the
corresponding current values are below those with
a forward field.

It is important to compare the range of
action of various currents for the uniform distri-
bution, as was done in Fig. 11 for the cosine
function. The result is shown in Fig. 20. The
range of C(E&I)~FEO is now well beyond the range
of C(E&I)>SEO. The actual value of C(ERI)~SEO is
much higher than the corresponding value of
C(E&I)~FEO within the range of the former, except
for extremely low values of the radius. The
cross—over point between the two curves in Fig. 20
(as in Fig 11) is artificial, because of the
normalization procedure and because an arbitrary
maximum value that is not a saturation value was
used for the C(ERI)~FEO. A more realistic situa-
tion is shown in Fig. 21 without normalization.
The true cross-over point would be obtained by
using the real values for <‘5t and n, -

Equations of Charge Conservation

In the vacuum specimen chamber of the conven-
tional SEM the charge conservation is expressed by
the well known equation

I, = Tl tT, (114

where IbEI{EP} is the incident beam current,
IFEI{FEO}ﬂlth is the current of "backscattered
ISEI{SED}=6th of

"secondary electrons" and IO is the "absorbed"

electrons", is the current

current by the specimen (object).

The appropriateness of the term "absorbed"
has been questioned in view of the signal induc-
tion mechanism (Danilatos, 1990b; 1990c). Let us
consider the following gedanken experiment: The
specimen under examination is a 100% insulating
membrane enveloping a metal conductor that is con-
nected to the image recording system of an SEM.
The electron beam scans only a single raster on
the specimen surface with a minimum current, so as
it is not appreciably deflected by the deposited
charge on neighboring scanning lines. The minimum
current is supposed to be sufficient to produce
satisfactory signal-to-noise ratio. Then an image
will be recorded by the system without the deposi-
ted charge actually being "absorbed" by the speci-
men (i.e. the insulator). The signal pulses are
generated by induction during the flight of the
electrons prior to the termination of their
motion. The image thus recorded would carry the
genuine information about the specimen, as the
beam scans a virgin surface for the first time,
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before any beam irradiation artifacts have
occurred. The practicality of such an experiment
may be questioned on account of the actual levels
of current required and the available hardware of
the SEM (e.g. pre-focusing requirement). However,
this experiment demonstrates that the absorption
per se is not a principal prerequisite for image
formation. Absorption is rather a necessity to
avoid continuous charge accumulation and accompa-
nying problems. In the ionized gaseous environ-
ment of ESEM, charge accumulation is effectively
suppressed, and imaging of insulating materials is
commonplace with all main imaging modes. In the
above context, the word "absorbed" becomes redun-
dant, but the term "specimen" or "object" current
may still be retained to refer to the amount of
charge deposited as per Eq. (114).

In the ESEM, we have seen that additional
components of current flow in the system on
account of the ionization in the gas by various
sources. Therefore, Eq. (114) must be modified by
adding a term for the total ionization current lI:

lb«fl1 = IF+IS+10+Il 115)
The ionization term
partial terms:

is composed mainly of three

I1 g IbI+IFI+lSl (116>
where lbI is the ionization caused by the incident
beam, IFI that by the fast electrons from object
and ISI that by the slow electrons from object.

We can easily find these terms from the correspon-
ding equations by taking the limit at very large

radius. This can be done for Ibl and ISI; a

limit is predicted for lFI with the cosine distri-

bution of FEO, but not for the uniform distribu-
tion. Naturally, there is always a limit, because
the FEO can only travel a finite distance, as they
ultimately dissipate all their energy, but after a
number of collisions, the conditions for the equa-
tions are no longer valid. Thus, we specifically

have:
I pS
b )
T [e 1] Q17
oD
ISI 6tlb{e —1] (118)
2n 1 pS
I = t'b [eao_l]
FI o
--.cosine distribution (119)
The ionization current is taken to be positive
with "forward" bias, and negative with SEO-
retarding bias; in the latter case, we may have
1_.=0;
S1
The ionization currents can extend well

beyond the physical size of a specimen and can be
collected by a system of electrodes placed below,
on the side or above the specimen. Therefore, the




G. D. Danilatos

meaning of the word "specimen" current is now
questioned for a different reason. However, we
may retain this term, if we redefine the meaning
of the word "specimen" (or "object"); we may
define it to be, first of all, that portion of the
specimen that is actually imaged, but, to be con-
sistent with the new terminology introduced, it is
preferable to define as specimen that portion of
the specimen that is struck by all electrons in
the probe and the skirt together, i.e. by E(P&P').
Then, the term IO may be retained with its

previous meaning as in Eq. (114). By combining
Egs. (114) and (115) and rearranging terms, we get

(Ib—IbI } = (IF+IFI )+(Is+131 )+(IO-II ) (120)

by setting Ibbx'lb—lbl’ IFF!.IF ISSI
and IOIEIO—II, we finish up with an equation

having the same form as the equation of charge
conservation in vacuum:

Hep =lgtlgy

i ERE. 1)

+
FFI I

sS1 ol QzL

In the light of the present analysis, the use
of the conventional "specimen absorbed" current
(Io) with "wet" specimens, and the "deterioration"

of image by the ionization of the gas, as under-
stood by Shah and Beckett (1979) and by Shah
(1987), should be reappraised.

The precise mechanism of charge dissipation
in the ESEM, and how it affects the contrast and
image formation, constitutes a separate topic out-
side the scope of this paper. Early works on
charge neutralization have been reported by
Moncrieff et al. (1978) and Crawford (1979).

Discussion

The theoretical analysis of charge distribu-
tion presented above yields fundamental informa-
tion useful in the design of the GDD, in the
studies of charge dissipation and generally in the
overall operation of ESEM. Through the interplay
of various parameters one can manipulate a desired
result. The many possibilities will not be
covered in this discussion, but a few points will
be highlighted.

One important point of this investigation is
that it can provide a quantitative explanation for
some of the observed transitions of contrast when
the pressure, specimen distance and electrode
radius is varied (Danilatos, 1983; 1988; 1990b;
1990c). The SEO can be confined within a small
radius, and because their amplification far
exceeds that of the FEO, the image will show info-
rmation predominantly relating to the SEO. The
SEO originate from the top layer of the specimen
and they may be SEO-EP or SEOVEP and so on; the
known rules of contrast and resolution are also
applicable to the ESEM. By use of an annular
electrode outside the range of SEO, one can detect
purely FEO contrast.

A rather unexpected result is that the FEO
lie above the SEO signal in the very small radius
region; in the example of Fig. 21, this radius is
about 40 pum. The absolute value of signal is low,
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but still detectable. The practical significance
of this is yet to be explored by amplifying the
signal above a suitably chosen pressure limiting
aperture (PLA). Imaging with an electrode placed
above the PLA has already been achieved and the
theoretical groundwork has been reported elsewhere
(Danilatos, 1990a; 1990b).

The positive ions contribute a major compo-—
nent to the signal induced and they can play a
limiting role in the frequency response of the
GDD. This has been discussed in more detail else-
where (Danilatos, 1990b).

The main theoretical results shown in this
paper are in general qualitative agreement with
all experimental evidence accumulated to date. It
might appear an easy task to quantitatively demon-
strate by experiment the equations derived in this
paper, as, indeed, concentric annular electrodes
have already been tested in the ESEM (Danilatos,
1990c). However, a strict quantitative comparison
between experiment and theory may be futile on
account of significant uncertainties with some
parameters of the equations. One such uncertainty
relates to the o—coefficient, which strongly
depends on the purity of gas. This parameter has
involved several decades of work, the intricacies
of which can be found in widespread publications.

The parameter € is also critical. This not
only depends on the gas composition, but, in addi-
tion, the data available are not in the range of
E/p mostly of interest in the ESEM. What is known
is mainly found in early works of this century.
In the present paper, only a crude extrapolation
was used based on one of these early works.

Another parameter is the scattering cross-
section. The equations used are reliable, except
they themselves rely on the precision of other
parameters, a critical one being the atom radius,
here calculated by Eq. (15). The ionization scat-
tering cross-section and the associated ionization
efficiency are also important. Multiple-
backscattering of FEO between the electrodes can
have a significant effect on S.

One has to exercise special care with the
remainder parameters in an experimental set-up,
but the determination of the above-mentioned para-
meters for the conditions of ESEM is a necessary
prerequisite, before we proceed to quantitatively
verify the present equations. Such work is, of
course, outside the scope of this presentation and
is left for the future. The ESEM is, in fact, a
new precision instrument which can be used for the
determination of these parameters and some of the
classical experiments of ionization physics can be
redesigned in the actual conditions of the
instrument .

It should be noted that both the loss of
electrons from the electron probe and the gaseous
gain contain an exponential term, which, for a
small variation of pressure, distance, accelera-
ting voltage etc., results in a significant varia-
tion of gain, useful signal, noise etc. The
examples presented mainly serve to demonstrate the
theory and should not be taken as an indication of
the ultimate limits of the GDD. In fact, a rough
comparison with experience shows that better
results are obtained in reality, and the numerical
values of the examples presented are likely to err
on the safe side (i.e. they are conservative).
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However, the present theory can be relied upon to
further plan experiments to explore and improve
the performance of ESEM.

Conclusion

After the focused electron beam enters in the
high pressure conditions of the ESEM specimen
chamber, it results in a host of distinct distri-
butions of electron currents. The primary beam
continuously loses electrons, as it approaches the
specimen, but is left with sufficient current and
the same distribution as in the original (i.e. in
vacuum) spot, to permit imaging with the original
resolving power. For practical purposes, the
single scattering theory has been used to derive
relatively simple equations for the surrounding
electron skirt composed of the scattered electrons
and extending over a radius of tens of microns.
All the slow electrons from the specimen surface
can be confined within a small radius, whereas the
fast electrons usually extend beyond this radius.
A separation of the two types of signal is
possible either with suitable electrode size and
bias, or with a reversal of the bias to suppress
the slow electrons from the specimen. All these
currents together with the charge density in the
bulk of the gas can be described with appropriate
equations. Equations relating to the FEO ioniza-
tion have been derived for the cases of cosine and
uniform distributions of FEO; similar steps can be
followed for other distributions of interest. The
present investigation fulfills one of the tasks
for future work, as set out in a previous report
(Danilatos, 1990b).
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Bohr radius

gas constant, or see Eq. (13)

gas constant

standard deviation

separation of parallel disk electrodes
minimum effective ionizing distance
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differential cross-section

differential FEO coefficient
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elastic differential cross-section
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electron charge
beam accelerating voltage, FEO energy
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correction factor
(6) scattering amplitude
e(O) electron scattering amplitude at 6=0
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or h' distance from bottom electrode
incident beam current in vacuum
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total ionization current
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negative (electron) current
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object current
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SEO ionization current
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ionization energy of gas

j(r,D) current density at point (r,D)

J(r,D) disk current within radius r

k Boltzmann constant

Li ionization mean free path (for electrons)

m average number of collisions per incident
beam electron
density of gas particles

(r,6), or N function of primary ionization rate
gas pressure
charge
see Eq. (27'")
radial distance from system axis
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ionization efficiency coefficient

, or S(E) ionization efficiency
absolute temperature
minimum effective ionizing potential
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single-scattering probability distribution
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travel distance from PLA
atomic number

first Townsend coefficient
total SEO coefficient
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ratio of electron to gas molecule energies
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FEO coefficient
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scattering angle
see Eq. (12)
see BEq. (11)

electron wavelength
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cumulative probability

velocity

negative (electron) charge velocity
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Table of Abbreviations

CE cascade electrons

CI cascade ions

C(E&I) cascade electrons and ions

E electron

EP electron(s) (from) probe

EP' electrons from scattered probe (i.e. skirt)
E(P&P') electrons from probe and skirt

ESEM environmental scanning electron microscope(y)
fast

fast electrons from object

gas

gaseous detection (or detector) device

ion

light

object

probe

scattered probe

pressure limiting aperture

rays

slow

slow electrons fram object

slow electrons from gas

SIG slow ions from gas

(8F)EG slow and fast electrons from gas

S(ERI)G slow electrons and ions from gas
walls
X-rays

directly caused by

indirectly caused by

directly and indirectly caused by

%@U)’UE’?*UOFHgﬁg'ﬂ
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Discussion with Reviewers

A. Dubus: Could you briefly comment on the advan-—
tages of ESEM with respect to SEM?

Author: The presence of a gaseous atmosphere
around the specimen has the following general
advantages: It maintains a moist environment so
that wet specimens do not dry out, dynamic changes
and interactions between solid/liquid/gas phases
can be monitored in situ, including experiments on
gas flow and gas dynamics in situ. The gas

becomes ionized and hence a good electrical
conductor, which eliminates the need for
treatments of insulating specimens such as

coatings, chemical treatments, or use of some very
low accelerating voltage (with limited abilities).
The gas, apart from its conditioning properties
can also act as a detection medium or as a
generalized gaseous detection device; this has
ushered some unique and novel possibilities of
detection and imaging techniques for electron
microscopy in general. The true surface
properties of practically any specimen can be
examined under a variety of detection modes. Many
preparation techniques have become redundant,
resulting in simplicity, time saving and ease of
operation. However, many known preparation
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Fig. 22 Gold particles on carbon placed 1 mm from
PLA at 1133 Pa pressure of water vapor and 30 keV.
The smallest particles discerned are less than 10
nm (courtesy of Electroscan).

techniques may be used in different combinations
or even novel techniques may be devised to allow
new applications in the ESEM. As the gas pressure
can be varied from high wvacuum up to room
atmosphere (the maximum pressure is determined by
the particular design of ESEM and the particular
appl ication) the ESEM inherits all the
conventional advantages of SEM with the addition
of a new dimension. The ESEM and SEM are not
competing with each other, they are not two
separate alternatives, or one should not be seen
versus the other: ESEM is simply the natural
extension of SEM.

A. Dubus: You developed fully analytical calcula-
tions for ESEM. Do you think that a Monte-Carlo
simulation could help you in understanding the
whole problem of signal formation in ESEM?

Author: Yes. The analytical method has yielded
some very simple expressions to be used for our
understanding of the most fundamental properties
of the system at this early stage of ESEM develop—
ments. For more refined calculations, where the
analytical approach becomes extremely complex, the
Monte-Carlo method could be very helpful.
However, many useful derivations here are based on
a detailed understanding of physical processes
which cannot be simply substituted by Monte—Carlo
proceedings.

J.M. Cowley: As is the case with solids, there

will presumably be some small-angle (10'3 rad or
less) inelastic scattering from electronic excita-
tion in the gas molecules. To what extent will
this affect the resolution of the ESEM?

Author: It is true that the small angle inelastic
scattering is also present in gases. This has
been taken into account during the calculations of
beam profiles by use of the Jost and Kessler
method (Danilatos, 1988) but no visible effect was
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found, a fact that was further confirmed also by
experiment. In addition, the included micrograph
(Fig. 22) shows no loss of resolution with a test
specimen in the presence of gas. With visible
details below 10 nm and a specimen-PLA distance of
one mm, electrons scattered within angles down to

10™° rad have no noticeable effect. Therefore,
the limit of resolution in gas is determined only
by the available spot diameter which is the same
as in vacuum.
K.-R. Peters: You assume that the origins of P
and P' are similar and, for theoretical reasons,
lie in one point. In Fig. 21, how would the
current radius of different signals change if a
skirt radius of several mm would be encountered?
Author : In practice, if the skirt radius is
increased from the assumed tens of microns to
several mm, then the distance of the specimen from
the PLA as well as the dimensions of the elec-
trodes would also increase in the same proportion,
so that the origin of P' may still be assumed as a
point . If, however, we wish to calculate the
various distributions within a radius comparable
to the radius of the skirt, then the equations are
no longer valid. The analytical method would
become quite complex, and Monte-Carlo calculations
should be in order.

K.-R. Peters: Cascade amplified slow electrons
can be collected at any take—off angle with small
electrodes positioned appropriately. Is it
possible to separate on tilted specimens the CSE-
FEO signal produced by low-loss electrons from a
CSE-SEO signal?

Author: In principle, yes. The practical ease or
difficulty can only be determined by careful expe-
rimentation.

K.-R. Peters: Why is the gaseous detection device
conventionally used with positive bias only?
Under which conditions (type of specimen, gas
pressure etc.) and for which signals would the
negatively biased detector provide better S/N
ratio?
Author: If by the word "conventionally" you mean
the existing commercial type of ESEM available at
present, then, I presume, it is for standardiza-
tion and manufacturing requirements reasons that
only positive bias is used. The present author
has reported results by use of both positive and
negative bias since 1983. A sufficient negative
bias would suppress the SEO and allow only the FEO
to ionize the gas and be detected (the x-rays and
other photons are not considered here). This case
is described by the equations in the section for
SEO-retarding field. The S/N ratio would then be
determined by the FEO mode of detection with the
known rules. With reversed bias, the slow
electrons liberated by the action of FEO on the
top electrode (SEW~FEO, i.e. converted backscat-
tered electrons) will result in additional elec-
tron avalanches propagating from the top electrode
to the bottom electrode. The increased gain will
contribute towards an improved S/N ratio within
the FEO mode of detection alone.

K.-R. Peters: Is it possible to use differently
shaped collection field gradients (formed by elec-
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trostatic or electromagnetic lenses) to separate

the CSE-O signal from the CSE-FEP and the
CSE-FEP' signal?
Author: In principle, yes, but in practice,

complete separation may prove very difficult, even
impossible. As both EP and EP' ionize the gas
along their entire length, the cascades origina-
ting in the gas close to the specimen surface,
will have distributions comparable to those origi-
nating from SEO (with positive bias). With
regard to FEO mode alone, the background noise
caused by S(ERI)G-E(P&P') can be simply eliminated
by an annular electrode placed outside the radial
range of this noise.

What seems to be very difficult to rid of is
the noise generated by the skirt-specimen
interaction. Only under special electrode
configurations, this may be possible to reduce.

M. Kotera: How the inelastic scattering cross-
section (Eq. 10) is obtained? If it includes all
kinds of inelastic processes, would you comment on
its applicability?

Author: The inelastic cross-section was derived
by Lenz (1954) and further adapted and discussed
by Jost and Kessler (1963) and Danilatos (1988).
It includes all kinds of inelastic processes
incorporated in the "ionization" energy J of the
gas (see Eq. 12). The problem is that this coef-
ficient is not universally established and, hence,
the accuracy for the inelastic cross-section is
largely dependent on the accuracy of the chosen
value for this coefficient. In the present
examples calculated, it has been taken eqgual to
the first ionization potential for atomic nitrogen
or argon. If needed in future work, these
calculations should be repeated with a more
realistic value of J for each gas.

K.-R. Peters: At high vacuum, specimen current
contrast images are possible only on electrical
conductors. However, voltage contrast images can
be produced on insulators as well as conductors.
Is it possible to generate voltage contrast images
in the ESEM?

M. Kotera: Because of charge neutralization
process at the specimen surface, the voltage con-
trast, which is observed by the SEM, might not be
visible by the ESEM. Is it true?

K.-R. Peters: On smooth insulators, the surface
charge is neutralized by attracted charge carriers
provided by gas ionization but the depth charges
remain. Do you see any possibility to image the
depth charge distribution in the ESEM?

M. Kotera: Although the ESEM does not show a
severe charging-up problem even at insulating
materials, incident primary electron produces a
strong electric field inside the specimen, and the
charging effect should still show in the images of
the ESEM. Does it happen in your experiment?
Author : First of all, the voltage contrast
observed on insulators with SEM in vacuum is
limited only to certain types of specimens or to
specific beam accelerating voltages and condi-
tions. The insulating specimen area under obser-
vation should be such as not to allow excessive
charging that would make imaging, in general, pro-
blematic. It is an experimental fact that such
in the ESEM,

problematic charging is not present

Dani latos

hence, imaging is possible with all insulators
under a variety of conditions (gas pressure, acce-
lerating voltage etc.). When we say that charging
artifacts are suppressed, we do not necessarily
imply, or say, that charging is totally elimina-
ted, i.e. all beam deposited charge is neutra-
lized. No controlled experiments have been car-
ried out to measure this effect. However, from
the dramatic variations of contrast that have been
observed on insulators as the gas pressure is
varied, it may be inferred that voltage contrast
is possible to exist under certain operating con-
ditions. Depth charging and conduction in insula-
tors and charge neutralization in the ESEM are
topics yet to be explored. We cannot definitely
answer these questions, but it is hoped that the
present work will help their further
investigation.

D. Newbury: Please explain the induction mecha-
nism of signal generation, since at least one of
the critical references (1990c) is "in press". In
the gedanken experiment discussed in the manu-
script, it is not obvious to me why "an image will
be recorded without the deposited charge actually
being 'absorbed' by the specimen". A  more
detailed explanation is needed in that discussion.
Author: While a charge is in motion between two
electrodes connected through an external circuit,
a current given by Eqg. (35) flows through the
external circuit. When the charge arrives at the
electrode, no further current flows. As the elec-
tron beam scans over a virgin pixel, both the
incident beam electrons and the electrons leaving
the specimen induce pulses during their flights.
The sum total of all pulses is the signal detected
from that pixel, while a net charge has been depo—
sited on the surface. If the surface is an insu-
lator and an electrode is placed some distance
below the specimen surface, a signal will be
induced onto the electrode, without charge having
to flow though the insulator (which is a dielec-
tric). 1In reality, a current will flow though the
insulator sooner or later. The electrical proper-
ties of the specimen will determine the speed by
which the deposited charge is absorbed through the
insulator. This may or may not have an appreci-
able effect on the image, depending on various
parameters of the system. However, these effects
are after—effects and are not described by our
gedanken experiment which assumes an ideal insula-
tor. Thus, an image can be recorded without the
electrons actually flowing though the specimen.

K.-R. Peters: The "induction contrast" refers to
variations of charge carrier transport between the
electrode of the gaseous detection device and its
reference electrode. However, the same device
will also collect CSE providing for a "collection
contrast" component which refers to the number of
collected charge carriers. The interesting
concept may provide a base for an experimental
design for separation of the slower moving ion

signal from their faster moving electron signal
counterparts. Under which circumstances (type of
specimen and operation conditions) will both

contrast components be equal or different?
Author: Throughout this work, equations have been

derived for the electron and ion currents sepa-
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rately. For example, Fig. 9 shows the intensity
of each component and we note that the ions are
predominant ly responsible for the signal detected.
However, this is not always the case, because it
is possible, by use of particular electrode confi-
gurations, to filter the ions out and use only the
electrons. The complete answer to your question
goes beyond the limits of this presentation and
could constitute the subject of further reporting.

It is not clear why you introduce "induction
contrast" and "collection contrast" terms. One
can say that the contrast with an ionization GDD
is due only to induction and that the "collection"
(i.e. counting) of charges may only lead to an
incorrect signal intensity.

D. Newbury: What is the effect of the use of a
gas such as water vapor, which in addition to
being ionized can presumably form both positive
and negative ions (H'and OH™)?

Author: When the external field is sufficiently
strong, the concentration of the negative ions

HZO‘ is expected to be very small in comparison

with the free electrons and, thus, any effect on
the frequency response and various distributions
should be insignificant. At low external fields,

we can expect to have high concentrations of HZO+
and HZO , since the electron attachment probabili-
ty with water molecules is relatively high. The
concentration of the negative ions OH is not
known, but, with the kilovolt range of the ESEM,

this should be low. In cases where the OH  and H'
ions are significant in numbers, both the distri-
bution and frequency response would be modified in
a way predicted by the equations provided. We
need to know the corresponding drift velocities
and ionization efficiency of the process.
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