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Summary

Here we demonstrate the effects of electron—ion recombina-
tion on imaging signals utilized in low vacuum scanning elec-
tron microscopes (SEMs). The presented results show that,
under normal operating conditions, recombination of ionized
gas molecules with secondary electrons (SEs) suppresses a signi-
ficant fraction of emitted electrons. If the ion flux (and hence
the spatial dependence of the SE—ion recombination rate) is
laterally inhomogeneous across the imaged region of a spe-
cimen, contrast in SE images can be influenced and in some
cases (under conditions of high detector field strength and
long ionic mean free path) dominated by variations in the
recombination rate. Consequently, SE images of features
such as topographic asperities can exhibit edge-darkening,
leading to inversion of some topographic contrast. Recogni-
tion of the extent and nature of electron—ion recombination
is required for a correct understanding of processes occurring
in variable pressure SEMs and, subsequently, for models of
image formation.

Introduction

The use of pressure limiting apertures and differential pump-
ing systems has allowed the realization of scanning electron
microscopes (SEMs) that can tolerate specimen chamber pres-
sures in therange 1—20 Torr (0.13—2.7 kPa) while maintain-
ing the electron gun and column at high vacuum (< 107°
Torr, 0.13 mPa) (Danilatos, 1988). The presence of a gas in
the specimen chamber allows for imaging of uncoated insula-
tors at high beam energies (Robinson, 1975a; Moncrieff et al.,
1978; Danilatos, 1988; Farley & Shah, 1991) and, in instru-
ments that can tolerate chamber pressures in excess of
approximately 4 Torr (0.5 kPa), wet and liquid samples
(Robinson, 1975b, 1978; Danilatos, 1988; Stokes etal.,
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1998). However, the conventional Everhart-Thornley second-
ary electron (SE) detector cannot operate in gaseous environ-
ments because of the high voltage (~10 kV) required for
efficient scintillation and because of the short mean free path
of SEsin the gas (Danilatos, 1990; Mohan et al., 1998). The SE
signal can be preserved and amplified by placing a positively
biased electrode (usually in the form of aringlocated above the
specimen, centred on the optical axis of the microscope as
shown in Fig. 1) in the specimen chamber (Danilatos, 1990;
Farley & Shah, 1991). The electrode bias (V) is typically in the
range + 50 to + 600 V. The specimen is placed on a grounded
metallic stage that also acts as an electrode in the gas. Emitted
SEs are accelerated towards the ring by an electric field generated
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Fig. 1. Schematic illustration of the specimen-biased ring electrode
geometry generally employed in variable pressure SEMs. Also shown are
the directions in which primary electrons (PEs), backscattered electrons
(BSEs), secondary electrons (SEs), environmental secondary electrons
(electrons produced in the gas cascade, ESEs) and positive gas ions flow
through the gas, the specimen stage (which also acts as an electrode), and
and [,

current flow induced in the ring and stage electrodes (I ion’

ring
respectively) by the motion of charge carriers in the gas.
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by V. SEs that attain sufficient energy to ionize gas molecules
give rise to a gas cascade that can amplify the SE signal by up
to three orders of magnitude (Moncrieff et al., 1978; Danilatos,
1990; Meredith et al., 1996; Thiel et al., 1997). The motion
of charge carriers between the sample and the ring induces
charge flow in the electrodes (ring and specimen stage)
(Danilatos, 1990; Farley & Shah, 1991; Durkin & Shah, 1993;
Mohan etal., 1998; Toth & Phillips, 2000b). The current
induced in the ring is used as the imaging signal in the so-
called ‘environmental secondary detector’ (ESD) (Danilatos,
1990) and the ‘gaseous secondary electron detector’ (GSED)
(FEIL, 2000). Alternatively, current induced in the stage (and
in the case of a conductive specimen, in the sample), generally
termed ‘ion current’, can also be used as an imaging signal
(Farley & Shah, 1990, 1991; Durkin & Shah, 1993; Mohan
etal., 1998). As all electron signals between the sample
and the ring are amplified in the gas, attainment of images
dominated by SE contrast requires appropriate choice of
operating parameters such as gas type, gas pressure (P ), sample—
detector separation (d) and V (Thiel etal., 1997; Fletcher
etal,,1997).

Positive ions generated in the cascade drift away from the
ring electrode, towards the specimen and the stage (see Fig. 1).
During contact with the sample, ions can recombine with
electrons in the sample, or with emitted electrons (Hagstrum,
1978; Varga & Winter, 1992; Hahn, 1997; Toth et al., 2000).
In general, the efficiency with which ions recombine with
emitted (free) electrons decreases with increasing electron
energy (von Engel, 1965; Nasser, 1971; Hahn, 1997). Based
on experimental and theoretical data in the literature (Hahn,
1997), the SE-ion recombination rate is expected to be at least
a few orders of magnitude greater than the rate at which ions
recombine with primary and backscattered electrons (BSEs)
under all conditions attainable in low vacuum SEMs. The rate
at which ions recombine with electrons at the sample surface
depends on the electronic properties of the surface and of the
ion (Hagstrum, 1978; Varga & Winter, 1992). Consequently,
the steady state ion concentration (‘space charge’) between a
specimen and the ring electrode is strongly sample dependent.
In the absence of cascade amplification (i.e. under conditions
of low field strength whereby gas molecules are only ionized by
primary and backscattered electrons), suppression of the SE
signal by a space charge was noted by Farley & Shah (1990). It
has recently been shown that, under typical low vacuum SEM
operating conditions (i.e. whereby SEs are accelerated to ener-
gies sufficiently high to ionize gas molecules), the electric field
generated by positive ions can significantly perturb the accel-
erating field generated by V and, consequently, alter contrast
in SE images (Toth & Phillips, 2000a,b). In this paper we
demonstrate the effects of SE—ion recombination on the number
of electrons admitted to the gas cascade and consequent
effects on image contrast. If the SE—-ion recombination rate is
inhomogeneous across a sample surface, lateral variations in
the recombination rate can govern SE contrast, cause edge-
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darkening and, consequently, give rise to reversal of contrast
exhibited by topographic features in images obtained using
the current induced in a biased electrode (e.g. ESD and GSED
images).

Based on theoretical arguments, existing models of SE cas-
cade amplification were developed under the assumption that
the effects of SE—ion recombination are negligible (Danilatos,
1990; Thiel et al., 1997; Toth & Phillips, 2000a). Durkin &
Shah (1993) have invoked the idea of electron—ion recom-
bination in order to account for differences between calculated
and measured gas amplification profiles of imaging signals in
a low vacuum SEM. However, their theoretical approach
seems inadequate in the light of subsequent work on processes
occurring in the gas cascade (Fletcher et al., 1997; Thiel et al.,
1997). The experimental results presented here suggest that,
under normal low vacuum SEM operating conditions, SE-ion
recombination can suppress a significant fraction of emitted
SEs. Accordingly, this SE signal suppression mechanism
should be accounted for in models of cascade amplification in
low vacuum SEMs.

Background theory

In this section we provide a brief overview of the theory of
electron—ion recombination in the context of signal formation
in low vacuum SEMs and a discussion of the effects of applied
electric fields on lateral inhomogeneities in the ion flux at the
sample surface. For clarity, it is desirable to distinguish
between recombination of ions with (i) thermalized electrons
in the sample (low energy electrons, at or below the Fermi level
as shown in Fig. 2, in thermal equilibrium with the lattice),
(ii) hot electrons excited in the sample by the electron beam
(energetic electrons residing in states above the Fermi level,
as shown in Fig. 4(a)), and (iii) free electrons (emitted SEs
and BSEs located above the sample surface).

(i) Thermalized electron—ion recombination

Accounts of experimental and theoretical investigations into
recombination between positive gas ions and thermalized
electrons can be found in reviews on ion neutralization spec-
troscopy (Hagstrum, 1978) and slow particle induced elec-
tron emission (Varga & Winter, 1992). A number of possible
adiabatic recombination paths are illustrated schematically in
the electron energy diagrams shown in Fig. 2. A metal surface
is represented by the Fermi level (g, .. the electrochemical
potential of electrons in the metal) and the vacuum level (g, .,
the energy of an electron at rest, in vacuum, infinitely far from
the surface) (Kittel, 1986). The attractive ionic potential is in the
form of a well which, as the metal-ion separation decreases,
lowers the potential barrier that an electron at the surface
must surmount to be captured in a stationary ionic state.
Vacant ionic states are represented by open circles, occupied
surface states by filled circles. In resonance neutralization
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Fig. 2. Schematic illustrations of a number of thermalized electron—ion recombination paths: (a) resonance neutralization, (b) Auger neutralization, and

(c) radiative neutralization (adapted from Hagstrum, 1978). [€

vac

(Fig. 2(a)), an electron is transferred from the sample surface
to an excited state of an ionized gas molecule that is energetic-
ally degenerate with the surface state. Auger neutralization
(Fig. 2(b)) and radiative neutralization (Fig. 2(c)) involve the
transfer of an electron from the surface to a more tightly
bound state. Energy is conserved by the emission of an Auger
electron or a photon. For singly charged ions the former is
more probable because the Auger transition lifetime is about
10° times shorter than the radiative lifetime of approximately
1078s.

The transition rates of the above recombination processes
are related to the overlap of surface state and ionic wave func-
tions. Electrons captured by ions therefore originate almost
exclusively from the first monolayer of the sample. As such,
the thermalized electron—ion recombination rates are deter-
mined by the density of occupied electronic surface states, the
height of the surface barrier, the ionic species and charge
state, and the surface—ion separation.

The extent of overlap between the wave function of a surface
state and an adjacent ionic state decreases with increasing
binding energy of valence electrons in the solid. Consequently,
insulators are expected to exhibit lower thermalized electron—
ion recombination rates than metals, consistent with differ-
ences in the steady state ion concentration (space charge
density) observed in a low vacuum SEM specimen chamber
during SE imaging of conductors and insulators ( Toth & Phillips,
2000a,b). It therefore follows that the SE imaging signals and
the rate of space charge dissipation in variable pressure SEMs
are sensitive to sample properties that affect the surface barrier.
For example, the presence of water films on the sample surface
and, in the case of insulators, metallic coatings and sub-
surface charge modify (i) the SE yield, (ii) the energy spectrum
of emitted SEs (and hence, as discussed below, the SE—ion recom-
bination rate), (iii) the thermalized and hot electron—ion
recombination rates, and (iv) the space charge density (which
in turn perturbs the detector field, the SE cascade amplifica-
tion efficiency and the ion generation rate).

=vacuum level, & .= Fermilevel, ¢ = work function].

In the case of a grounded conductor imaged in a variable
pressure SEM, the removal of electrons from the sample
through electron—ion recombination gives rise to electron
flow from ground to the specimen (i.e. the sample is main-
tained at ground potential). The total specimen current, often
termed the ‘ion current’ and used as an imaging signal in low
vacuum SEMs (Danilatos, 1990; Farley & Shah, 1990, 1991;
Mohan et al., 1998), is also contributed to by (i) current flow
induced by the motion of charge carriers (electrons and ions)
in the specimen chamber (Danilatos, 1990; Durkin & Shah,
1993; Mohan et al., 1998; Toth & Phillips, 2000b) and (ii) the
‘conventional’ specimen current measured in high vacuum
SEMs (i.e. the beam current less the emissive SE and BSE cur-
rents (Newbury, 1976)).

(ii) Hot and free electron—ion recombination

Energy distributions of hot electrons (N,(€)) excited in a metal
by primary and backscattered electrons, and of emitted SEs
(free electrons, Ng;(€)) (Bindi etal., 1980; Rosler & Brauer,
1981, 1991) are illustrated schematically in Fig. 3. Detailed
discussions of known free electron—ion recombination pro-
cesses can be found in the review by Hahn (1997) and refer-
encestherein. In the context of electron imaging in low vacuum
SEMs, the most relevant property of SE—ion recombina-
tion is the dependence of the recombination processes on SE
energy. In the energy range of interest (< 50 eV), due to the
Coulombic nature of the free electron capture process, the
efficiency with which ions recombine with free electrons
generally rapidly decreases with increasing electron energy
(Hahn, 1997). Hence, SE-ion recombination is expected to pre-
ferentially suppress the low energy component of the SE signal.
It has been suggested that such preferential recombination is
responsible for anomalies in the pressure dependence of SE
contrast caused by localized charging of insulators (Toth et al.,
2000). A detailed discussion of the effects of positive ions,
localized sample charging and applied electric fields on SE
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Fig. 3. Schematic illustration of energy distributions of SEs excited in a
metal by primary and backscattered electrons (hot electrons, N(€) ) and
of emitted SEs (free electrons, Ngg(€) ). [€
level, @ = work function].

vac = vacuum level, €formi = Fermi

emission from insulators in variable pressure SEM chambers
will be presented in a forthcoming publication. The following
discussion will be restricted to the case of conductors.

Hot electrons generated in a metal by primary and back-
scattered electrons (see Fig. 3) can, based on their energy, be
captured by positive ions through tunnel and free electron
capture processes. Hot electrons with energies below the vacuum
level (g,.) can recombine via the processes illustrated in Figs 2
and 4(b). Conversely, electrons with energies greater thane
can recombine via the above mentioned free electron—ion
recombination mechanisms. Hence, both the specimen and SE
emission currents are affected by hot electron—ion recombination.

(iii) Ion flux distribution at the sample surface

If a sample located below the biased ring electrode in a low
pressure SEM (see Fig. 1) contains topographic asperities,
electric field lines generated by V preferentially terminate on
the asperities, as is schematically illustrated in Fig. 5. Provided
that the ionic mean free path is sufficiently long and the field

Efermi

Fig. 4. Schematic illustrations of (a) a hot electron
(filled circle) excited in a metal by an electron beam
and the potential of an ion infinitely far from the metal
metal surface, and (b) hot electron-ion recombin-
ation (where energy can be conserved via radiative,

Auger and non-radiative processes). [€, = vacuum

vac

level, &, = Fermilevel, = work function]. (a)
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generated by Vis sufficiently intense, the instantaneous direc-
tions of the ion velocity vectors are approximately equal to the
local electric field direction. In this case, most ions come into
contact with the sample at points where the field line con-
centration maximizes. That is, the ion flux (which affects
the steady state ion concentration) and, consequently, the
electron—ion recombination rate are not uniform across the
sample surface, but are enhanced in regions where the electric
field line concentration maximizes. Hence, under conditions
of long ionic mean free path and high field strength, the pres-
ence of topographic asperities (see Fig. 5) serves to make the
spatial dependence of the electron—ion recombination rate
across the sample surface inhomogeneous.

SE-ion recombination can, in principle, occur at high
enough rates to decrease significantly the number of SEs that
are amplified in the gas cascade and to suppress the signal
used to form GSED images (Toth et al., 2000). As SEs are accel-
erated by the field generated by V and can rapidly attain energies
in excess of 100 eV (Thiel et al., 1997), such recombination is
only expected to be significant near the sample surface. Later-
ally, the recombination rate should scale with the ion flux.
Hence, as an electron beam is rastered over a region that con-
tains topographic asperities, the SE—ion recombination rate
is a function of beam position. Such changes in the SE-ion
recombination rate during image acquisition affect the
number of SEs admitted to the gas cascade, modulate the
intensity of the imaging signal induced in the ring electrode
and can, in principle, produce contrast in images.

Experimental

Images presented in this paper were obtained using a GSED
installed on an ElectroScan model E3 environmental scan-
ning electron microscope (FEI Company, Peabody, MI) (ESEM)
operated using an accelerating voltage of 20kV (i.e. the images
were generated using current measured from the biased ring
electrode schematically illustrated in Fig. 1). The ion current
was measured using a Keithley model 427 current amplifier
(Keithley, Cleveland, OH). Backscattered electron images were
obtained using an Everhart-Thornley detector (Reimer, 1985)

ion
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biased electrode (+V)

Fig. 5. Schematic diagram of a specimen—positively biased electrode
system illustrating the effects of a topographic asperity on the local
electric field line distribution. The field intensity, inversely proportional to
field line separation, maximizes in the vicinity of such asperities.

(operated in passive mode with zero bias on the scintillator)
installed on an FEI Philips XI.30 FEG ESEM.

Results and discussion

Figure 6 shows GSED images of electrically grounded Al foil.
The sample consists of three layers marked on Fig. 6(a): #1 —a
top-most layer of Al with a relatively blunt edge (e,); #2 —a
centre layer of the same material, with an abrupt edge (e, ); #3
— an underlayer of Al with a surface texture different from
the two overlayers. Electric field lines generated between the
sample and the ring electrode by the ring bias, V, are expected
to preferentially terminate at the two edges, particularly the
abrupt edge, e,. Such preferential termination of electric field
lines on topographic asperities is schematically illustrated in
Fig. 5. The intensity of the field generated by V should there-
fore maximize in the vicinity of e,.

Validity of the proposed effects of SE-ion recombination on
the GSED signal can be tested by acquiring GSED images as a
function of parameters that affect how inhomogeneous the
local ion concentration is across the sample surface (i.e. the
extent to which ion trajectories are affected by the field line
distribution). Figure 6 shows GSED images of Al foil acquired
atpressures of 3, 2.5 and 1 Torr (0.40, 0.33, 0.13 kPa, respect-
ively). At 3 Torr, the edge e, marked on Fig. 6(a) exhibits edge-
brightening, as expected from conventional theory of electron
emission (Reimer, 1985). As the pressure was decreased, the
intensity of the GSED signal from e, decreased to the point
where the edge appeared dark with respect to the rest of the
sample (see Figs 6(b) and (c)). It should be noted that such
edge-darkening can not be accounted for by (i) the effects of
topography on electron emission (abrupt edges exhibit
enhanced, not reduced electron emission (Reimer, 1985)), (ii)
charging (as the sample is a grounded conductor), nor (iii) any

Fig. 6. GSEDimages of threelayers of grounded Alfoil acquired as a function
of pressure: #1 —a top-most layer of Alwith arelatively bluntedge (e,); #2—-a
centre layer of the same material, with an abrupt edge (e,); #3 — an
underlayer of Al with a surface texture different from the two overlayers.
Contrast from edge ¢, inverted as the pressure was decreased from 3 to 1 Torr
(0.39-0.13 kPa) (i.e. edge-darkening was observed under conditions of low
pressure and high field strength). [gas =H,0, V=460 V,d=1.7 mm].

effects caused by the pressure dependence of image contrast
arising from variations in sample-ring electrode separation
across the imaged region of the specimen, i.e. path length of
emitted electrons in the imaging gas (as the relative intensities

© 2002 The Royal Microscopical Society, Journal of Microscopy, 205, 86—-95
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of the GSED signal from flat regions of the 3 layers of Al shown
in the figure did not change with pressure, i.e. the top-most
layer (#1) appears darkest at all pressures). The edge-darkening
also cannot be accounted for by charge flow induced (in the
ring electrode) by rapid variations in the concentration of pos-
itive ions under the ring (Toth & Phillips, 2000b). The latter
was only observed at high scan rates and under conditions
of low field strength (corresponding to low ring electrode
biases, V). The edge-darkening effect reported here was only
observed under conditions of high field strength and the pres-
ence of inverted contrast was not dependent on scan rate.

The observed contrast inversion is, however, consistent
with the above-mentioned effects of SE—ion recombination on
the SE component of the imaging signal. In the gas cascade,
ions are generated between the sample and the ring electrode.
The generation rate minimizes at the sample surface, and
maximizes in the vicinity of the ring (Thiel et al., 1997). Tons
produced in the gap between the sample and the ring drift
towards the specimen under the influence of the electric field
generated by V. At relatively high pressures (Fig. 6(a)), the ion
trajectories are randomized by elastic collisions with gas mole-
cules. Laterally, the ion flux is therefore homogeneous across
the sample surface irrespective of the electric field line distri-
bution. Assuch, in the vicinity of the surface, the electron—ion
recombination rate is spatially homogeneous, the SE—-ion
recombination rate is independent of beam position and SE
contrast is governed by variations in the SE yield (Fig. 6(a)). As
the pressure is decreased, the ion—gas molecule collision fre-
quency decreases (i.e. the ionic mean free path increases) and
the correlation between the instantaneous direction of the ion
velocity vectors and the direction of the local electric field
increases. That is, under conditions of high field strength and
low pressure, ion trajectories are parallel to the field lines and,
near the sample surface, the ion flux (and hence the electron—
ion recombination rate) maximizes at topographic asperities
(see Fig. 5).In the case of the Al foil shown in Fig. 6, the steady
state ion concentration maximizes at ¢,. During image acquisi-
tion, when a scanning beam is incident on flat regions of the
sample, SEs are amplified in the cascade in the usual manner,
and most ions recombine with thermalized electrons (located
in the vicinity of the first monolayer of the surface) at e,. When
the beam is incident on e,, emitted SEs are available for recom-
bination with ions above the sample surface (through the
above-mentioned free electron—ion recombination mechan-
isms). The greater the SE—ion recombination rate, the
smaller the number of SEs that enter the cascade, and the
lower the magnitude of the imaging signal induced in the ring
electrode (i.e. the GSED signal). Edge darkening is expected
to occur under conditions whereby such beam-position-
dependent modulation of the imaging signal by lateral vari-
ations in the SE-ion recombination rate is greater than the
‘normal’ changes in signal intensity caused by variations in
the yields of SEs and BSEs that do not recombine with ions and
enter the gas cascade (Fig. 6(c)).
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Fig. 7. GSED images of a grounded Al disk acquired as a function of V.
Under conditions of high field strength (high V), some topographic
features exhibit inverted contrast. [gas = H,0, P = 0.4 Torr (0.05 kPa), d
=2.5mm].

We note that whenever the imaging signal is suppressed by
an increase in the SE-ion recombination rate, the ion flux is
reduced, as fewer electrons enter the gas cascade and ionize
gas molecules. However, the ion flux is never completely
quenched because, even in the absence of SE cascade ampli-
fication, ions are produced by cascade amplification of primary
and backscattered electrons (Moncrieff et al., 1978).
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Fig. 8. GSED images of a grounded Al disk acquired as a function of
sample-ring electrode separation (d). Under conditions of high field

strength (short d), some topographic features exhibit inverted contrast.
[gas =H,0, P=0.4 Torr (0.05 kPa), V=573 V].

The extent to which the instantaneous directions of the ion
velocity vectors are affected by the direction of the local electric
field is also a function of the field strength. The higher the field
strength, the faster the response of an ion travelling with a
given momentum to local changes in the direction of the
electric field vector. That is, the higher the field strength, the
greater the correlation between ion trajectories and the field
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Fig. 9. Mean free path of H,O molecules in water vapour calculated as a
function of pressure.

line geometry, and the greater the extent to which the ion flux
maximizes in the vicinity of topographic asperities. Figures 7
and 8 show GSED images of arough, grounded Al disk acquired
as a function of V and sample—detector separation, respectively.
In both cases, inverted topographic contrast was only observed
under conditions of high field strength (i.e. under conditions of
high V and short sample-electrode separation). Inverse topo-
graphic contrast restored back to normal if the field strength
was decreased by either decreasing V or increasing d (see Figs 7
and 8), as expected from the proposed SE—ion recombination
contrast formation mechanism. The same contrast behaviour
was observed in images of the abrupt edge e, of the Al foil
shown in Fig. 6 that were acquired as a function of Vand d.

The above interpretation of edge darkening is based on the
assumption that, under conditions of ‘low’ pressure and ‘high’
field strength, the ionic mean free path is of the order of d. This
assumption can be tested simply by calculating (i) the pressure
dependence of the mean free path of neutral H,0 molecules in
water vapour and (ii) the effects of applied electric fields on the
kinetic energy of singly charged ions. The mean free path of a
gas molecule (M) in its parent gas can be approximated by
(Present, 1958):

A = (2mo)! (1)

where n is the number density of gas molecules and o is the
collision cross-section (in the hard sphere approximation,
the H,O radius ~2.76 A (Eisenberg & Kauzmann, 1969)).
The decrease in A, with increasing pressure is shown in
Fig. 9. For example, as P is decreased from 1 to 0.1 Torr,
A yater i0Creases from approximately 0.1-1 mm (it should be
noted that o for most gases does not vary significantly; however,
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Table 1. Kinetic energy (AKE) gained by a singly

charged positive ion due to the action of an electric AKE (eV)
field ( |1:3\ = V/d) over a distance equivalent to the mean o o - B - B
free path (A(P)) of a neutral H,0 molecule in P (Torr) A (pm) |E| =50kVm |E| =100kV m |E| =250kVm
water vapour: 0.1 1035 52 103 259

0.2 517 26 52 129

0.5 207 10 21 52

1 103 5 10 26

2 52 2.6 5.2 13

5 21 1.0 2.1 5.2

10 10 0.5 1.0 2.6

subtle effects such as a decrease in A at a given pressure are
expected for heavier gases).

The electric field (| E| = v/d)generated by V serves to increase
the kinetic energy and mean free path of ionized gas molecules
(von Engel, 1965; Nasser, 1971). To a first approximation, the
gain in kinetic energy (AKE) can be calculated by assuming
that A, is the distance traversed by an ion between elastic
ion—H,0 scattering events. Table 1 shows A . and AKE cal-
culated at a number of pressures between 0.1 and 10 Torr
(0.013-1.3 kPa), and field strengths of 50, 100 and 250
kV m™. The calculated AKE values lie in the range 0.5-259
eV (the thermal energy of gas molecules at room temperature
is 0.025 eV). The calculations provide an indication of the
pressure dependence of the field strength required to change
the kinetic energy of a singly ionized molecule by a given
amount. For example, a gain of 2.6 eV requires field strengths
of 50 and 250 kV m™ at pressures of 2 and 10 Torr (0.27 and
1.3 kPa), respectively.

The calculated values of A .. and AKE (Fig. 9 and Table 1)
show that, at pressures below approximately 1 Torr (0.13
kPa) and under electrode biases of several hundred volts, the
ionic mean free path can be in excess of several hundred
micrometres. Combined with the fact that the ion—gas mole-
cule forward scattering probability increases with collision
energy (von Engel, 1965; Nasser, 1971), the above calcula-
tions illustrate that the lateral ion flux distribution at the
sample surface can be affected by the geometry of the electric
field generated by V.

The contrast reversal effect discussed in this paper was not
observed in BSE images, consistent with the strong energy
dependence of electron—ion recombination efficiencies reported
in the literature. The fact that the BSE—ion recombination rate
is negligible is also reflected in differences between the beha-
viour of contrast observed in images acquired using the GSED
and the environmental secondary detector (ESD). The ESD sig-
nal contains a greater BSE component than the GSED signal
(Fletcher et al., 1999). Consequently, edge-darkening in ESD
images was observed over a narrower range of operating
parameters than in corresponding GSED images (i.e. lower
pressures and greater field strengths were required to produce
contrast inversion in ESD images).
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Contrast reversal was observed in images obtained using
the large field GSED, a gaseous electron detector in which the
ring electrode shown in Fig. 1 is replaced by a biased metal
plate located off-axis, near the pole piece, above the sample
surface (FEI, 2000). However, the inverted contrast persisted
over a different range of operating parameters from that
observed using the GSED and ESD, probably due to differences
in the sample-detector-pole piece geometry (and correspond-
ing differences in the detector field strength and field line
distribution).

Edge contrast reversal was also not observed in images
generated using the ion current (see Fig. 1). This can be
understood in the light of differences between the signal com-
ponents that make up the net signals induced in the ring and
stage electrodes. SE-ion recombination suppresses the rate at
which SEs enter the cascade and, consequently, lowers: (i) the
rate at which ion—electron pairs are generated in the cascade,
(ii) the flux of electrons and ions moving through the gas, and
(ii) the currents induced in the ring (i.e. ESD and GSED signals)
and stage (i.e. ion current signal) electrodes. This reduction in
cascade amplification and in the ion current gives rise to an
inverted contrast component in both the net ion current and
GSED signals. However, unlike the GSED signal, the ion cur-
rent contains additional components that give rise to ‘normal’
contrast under all operating conditions: (i) as in the case of the
ESD (Fletcher et al., 1999), the specimen current contains a
greater BSE component (which is never inverted) than the
GSED signal, and (ii) the emission of electrons (SEs and BSEs)
from the sample contributes to ‘normal’ contrast in ion cur-
rent images irrespective of whether the SEs recombine with
ions, or enter the cascade. Hence, a greater number of pro-
cesses contribute to the ‘normal contrast’ component of the net
ion current signal than of the biased ring electrode signal. In
principle, an inverted contrast component is expected to be
present in the ion current signal, but it was not observed to
dominate over the ‘normal contrast’ components under any
operating conditions.

From a practical viewpoint the contrast reversal effects dis-
cussed in this paper can be identified by acquiring images as a
function of parameters that affect the field strength (e.g. detec-
tor bias and working distance) and ionic mean free path (e.g.
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pressure). At present, it would be misleading to define regions
of parameter space within which recombination contrast is
present in SE images due to the strong dependence on the field
geometry. The field line distribution is affected by sample
morphology, shape and size, and the specimen stage-sample-
detector-pole piece geometry, none of which are standardized
in low vacuum SEMs. Furthermore, as will be discussed else-
where, subsurface charging of insulators can significantly
alter the detector field and introduce recombination contrast
sensitivity to parameters such as beam current and scan
speed, which do not affect recombination contrast in SE
images of conductors. A device designed to control (and pos-
sibly standardize) the field line distribution, the effects of ionson
cascade amplification and hence allow for meaningful speci-
fication of variable pressure SEM operating parameters will
be described in an accompanying paper by Craven et al. (2002).
Finally, it should be pointed out that the magnitude of the
SE-ion recombination rate observed when the ion flux is con-
centrated on specific regions of a sample implies that this SE
suppression mechanism may also be significant under normal
low vacuum operating conditions, despite the absence of
inverted topographic contrast in images generated using the
current induced in a biased electrode. When normal contrast
is observed in SE images produced using the ring electrode
imaging signal, the ion flux is approximately constant over the
specimen surface and electron—ion recombination does not
give rise to contrast in SE images. However, laterally homo-
geneous recombination uniformly suppresses the SE component
of the ring electrode signal and affects the pressure depend-
ence of gas gain amplification (as the magnitude of gas gain
and hence the ion generation and SE-ion recombination rates
are dependent on pressure). Incorporation of the effects of
recombination into the theory of gas gain amplification may
account for discrepancies between calculated and measured
gas gain behaviour (Fletcher et al., 1997; Thiel et al., 1997).
Furthermore, if the ion flux is homogeneous across the imaged
region of a specimen, the SE-ion recombination rate must
scale with the area from which SEs are emitted. That s, at high
beam energies (E, > = 5 keV), type II SEs (secondary electrons
generated by backscattered electrons (Reimer, 1985)) should
recombine with ions more efficiently than type I SEs (second-
ary electrons generated by primary electrons (Reimer, 1985)).
Such signal filtering may be beneficial if the high resolution of
the type I SE signal is desirable (at the expense of the higher
signal-to-noise ratio exhibited by the type IT SE signal).

Conclusion

The results presented here provide experimental evidence for
the effects of electron—ion recombination on SE contrast in
images obtained using low vacuum SEMs. Under conditions
of low pressure and high electric field strength (i.e. high elec-
trode bias and short sample—electrode separation), SE—ion
recombination can cause edge-darkening in images generated

using the current induced in a biased electrode (e.g. the ESD
and GSED signals). Consequently, under such conditions, con-
trast formed by variations in the magnitude of SE signal sup-
pression caused by electron—ion recombination can dominate
the net imaging signal, and topographic asperities can exhibit
inverted contrast. Contrary to assumptions made in existing
models of the behaviour of partially ionized gases in low
vacuum SEM chambers, the presented results demonstrate
that electron—ion recombination causes significant SE signal
suppression and, as such, must be accounted for in theories of
signal behaviour and image formation.
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