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Abstract

A recently introduced figure of merit for environmen-
tal and low vacuum scanning electron microscopes
has now been computed in the full operational pres-
sure range for one commercial instrument. The direct
simulation Monte Carlo method has been used in lieu
of experimental measurements. The theory of this
figure of merit is further consolidated. It is shown
that a thin pressure limiting aperture can indeed be
used as an optimum reference system for all instru-
ments employing differential pumping in the transfer
of an electron beam from high vacuum to high pres-
sure. The implications of the results obtained are
discussed both in relation to existing commercial in-
struments and associated literature to pave the way
for future progress in the field.

Introduction

This is a continuation in part of a previous report on
the efficiency of electron beam transfer from the high
vacuum of the electron optics column to the relatively
high pressure environment of “low vacuum” and en-
vironmental scanning electron microscopes (LVSEM
and ESEM) (Danilatos et al., 2011). In the previ-
ous work, the direct simulation Monte Monte Carlo
(DSMC) method (Bird, 1995) was employed to de-
termine the gas flow field properties and, in particu-
lar, the gas density variation along the beam path.
From this, the beam transmission was determined
along the axis for various accelerating voltages and
gas flow boundary conditions for some commercial
instruments. Finally, a figure of merit for evaluat-
ing the instruments was devised and proposed. It
is within the context of that report that the present
paper must be read and reference to it is essential, al-
though an attempt is made to keep the present report
self-contained.

A thin pressure limiting aperture (PLA) was used
as a reference standard for comparing the perfor-
mance of various systems. One aim of the present
paper is to provide further supporting evidence and
justification for the use of a thin aperture as the stan-
dard optimum system by consolidating all the neces-
sary information in various past reports and by ad-
ditional new information not yet reported. Further-
more, the theory of the figure of merit is reviewed
and expanded, and its computation in the full op-
erational pressure range by the use of the DSMC
method, ahead of experimental measurements, is pro-
vided for one instrument. It is anticipated that these
findings may be confirmed, used and followed up with
corresponding experiments by other users or makers
of the instruments.

The implications of the present findings are further
discussed in order to address a number of miscon-
ceptions that have found their way in the literature
of ESEM, especially where this literature appears to
reinforce practices that contradict past and present
findings. The aim is to assist both the maker and the
user in the creation and operation of a much better
system than the ones currently in use.
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Figure 1: Parameters of orifice, grid angle and grid
thickness with accompanying flood contours of den-
sity for argon flowing from a high pressure below to
vacuum above.

Figure of merit

A figure of merit has been devised and introduced for
the purpose of evaluating the performance of electron
microscopes that use a gaseous environment to some
pressure level. It has been found that commercial ES-
EMs and LVSEMs incur unnecessary primary beam
losses during the passage of the beam in the pump-
ing stage prior to its entry in the specimen chamber.
These excess losses are measured relative to the losses
incurred by a thin pressure limiting aperture, which
represents the best physically possible configuration
in a conventional type of differential pumping system.
The use of such a reference system was previously
postulated in working out the figure of merit (Dani-
latos et al., 2011). The validity of this assumption
is now demonstrated by computational means in the
next section. Below, we first review the background
theory leading to this figure of merit.

To find the performance of a machine at any given
accelerating voltage, we have a simple exponential
decrease of the beam transmission f by:

(1)

where Ij is the initial beam intensity as it enters a
gas layer of thickness L, and I is the intensity of the
transmitted (un-scattered) beam current at the exit
of the layer. The parameter m is the average number
of scattering events with the gas particles (atoms or
molecules) per electron and is given by

f= 7 =exp(-m)

Z+L
/ n(z)dz

z

m =ao

(2)

where o is the total scattering cross-section of the
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Figure 2: Effect of aperture grid thickness and angle
on characteristic normalised particle thickness and
aperture speed.

gas and n(z) is the particle number density (#/m?)
along the axis z. Inside the specimen chamber and
away from the effects of PLA on the gas flow, the lat-
ter function has a constant stagnation value ng, from
which we get simply m = onoL. However, elsewhere
we require knowledge of the function n(z). This is
generally different for each machine, whilst it is un-
known and relatively difficult to experimentally mea-
sure, as it varies over small distances of the order of
aperture diameter, or over 10 or more mm in a region
where access is usually not easy.

Since the scattering cross section is strongly depen-
dent on the accelerating voltage used, to characterise
the system we initially need only the average parti-
cle density n(z) along the axis z in a cylinder with
diameter equal to the diameter of the orifice. It is
mostly inside this cylinder (especially at high mag-
nifications) that the electron beam is scanned during
imaging. As a consequence, the beam has to over-
come the total number of gas particles per unit area
g, which is found by the integral

0= [ nlz)a: (3)

and which has been termed particle-number thick-
ness, or particle thickness, for short. Because this
function varies as the beam moves away from the
axis, an average density is used from the values at
three radii of 0.05, 0.1 and 0.15 mm.

We can use this parameter ¢ alone to derive first
the figure of merit for an instrument, whilst the actual
beam transmission with its dependence on accelerat-
ing voltage can be derived from it as a second stage
calculation. A specimen under examination is gener-
ally free to move inside the gaseous environment and
thus there is a closest possible position to the PLA
at which the total beam losses are minimal for any
given machine. At this position, the particle thick-



ness is minimum and is designated as gmi,. In a
machine where the specimen can be imaged at zero
distance from a thin PLA exhausting in vac-
uum, the corresponding minimum particle thickness
is designated by g. and is given by

oo

gec = /n(z)dz

0

(4)

since it has been found that the integral converges to
a finite limiting or critical value. In the next section,
it is demonstrated that always qmin > ¢c, i.€. ¢ is
an absolute physical minimum determined by the gas
flow forming a jet downstream of the thin aperture
plane exhausting in vacuum. Therefore, the differ-
ence ¢min — ¢c is the excess particle thickness that
the beam has to overcome and represents a measure
of deviation from the absolute minimum set by the
use of a thin aperture. If we also use the quantity g.
as a measuring unit of this difference, we arrive at a
dimensionless factor €

dmin — 4c
E= ——— 5
m (5)

that may be termed ewcess particle thickness factor
and which can serve as a figure of merit for the given
machine.

It is important to also introduce the main compo-
nents of the excess particle thickness by the equation

(6)

where gfor. arises from the gas layer between the
plane at the throat of the PLA and the specimen
at the minimum distance, and ¢,f; arises from the
gas layer added over and above the gas jet layer that
would form by a thin aperture acting alone with its
critical particle thickness ¢.. The component g, ¢; can
arise from inefficient removal of the gas that can be
trapped in the pumping stage of the system, as will
be shown by computations on a real machine later.

It is necessary to arrive at a generalised form of
the same figure of merit so that computations of the
properties of a thin aperture, once obtained, can be
transferred to computations of any real machine. By
partially normalising (dividing) the particle thickness
first over the stagnation value of particle density ng
in the specimen chamber

qfore +qc + qaft

qmin =

(7)

we derive the parameter 6 that has been termed stag-
nation gas thickness. This has the dimensions of
length and represents a gas layer at stagnation pres-
sure (or density) with a particle thickness equal to
the total particle thickness that is encountered by the
beam. However, this normalisation means also that
the same value of stagnation gas thickness represents
different absolute values of particle thickness at differ-
ent chamber pressures. With the latter caution, this

is a useful parameter giving a tangible representation
of the mass thickness of gas at any given chamber
pressure.

In a similar fashion and assigning the same sub-
script designations, we can write the corresponding
to Eq. 6 expression

emin = gfore + 06 + eaft (8)

Since from Eq. 7 we have

(9)

q = ngb

we can obtain again the same figure of merit ¢ as

L — (10)

which has been termed excess stagnation gas thick-
ness factor.

Finally, by normalising the stagnation gas thick-
ness over the diameter of the orifice D, we derive
a dimensionless parameter, the normalised particle
thickness, or normalised thickness ¢ for short,

D~ noD/ ’H,QD / k‘TO

where we have also converted the number density n
to pressure p from textbook gas theory with k£ being
Boltzmann’s constant and Ty the absolute tempera-
ture of the gas in the chamber (here taken equal to
293 K).

Since from above we have

(= (11)

0 =D (12)

we are now ready to write the corresponding to Eq.
8 relationship using this dimensionless parameter as

= Cfore + Cc + Caft (13)

where (,,ip is likewise the minimum normalised thick-
ness of the total gas layer of the machine, (yore is the
corresponding component of normalised thickness be-
fore (or below) the aperture (if a given instrument im-
poses some physical obstruction to the specimen like
the detector employed, etc.), and (. is the compo-
nent when the said instrument imposes yet an addi-
tional gas layer after (or above) the aperture in excess
to the inevitable critical value of (..

Therefore, the factor € can be derived in an equiv-
alent form as

Cmin

szn CC
Ce

which has been termed ezcess normalised thickness
factor. We can then abbreviate all those three equiv-
alent expressions, or terms, by the common name ep-
silon e, which constitutes the figure of merit for any
machine. This represents the amount of engineering
inefficiency for an instrument, as the higher its value

€= (14)



the worse performance it has. The stipulation of the
use of a thin aperture exhausting to vacuum together
with the placement of a specimen at zero distance as
a reference system is the topic of the following section
and further discussion.

The figure of merit, as defined above, clearly de-
pends on the aperture diameter and the gas pressure.
The product of these parameters pyD is proportional
to the Reynolds number characterising all gas flows.
It is a textbook knowledge from gas dynamics theory
that different gas flows with the same Reynolds num-
ber are similar and it is sufficient to study one of these
flows from which we can derive the values of corre-
sponding parameters in any other flow. This prin-
ciple has been employed in the measurement of the
critical thickness (. for various gases in the complete
range of pgD values from free molecule to continuum
flow situations (that means in the complete range of
pressures from low vacuum to one atmosphere as may
be used in a generalised ESEM). The results of such
work on (. have been tabulated by Danilatos (2009)
and can be used for the measurement of the figure
of merit of any instrument. Therefore, the figure of
merit € should be provided as a function of pgD in
any practical range of operation, like

E(poD) =0 with (pOD)mzn < pOD < (pOD)maz

(15)
and defines the complete objective specification of the
given instrument with regard to electron beam trans-
fer.

As a second stage, from the above figure of merit,
we can find the actual transmission efficiency at any
pressure and accelerating voltage as follows. Let us
call f. the critical beam transmission of an optimum
system, i.e. the transmission of beam up to the plane
of a thin aperture exhausting in vacuum, and f,:n
the best beam transmission of a given instrument
at the shortest possible (practical) working distance
from its PLA. Then, we can define the transmission

efficiency ¢ by

€f — fmzn
fe
A value of 1 means that the instrument has achieved
the best possible transmission for the electron beam
through the differential pumping system. We also
obtain the following relationships:

(16)

We also have

fe= eajp(_mc) = 63317(_0”09@) (20)
so that we finally obtain
fmin _ _
gf = N exp(—ongb.) = exp(—ongbee) (21)

by previous definition of € and use of Egs. 10 and 18.
The last equation relates ¢ with €; and thus, from
the figure of merit, we can derive the transmission
efficiency and the actual transmission rate for any
accelerating voltage and pressure pg (or ng) of a given
instrument.

Thick and thin aperture - opti-
mum reference system

An orifice made on a thin wall and used to separate
a pressurised chamber from vacuum has been postu-
lated to provide the most abrupt transition from vac-
uum to a high pressure environment of any ESEM
or LVSEM in all previous publications by Danilatos.
Despite the obviousness of this postulate and despite
all related publications, no commercial instrument
has until recently employed it in practice. This ne-
cessitates now a detailed exposition of the same prin-
ciple.

A most abrupt transition implies the minimum
possible beam loss in the transition region from vac-
uum to high pressure. Any extra wall thickness
clearly imposes an excess amount of beam loss. How-
ever, it should be mentioned also that a thicker aper-
ture has a lesser conductance of the gas flow, which
might have been seen as an advantage from the point
of view of pumping requirements to achieve a good
vacuum. On account of these conflicting require-
ments, we have prioritised the minimisation of beam
loss over the pumping efficiency in any design, if the
goal is to achieve the best imaging possible under
the most favourable conditions. However, the value
of this priority can be better seen if we concurrently
quantify the two corresponding parameters, namely,
the beam transmission and the amount of gas leak-
ing through the aperture. Such detailed work has
already been done in previous years but not yet pub-
lished other than the use of the results as an obvious
postulate in many related works. This was so espe-
cially in the absence of any claim that the thickness
of an aperture has been deliberately used to minimise

finin = €xp(—Mmin) = exp(—onobmin) = exp|—ong (0. 4 Jeak rate and in the absence of any concomitant

(17)
where
O: = Opmin — 0. (18)
is the excess stagnation gas thickness, so that
fmin = exp(—onob:)exp(—ongl,.). (19)

claim that the benefit of lessening the leak rate is
preferable to the worsening of image quality on com-
mercially available machines.

The gas flow properties through a thin aperture,
as required in ESEM, were generally unspecified un-
til the advent of the DSMC method together with
present day powerful personal computers. In the free
molecule flow, the aperture has been well studied



through the application of statistical mechanics. The
continuum flow through converging-diverging (Laval)
nozzles has also been studied well in the field of
gas dynamics both experimentally and theoretically.
However, a thin-wall orifice in the complete pres-
sure range from free molecule to continuum flow was
only partially understood or described analytically,
or experimentally. Some properties have been mea-
sured experimentally, such as the flow rate (Liep-
mann, 1961), as well as some approximations of the
density function in a limited range of Knudsen num-
ber (i.e. the ratio of mean free path over some repre-
sentative physical length scale) of the flow (Ashkenas
& Sherman, 1966; Beylich, 1984).

In search of an optimum differential pumping con-
figuration, we can arrive at the use of a “thin” aper-
ture as follows. We start with a “thick” orifice as is
shown in Fig. 1. This is a specific example of the
flow of argon starting with stagnation chamber pres-
sure at 1000 Pa and flowing through an orifice with
0.5 mm diameter made on a wall thickness of 1 mm.
The flood contours of the particle number density, in
particles per cubic meter, are shown while the gas
exhausts in vacuum. The number density differential
created is more than two orders of magnitude in the
span of about 4 mm above the bottom of the aper-
ture grid that is exposed to the high pressure side.
The inside rim of the orifice forms a 10° angle diverg-
ing in the direction of the flow so that the narrowest
(throat) diameter is located on the high pressure side
of the gas flow. The flow field has been computed
with the DSMC method from which we can extract
all the properties of interest at any point in the field
like density, speed, Mach number, temperature, leak
rate, etc.

By setting the lower limit of the integral in Eq.
11 at the throat (bottom) of the aperture (i.e. here
coinciding with the axis origin at z=0 mm), the finite
value obtained is a characteristic constant (, for any
given aperture:

(22)

This characteristic normalised particle thickness (,
is plotted in Fig. 2 for different values of grid wall
thickness and grid (divergence) angle. Most interest-
ingly, we note that all curves converge very close to
each other for grid angles greater than about 45°. In
the limiting case where either the grid thickness ap-
proaches zero or the grid angle approaches 90°, the
aperture attains a critical characteristic value (. as
defined and termed in the previous section. This
condition can be used for the definition of a “thin”
aperture, as was also proposed in previous reports
(Danilatos, 2000, 2009; Danilatos et al., 2011).

On the same graph, we also plot the correspond-
ing characteristic aperture speed s,, which is de-
rived from the flow rate N of particles per unit time

through the aperture

N://nv-dA

where v is the velocity at the surface element dA
having a number density n, with the integration taken
over the area A of the aperture and, finally, by the
equation

(23)

N
’floA

Likewise, in the limiting case where either the
grid thickness approaches zero or the grid angle ap-
proaches 90°, the aperture attains a critical charac-
teristic speed s, termed critical aperture speed. With
this given, we can derive the flow rate for a thin aper-
ture from:

(24)

Sq =

TS,

4kT

or the leak rate () in practical units of Pa.m3 /s used
in vacuum technology according to the equation:

N = s.ngA = poD?

(25)

Q =kTN (26)

The critical aperture speed for argon has been pre-
viously computed as a function of pgD for a thin
aperture in the complete range from free molecule
to continuum flow (Danilatos, 2000), from which the
same parameter for other gases was calculated via a
proposed transformation formula. Since various gases
have now been computed by the DSMC method and
the critical normalised thickness has been published,
the corresponding critical aperture speed magnitudes
for the same gases are updated based on DSMC val-
ues and tabulated in the Appendix along with (. re-
tabulated for convenience and consolidation. Both
parameters depend on the product of pgD, any fixed
value of which represents a family of equivalent flows
for each gas, since this product is proportional to the
Reynolds number. Both parameters are important
in the design and construction of ESEM but the (.
takes precedence over s., because the primary aim is
to transfer the electron beam with the minimum pos-
sible loss. A thick aperture clearly impedes the gas
flow and the minimisation of leak rate is also impor-
tant, but we should never sacrifice the beam intensity
in order to save pumping capacity in any instrument.
In a normal differential pumping system, the best way
to minimise the leak rate is by the use of the smallest
possible thin aperture, which also achieves minimum
gas thickness at the same time. In fact, Fig. 2 demon-
strates that with a grid angle of only 10°, the leak
rate has fast approached close to the maximum value
attained with a thin aperture, whilst the gas layer
thickness still remains significant. Therefore, there
is no practical advantage in using a thick aperture,
which has only the disadvantage of creating unneces-
sary beam loss. Hence, a thin aperture provides the
ultimate choice for an optimum design and operation
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Figure 3: Geometry and flow field of nitrogen through
the “bullet” of an ESEM. Flood contours show the
number density variation in the field of the gas flow-
ing from the specimen chamber below out through
the exit holes in the tank and the vacuum of the col-
umn above.

of any ESEM. It is for this reason that it can be used
as a reference system, against which the performance
of any other design can be measured. Thus, we can
stipulate that any microscope using a pressure limit-
ing aperture should be capable of allowing the speci-
men to be imaged at zero distance from this aperture
exhausting directly to vacuum. Although the num-
ber of useful applications with a specimen placed at
zero distance from the aperture may be limited, this
requirement sets a physical ultimate limit for any mi-
croscope.

Computation of the figure of
merit by DSMC - real situation

The ultimate way to measure the figure of merit for
an instrument is to experimentally determine (Rat-
tenberger et al., 2009) the electron beam transmission
as a function of distance and pressure and then by use
of the formula

m mkT

gPo

to derive the required figure of merit from any of Eqgs.
5, 10, or 14. Until this is conclusively done in the
actual conditions of a laboratory, an alternative ap-
proach is available by the use of the DSMC method
to compute the same, if the geometry and boundary
conditions are known. The gas flow for one commer-
cial instrument (the “FEI Quanta 600 FEG”) oper-
ating either as an ESEM or as a LVSEM has been
previously presented but only a few values were pro-
vided (computed) for ¢ (Danilatos et al., 2011). We

(27)
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Figure 4: Variation of particle number density along
the axis of the bullet at the fixed chamber pressures
indicated for each curve.

now extend the same approach in the complete range
of operating pressures for both modes of its opera-
tion. Since the pressures were measured immediately
outside the column downstream from the exit holes
of the “bullet” and reported in the previous paper,
we may use those values as the boundary pressure at
the exit point of the holes. In reality, it is expected
that the actual pressure at the exit holes should be
somewhat greater than those measured values and
the extent of deviation depends on the conductance
of the path between the exit holes and the measured
point. If the conductance is large, i.e. if the pathway
is generally unobstructed, then the deviation should
be very small or negligible. The amount of devia-
tion may only be determined experimentally in the
future, but the present work provides a firm basis
and a guide for further comparisons, whilst, in the
meantime, it represents the best possible performance
for the particular instrument. Furthermore, the ge-
ometry at the PLA has now been determined more
accurately by the use of an “IFM” imaging sensor
by Rattenberger, who mapped the profile of the grid
edge, according to Fig. 3, in which the grid thick-
ness is found to be significant (760 pm) and the grid
angle is small. This figure shows the details of the
entire computed gas flow field as in previous work.
The boundary at the exit holes that was used and
discussed previously (Danilatos et al., 2011) has now
been shifted downstream to form the walls of a tank
into which the exiting gas exhausts. Also, the bound-
ary of the entering gas in the specimen chamber has
been shifted further away (i.e. at 2 mm) from the
PLA to eliminate any small effect from the flow close
to the aperture. Therefore, the present simulation
provides the best representation for the given instru-
ment to date. By these new computations, it is con-
firmed that the gaseous boundaries used at present
did not have any significant effect in comparison to
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Figure 6: Variation of leak rate Q1 through PLA1
and Q2 through PLA2 versus chamber pressure.

the boundaries used in the previous publication and
only the thickness and angle of the PLA has a dete-
rioration effect according to Fig. 2.

We provide the results from such computations for
the various parameters presented above. Fig. 4 shows
the variation of average particle number density along
the axis of the system for the fixed chamber pressures
indicated with each curve. Fig. 5 shows the variation
of particle thickness ¢ and stagnation gas thickness
0 against the chamber pressure pg for two cases of
specimen positioning at z—=-1 mm and z=0 mm. A
closest specimen position reported has been at z=1.4
mm (Toth et al., 2007), so that 1 mm is thought
to represent a close to best practical position choice.
At the same time, we include the “zero” distance for
the hypothetical case of imaging at this distance also,
for comparison purposes and parity with the refer-
ence “thin” aperture, although the existing detectors
available do not normally allow imaging at this point.
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Figure 7: Figure of merit epsilon € and transmission
efficiency e versus poD for three accelerating volt-
ages at the minimum specimen position z=0 mm in
the ESEM.

Next in Fig. 6, we present the absolute amount of gas
leak rates Qq and Qg through either PLA1 or PLA2,
correspondingly. Finally for the ESEM in Fig. 7, we
present the epsilon € and transmission efficiency ey
for the case of specimen positioning at z—0 mm, be-
cause this represents the limiting case of all specimen
positions; the user can determine the actual mini-
mum specimen position and find the figure of merit
from the provided curves in Fig. 4, for which it will
generally be €4ctual > €zero-

In the same fashion, we also provide the results
from such computations for the same parameters
of the same instrument operating in the LVSEM
mode. The flow field was already presented previ-
ously (Danilatos et al., 2011) and is not repeated here
because the use of “exhaust tank” as shown in Fig.
3 did not produce any measurable difference of any
significance. Fig. 8 shows the variation of average
particle number density along the axis of the system
for the fixed chamber pressures indicated with each
curve. Fig. 9 shows the variation of particle thickness
g and stagnation gas thickness # against the cham-
ber pressure pg for two cases of specimen positioning
at z=-9 mm and z=0 mm. Here, we have no infor-
mation about the closest possible specimen position,
which may be anywhere between -9 and 0 mm, al-
though the latter position or close to it should be
excluded on account of the type and detector posi-
tion employed. We have included the “zero” distance,
again, for the as yet hypothetical case of imaging at
this distance also, for comparison purposes, although
no such claim is known to be made by the maker,
or any user. Next in Fig. 10, we present the ab-
solute amount of gas leak rates Q1 and Q2 through
either the throat (PLA1) or PLA2, correspondingly.
Finally for the LVSEM in Fig 11, we present the ep-
silon € and transmission efficiency ¢ for the case of
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specimen positioning at z=0 mm, because this repre-
sents the limiting case of all specimen positions; the
user can determine the actual minimum specimen po-
sition and find the actual figure of merit from the
provided curves in Fig. 8, for which it will generally
be €actual > Ezero-

Discussion

The figure of merit is a means to determine if and
how much unnecessary loss of the primary beam is
present in any given intrument design. Different in-
struments with the same figure of merit may not nec-
essarily have the same specifications with regard to
pressure range of operation. For example, two in-
struments both having € = 0 can have very different
pressure ranges depending on the size of PLA and the
associated pump speed used. However, if these two
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Figure 10: Variation of leak rate Q1 through PLA1

and Q2 through PLA2 versus chamber pressure.
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Figure 11: Figure of merit epsilon € and transmission
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ages at the minimum specimen position z—=0 mm in
the LVSEM.



instruments are designed to allow PLA size change
with a given set of thin apertures, then they become
equivalent if the associated pump speed is also the
same. Beyond this similarity, the two instruments
may differ in other regards, such as type of detec-
tors and other important capabilities and specifica-
tions. Having established a figure of merit, the pres-
sure range, in particular, is ultimately determined
by Eq. 2 yielding the average number of scattering
events per beam electron. By Eq. 1, the primary
beam is extinguished exponentially leaving 5% of un-
scattered electrons when m = 3. This sets an upper
limit of pressure in the oligo-scattering regime (de-
fined by convention with m < 3) for ESEM opera-
tion as originally proposed by Danilatos (1988). The
practical upper limit of the oligo-scattering regime
is ultimately determined by the prevailing signal-to-
noise ratio (SNR) in any given situation. Even in a
“low vacuum” machine (LVSEM), it is easy to have
a noisy image at low accelerating voltage with values
of m > 1, which can overlap with the same values of
m in ESEM at high pressure. As a consequence of
all this, the hitherto distinction between LVSEM and
ESEM is redundant and can be eliminated.

Although the graphs in Fig. 2 indicate that most
of the variation of ¢, and s, occurs for grid angle less
than 45° and grid thickness greater than 0.1 mm,
there is still a small variation of {, at grid thickness
of 0.1 mm amounting to about 10%, which may be
considered significant for work at very low acceler-
ating voltage (e.g. 1 kV). Also, attention is drawn
to the fact that the graphs represent the case of ar-
gon at 1000 Pa and that at different pressures the
relative variation of the same parameters can be dif-
ferent. At much lower pressures, where the mean
free path of the gas is much greater than the aper-
ture diameter, there is a significant back diffusion of
gas particles from the surface of the rim of the PLA,
affecting the relative flow rate through the aperture.
More importantly, for work at increased pressures, in-
cluding atmospheric pressure, a thickness of 0.1 mm
can be very detrimental to the point of making the
system inoperable. Therefore, every effort should be
made for creating a PLA with the sharpest possible
edge. This problem has been solved in practice by
the use of commercially available aperture grids hav-
ing thickness less than 30 pm, in some cases down
to 5 pm; there is no fear of collapse due to the force
of pressure differentials, provided the design is based
on tested practices (Danilatos, 1985). These grids
can be mounted flat or bent to form a saddle around
a ridge on a cup fitted below the pole-piece. The
latter configuration has allowed the fitting of wedge
shaped optimum BSE detectors (Danilatos, 1985), as
it can also allow x-ray and other detectors to oper-
ate optimally in the ESEM. In fact, even for better
results, conical geometry PLA can be made and sup-
plied by industries specialising in the construction of
skimmers used in molecular beam technology.

Figs. 6 and 10 indicate that the amount of leak in
the upper column is at least two orders of magnitude
less than the amount exhausting from the exit holes
of the bullet, which is a satisfactory result.

The plotting of € versus pgD will generally pro-
duce a different curve for every change of D, because
by changing only the diameter of the aperture, while
keeping the rest of the flow geometry the same, it
does not produce a similar overall flow field. The
principle of similitude would apply for different pairs
of pressure-diameter only in the range of pressures
where the gas flow is entirely controlled by the aper-
ture alone and not by the remainder geometry and
the pumping efficiency of the given machine. The
principle of similitude would be applicable to the en-
tire gas flow system, if the entire system geometry
was changed inversely to the pressure. In practice,
the principle of similitude can be achieved with small
enough and thin-apertures, which effectively control
the flow irrespective of the remaining geometry; ef-
fectively, the gas exhausts to vacuum after it passes
the thin aperture, i.e. in the range of py D, whenever
e is close to the zero value. Therefore, the curves of
figure of merit should generally be accompanied by
the size of PLA diameter used (as in the present case
D=0.5 mm), on which it depends, in addition to its
dependence on pyD. By virtue of the above rationale
alone, the figure of merit of the same instrument can
be improved by the use of an ever smaller diameter
PLA until € is close to zero.

The definition of the optimum condition by imag-
ing at zero distance from a thin aperture does not
imply that all such work should be done at this point.
This is just a physical limit of operation of any differ-
entially pumped electron microscope. Most applica-
tions may require that the specimens be placed away
from the streaming effects of the gas near the PLA, so
that they must be placed at least one or two diame-
ters distance from the aperture. However, we can still
envisage a significant number of applications at lesser
distances down to almost zero value, which makes it
a rational choice for creating an optimum reference
system at that point. In fact, imaging of specimens
placed at the tip of a fine wire even through and above
the PLA has been and can be done, but these may
constitute a much smaller set of applications, with
which no well defined limit may be assumed.

Based on the above findings and Fig. 3, not only
the entire bullet geometry is inefficient (see also Dani-
latos et al., 2011), but also the detailed geometry of
the PLA itself (with 760 ym thickness and about 10°
angle). This aperture geometry is responsible for a
significant component of the electron beam loss that
can be eliminated by simply replacing the provided
thick grid with a commercially available thin copper
grid (also disposable and inexpensive), but always ad-
hering to the tested practices in the literature. Fur-
thermore, should the user have the option of easily
replacing the aperture grids with different diameter



hole, then the instrument could be made quickly far
superior in performance. That is, by simply using a
much smaller than the now fixed 0.5 mm PLA, the
pressure could be significantly increased and the im-
age signal-to-noise ratio vastly improved. That pos-
sibility would only limit the field of view at low mag-
nifications for the existing instruments, but this is a
minor sacrifice that most users could accept in or-
der to achieve the greater benefits at high magnifi-
cations, without forfeiting the option of reverting to
a large PLA. Actually, the field of view needs not
be sacrificed, if the instrument were to incorporate
the relocation of the rocking point of the beam close
to or at the PLA1, which would allow a very large
field of view even with the use of very small PLAs in-
cluding sizes of 100 um and even 50 pum (Danilatos,
2004). Instead, the minimum size of a rather thick
PLA appears invariable by the industry to only 0.5
mm diameter (Stokes, 2008) for a long time, for some
hitherto arbitrary reason.

The fact that such simple or obvious as above kind
of solutions exist but are not yet implemented, even
after 20 years of commercialised ESEM, is rather
extraordinary. Furthermore, the fact that a large
number of publications have emerged from the use
of those instruments without addressing the actual
problems has created a peculiar situation. This has
now necessitated the introduction of a figure of merit
(i.e. a new study of inefficiency) to explain the phe-
nomena in the hope to rectify the technology. The fig-
ures of merit plotted in Figs. 7 and 11, demonstrate
that both modes of this instrument operate far away
from the optimum condition. In fact, the LVSEM
mode is relatively worse than the ESEM mode, pre-
sumably because it may have been assumed that the
“low vacuum” is quite safe to operate, without regard
to the actual beam loss. It may be due to relying
more on un-confirmed assumptions than on rigorous
quantitative analysis of the system. This implies that
a review of some published works is needed, especially
of those that have contributed to a misunderstanding
of the purpose and capabilities of ESEM and, in par-
ticular, of those connected with the industry. To this
end, an attempt is made in the following sub-section
to highlight some of the outstanding issues.

Implications

To start with, the figure of merit in the two modes of
operation of the presented instrument has been com-
puted for a hypothetical best situation by placing the
specimen at z=0 mm, which is not actually accessi-
ble by either mode; hence, the actual case should
be even worse. An insight of the actual situation
can be gained by quoting from an article by Toth,
Uncovsky and Knowles (2007) (FEI authors), who
state that “in practice, the mazimum pressure em-
ployed in ESEM is limited by a decrease in image
quality with pressure (at pressures greater than 500
Pa). Consequently, high pressure imaging necessi-
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tates the use of high beam currents, giving rise to low
resolution (due to electron optical aberrations)[12]
and rapid degradation of beam sensitive materials.
Here we demonstrate high quality secondary electron
(SE) imaging at high pressure (2 kPa), using a rel-
atively low beam current (70 pA). This is achieved
by optimizing boundary conditions that govern elec-
tron beam scatter in the gas, the energy distribution
of low energy electrons traversing the gas, dielectric
breakdown of the gas, and electron detector collection
efficiency. High pressure ESEM will enable imaging
of hydrated materials at close to room temperature
(17 °C), and surface modification processes occurring
at high pressures. Experiments were performed using
a FEI Quanta field emission gun ESEM, using the
sample-detector geometry shown in Fig. 1. The elec-
tron beam enters the high pressure specimen chamber
through a conical pressure limiting aperture (PLA)”.
However, this statement does not take into account
the fact that pressures close to 7 kPa were already
achieved by 1979 (Danilatos & Robinson) and one
atmosphere (100 kPa) by 1980 (Danilatos) routinely
operating at room temperature.

The above quotation claims an improved, even op-
timised system while, in reality, departs from prior
successful practices in the literature. The flat cup of
the PLA1-detector fitted at the bottom of the bullet
is simply replaced by a conical cup protruding be-
low the bottom of the same bullet. Actually, the
user can interchange the flat or protruding cups at
will. This allows the user to approach the specimen
at much closer distance with the conical cup protrud-
ing further below the pole-piece than the minimum
distance allowed by the flat cup. However, by doing
so, the travel distance of the beam between PLA1
and PLA2 increases accordingly, because the bullet
remains the same. The inside angle of the cone and
the precise geometry of the PLA1 at the bottom of
the cone are not provided. At any rate, the beam loss
between the two apertures is greater in the extended
conical system described and hence no improvement
is possible over and above that provided by the fig-
ure of merit plotted herewith for a flat cup. Thus, an
improvement is gained by placing the PLA closer to
the specimen (i.e. by making the term 6., smaller),
but a concomitant deterioration is also caused by in-
crease of the term 6,¢;. From the same reference, we
see that the minimum “sample-PLA gap=1./ mm”.
Therefore, the 1 mm used in the present work is a
generous choice for plotting the minimum stagnation
gas thickness in Fig. 5, along with the minimum par-
ticle thickness. For any longer specimen distance,
the added gas layer is homogeneous (at stagnation
density) and the reader (user) can easily deduce the
actual figure of merit and the beam loss for this par-
ticular commercial ESEM.

In the same reference above, a “needle” detector in
conjunction with the conical aperture is used to make
secondary electron (SE) images at high pressures in



excess of 1 kPa. However, formation of SE images at
high pressure should not be necessarily linked with
a differential system that proves to also incur high
beam losses, nor a ring-shaped anode should be ex-
cluded from generating SE imaging at high pressure.
Hence, caution is required in stating that “finally, we
note that many ESEM systems use a gaseous SE de-
tector with a ring-shaped anode [1] for SE imaging at
pressures in the range of ~150-600 Pa. This config-
uration is unsuitable for imaging at greater pressures
because the electric field generated by such an anode
is very inefficient at extracting SEs when the PLA-
sample gap is as small as needed for imaging at pres-
sures in excess of ~1 kPa.” Notably, the needle de-
tector had already been disclosed by Danilatos (2004)
(patent priority date August 2000, claims #14+),
also earlier mentioned in a comprehensive theory of
the gaseous detection device (Danilatos, 1990) and
“in some critical issues of ESEM” (Danilatos, 1993a),
to all of which there is no reference. Also, the conical-
aperture/specimen system had already been studied
with the DSMC method and reported in detail by
Danilatos (1992), to which there is no reference ei-
ther. There is only one relevant reference by stating
that “the extent of beam scatter is given by the prod-
uct of pressure and beam path length in the gas [16].
The latter is minimized by placing the PLA close to
the sample surface, as is shown in Fig. 1, where we
used a sample-PLA gap of 1.4 mm.” Reference [16]
is attributed to Danilatos, but with no mention that
the paper deals with the much more important topic
of electron beam loss inside the bullet by the use
of DSMC method, in the same way as is done in the
present paper. In summary, the images shown were
taken at 30 kV with dwell time =300 us / pixel, both
of which remain very high, whilst the use of accel-
erating voltages well below 5 kV, down to 1 kV, at
much shorter recording times, as predictable by the
present report, have remained well outside the reach
of microscope used by the authors above.

One year later, Stokes, Chen, Neijssen, Baken and
Uncovsky (2008) (FEI authors) have repeated the
same theme, as they state again that “so far, imag-
ing of hydrated materials has required cooling of the
sample to just above freezing to achieving adequate
high humidity within the pressure range of a gaseous
secondary electron detector. In practice, the max-
imum gas pressure is physically limited by an in-
crease in primary electron beam scattering, and hence
a decrease in image quality, at elevated pressure (i.e.
pressures greater than ~600 Pa). Hence high pres-
sure imaging requires the use of high beam currents,
which increases the beam diameter, limiting the reso-
lution. However, with the recently introduced, com-
mercially available, High Pressure detector for the
ESEM, it is possible to get high quality secondary
electron (SE) imaging at high pressures (in the kilo-
pascal regime), using a relatively low beam current
(sub-100 pA). This is achieved by optimizing bound-
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ary conditions that govern electron beam scattering in
the gas, the energy distribution of electrons in the gas
cascade, dielectric breakdown of the gas and detector
collection efficiency [1]” with reference [1] being to
previous Toth et al. (2007). However, such an “opti-
mising of boundary conditions” is nowhere near the
optimisation reported in the present paper and the
claim that “the latest systems offer un-compromised
performance over an unprecedented range of sample
chamber vacuum conditions” is not in accord with
preceding historical facts.

Identical claims in relation to high pressure and
room temperature use in ESEM had been previ-
ously made also by Stokes-Baker-Toth (2004), again
by Stokes (2006) and again by Stokes-Baken (2007).
Again. none of those works mention the works done
both at high pressure and room temperature by Dani-
latos who, in fact, has consistently avoided the cool-
ing of specimens throughout all his ESEM papers.

The ideas quoted above have been further consoli-
dated in a latest book by Stokes (2008) that contains
areas covered by the findings in the present paper.
For example, instead of using the concept of stag-
nation gas thickness, or number thickness, or nor-
malised thickness of the gas responsible for all the
beam losses, we only see the geometrical distance be-
tween specimen-PLA being considered: The “gas path
length” (GPL) is clearly defined as the distance be-
tween specimen and PLA (see Fig. 4.1, p. 96 in the
book). A protruding aperture below the pole piece
(some form of tube in Fig. 4.11, p. 112) to reduce
GPL is advocated once more, but again there is no
mention to what happens above the PLA. There is,
however, only a fine print short footnote (p. 111) that
“Inevitably, a small number of gas molecules will give
rise to scattering even before the primary electrons
enter the aperture or extension tube, but their effect
1s negligible under the circumstances discussed here”.
Therefore, the serious beam loss occurring above the
PLA has been bypassed. At the same time, Stokes
and co-workers appear to be setting the “roadmap”
for later instrument designs in Fig. 1.3 of the same
book. This appears to have been a different roadmap
from the one based on the findings in the present
paper, or many previous works in the span of the
last 30 years, or more. The difference is both signifi-
cant and critical, because one road terminates prema-
turely with artificial beam barriers, whilst the other
leads us all the way to the ultimate limits imposed
only by nature itself. This becomes further evident
by the following quoted example from the book: “4.5
HOW MUCH GAS? 4.5.1 Introduction. The pres-
sure range in the VP-ESEM can be varied from about
10 Pa up to 2660 Pa (20 torr)... (p. 114:) We now
consider the elastic scattering of primary electrons as
a function of pressure over a range of primary elec-
tron beam energies, for 5keV < Ey < 30 keV... (p.
120:) As predicted earlier (Section 4.5.2.1), the frac-
tion of focused electrons remains relatively high for



beam energies above 10 keV and pressures of a few
hundred pascals. For energies around 5 keV, forma-
tion of a focused probe is highly unlikely at the highest
pressure, but still possible for high energies.” Such
an understanding is definitely consistent with and is
confirmed by the present results on the FEI machine.
Therefore, the range of accelerating voltages below
5 kV have admittedly remained outside the reach of
those instruments, while the overall performance is
far removed from real optimum capability at all ac-
celerating voltages and environmental conditions.

There is also an attempt to coin a new term
like “VP-ESEM” that might presumably include the
LVSEM (a similar attempt made also by Griffin
(2007)). The separation between ESEM and LVSEM
has arisen from the inability of certain commercial
machines to accommodate higher pressures on the
same machine for various reasons, for which they
coined different and separate names. Objectively,
such a separation has been unnecessary. A low vac-
uum mode operating, say, up to around 200 Pa,
can be easily switched to an ESEM operating, say,
at around 600 Pa by simply replacing the PLA by
a smaller diameter approximately inversely propor-
tional to the factor ,/600/200 = 1.73. This reality
is a corollary of the present and past reports. There
is no objective (i.e. physical or scientific) justifica-
tion why the maker or the user cannot provide such
a simple option. “Gaseous” SEM could, perhaps, be
more descriptive than the arbitrary and longer word-
ing “variable pressure”, or “natural”, “wet”, etc. (terms
introduced only to differentiate different makes of ma-
chines with essentially the same capability). Since
ESEM really embraces all modes of gaseous opera-
tion, its defacto generic name should require no re-
placement. However, if a search for a unifying name
must be done, then all previous proposals should be
considered including the “universal ESEM” that em-
braces both LVSEM and vacuum SEM (Danilatos,
1993b). In the end, real instrument progress should
precede any need for a new name, not the reverse.

The undertaking at the outset of the book that
“the principles and applications have been outlined in
a generic way, applicable to readers familiar with any
of the types of VP-ESEM on the market, irrespective
of manufacturer” does not explain why the descrip-
tions of ESEM are so closely linked with the limi-
tations of one particular machine. The limits pro-
vided for an ESEM constrained by a minimum size
of PLA fixed at 0.5 mm is just one example. Another
is the need to cool the specimen in that machine,
which is a direct consequence of the excess primary
beam loss that is ameliorated by the low saturation
vapour pressure near the freezing point. The localised
lowering of specimen temperature makes the achieve-
ment of a steady stagnation chamber pressure pro-
longed and complicated on account of variable tem-
perature between specimen and PLA. The situation
becomes further complicated and problematic dur-
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ing specimen transfer from ambient conditions to the
ESEM environment. The book dwells on “one way...
through ‘purge—flood’ cycles”’, which was introduced
by Cameron & Donald (1994) and adopted by the
manufacturer as standard procedure for general use.
This method was devised specifically to remedy the
effects of harsh dynamic pumping of a large volume of
the chamber on this machine, instead of the alterna-
tive proven specimen exchange chamber (airlock) suc-
cessfully practiced and proposed by Danilatos (1988,
p. 238+) from the outset of experimental ESEM
work. With continuous supply and direct pumping
of chamber gas, the condition of stagnation equilib-
rium is difficult or never achieved, whilst the solution
of an airlock, already available in generic ESEM, has
received no mention. The total effects of these and
other practices define the limits, under which work is
reported both in the book and other literature hav-
ing used a similar machine. The conclusions by many
of those applications may have to be re-considered
when better ESEM machines become available, since
the operational limits have been narrowed down by
the excess beam loss during its transfer from vacuum
to the specimen chamber.

Conclusion

A figure of merit previously devised has been com-
puted in the full pressure range for one commercial
ESEM and found that there is room for many im-
provements. It is possible to extend the pressure
range upwards and the accelerating voltage down-
wards, well beyond the existing limits of some in-
struments. It is possible to operate the ESEM at
room temperature routinely and cool the specimen
only if there is a special requirement. These and
other constraints must be removed. At the same
time, performance by way of image quality, speci-
men integrity and ease of operation can be greatly
improved. Progress in this direction is well overdue,
since it has been promised for the most part of the
last 30 years of research and development.

The figure of merit should be provided with each
commercial machine, or users should be equipped to
measure it and report it for their own benefit and
others. This can be found either by experimental
measurements or by DSMC computations given the
boundary conditions of the gas flow, or a combination
of experimental measurements and computation as
appropriate.

The implications of the introduction and use of a
figure of merit should result also in the critical study
of published literature and in a more rigorous ap-
proach to further work and publications in the field
of ESEM. It is hoped that the present report will con-
tribute towards the manufacture of a much improved
electron microscope involving the use of a gaseous
environment,.
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Appendix

The characteristic aperture speeds for various gases
obtained by the DSMC method are presented below
for the first time, while they were obtained simulta-
neously with the critical particle thickness already re-
ported but also included below for completeness and
convenience. The critical thickness for each gas can
be satisfactorily fitted with a function of the form

B 1+ bz + dz?

y(z) = (28)
where (. = y(z) and pgD = z, and the constants
a, b, ¢, d and e are given in Table 1. Similarly,
the same form of fitting function has been used for
the corresponding critical speeds s. in Table 2, where
se = y(z) and poD = z.

The form of both parameters is a generally sig-
moid shape varying from a low constant value to a
high constant value with a small “hump” before the
high value. For the critical particle thickness, the
low value in the free molecule regime is a universal
constant for all gases (.3 = 0.25 that has been theo-
retically derived by Danilatos (2000), whilst the com-
puted value is a little lower due to the finite thickness
of the orifice used . The high value in the continuum
flow regime is another constant that depends on the
nature of gas. In the transition regime, values vary
according to the fitting equation above.

The low value for the critical speed of an infinitely
thin aperture can be derived theoretically in the free
molecule flow as (see any vacuum technology book,
or in Danilatos (2000)):

| RTy
Sel = 2w M

where R is the universal gas constant and M the
molecular weight of the gas. It is found that the
theoretical values are between 3.5-6.5% higher than
the computed values in this work, which may be at-
tributed to the small fraction of molecules that are
back diffused from the finite thickness of 0.1 mm
used; the theoretical low value has been achieved also
with the DSMC method by the use of a much thin-
ner aperture and by shifting the entry boundary of
the computed flow to many diameters away from the
aperture (Danilatos, 2000). A corresponding theoret-
ical formula in the continuum flow for the maximum
constant value of the speed is that provided for the
isentropic flow though a Laval nozzle:
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(29)

v+1

)

YRTo
M

2
v+1

(30)

Se2 =

14

where v is the specific heats ratio. It is found that
this formula gives a significantly higher value than
the computed values for a thin aperture herewith (e.g.
20% higher for argon). This is to be expected since
both a boundary layer at the rim of the PLA together
with a vena contacta formed result in an effective noz-
zle with a smaller diameter than the PLA used. This
has made it difficult to derive an analytical formula
that quantitatively describes the flow of compressible
gases through a thin aperture in the continuum and
transition regimes (Danilatos, 2000).

The tabulated values can be revised with even bet-
ter precision as programs are written for the DSMC
to run on 64 bit computers in the future.



Table 1: Constants of Eq. 28 for the critical normalised thickness (. for various gases.

Gas a b ¢ d e

Argon 4.0915478 23.505763 45.923236 1.314958 0.02925647
Helium 4.1206162 11.647015 29.843766 24.269588 47.500051
Hydrogen 4.096053 73.238737 281.12711 1212.3227 2752.7335
Neon 4.0225785 9.7785397 20.26494 11.738297 23.605902
Nitrogen 4.055408 23.323677 54.013017 147.32355 350.43078
Oxygen 4.0627935 24.024988 55.630753 90.879174 215.09807
Water vapour 4.039353 26.117061 60.680093 28.194384 72.345331

Table 2: Constants of Eq. 28 for the critical aperture speed s. for various gases.

Gas a b ¢ d e

Argon 0.01070795 27.43347 0.17738715 4.1413311 0.02925647
Helium 0.00335459 8.8228082 0.01862066 25.429723 0.05432455
Hydrogen 0.00240630 0.81859927 -0.01495783  -334.69728 -0.50304835
Neon 0.00771832 17.782559 0.08238812 20.147081 0.09635782
Nitrogen 0.00886153 27.867948 0.15348754 235.85886 1.3852781
Oxygen 0.00955098 37.451249 0.22632365 -4.6904792 -0.02646638
Water vapour 0.00741718 51.565748 0.24890498 54.57068 0.2791621
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