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Abstract 

The scanning electron microscope (SEM) usually 
operates with a beam voltage, V0 , in the range of 
10-30 kV, even though many early workers suggested 
the use of lower voltages to increase topographic 
contrast and to reduce specimen charging and beam 
damage. The chief reason for this contradiction 
is low instrumental performance when V0 = 1-3 kV. 
The problems include low source brightness, 
g reater defocussing due to chromatic aberration, 
greater sensitivity to internal and external stray 
fields and difficulty in collecting the secon
dary electron signal without defocussing the 
probe. Recently considerable efforts have been 
made to overcome these problems because the semi
conductor industry, which is now the major user of 
the SEM, has found that low V0 is necessary to 
reduce beam damage. The resulting equipment has 
greatly improved performance at low kV and 
substantially removes the practical deterrents to 
operation in this mode on other types of samples. 
This paper reviews the advantages of low voltage 
operation for topographic imaging, recent progress 
in instrumentation and describes a prototype 
instrument designed and built for optimum perfor
mance at 1 kV. Other limitations to high resolu
tion topographic imaging such as surface 
contamination, the de-localized nature of the in
elastic scattering event and radiation damage are 
also discussed. 

Key words: Low Voltage Scanning Electron 
Microscopy, Secondary electron contrast, 
High resolution, Topo graphic imaging 
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Introduction 

As the beam voltage, V0 is reduced in the 
range 30-1 kV, three physical parameters relevant 
to specimen damage, surface charging, and 
topo g raphic contrast also chan g e. The secondary 
electron coefficient, 6 , increases to > l while 
the electron range (R) and the ener gy deposited 
per electron (eV 0 ) both decrease. When 6 is lar g e 
there is less surface charging on insulating 
samples and there is more signal per beam electron, 
while a smaller R means the beam/specimen interac
tion is more localized and topo g raphic contrast is 
higher. This was reco gni z ed early by Thornley 
(1960), but widespread use of the SEM in the 1- 3 
kV range was delayed by technical limitations that 
can be g rouped in four categories: l) low source 
bri ghtness; 2) increased effect of chromatic 
aberration; 3) increased sensitivity to stray 
fields; 4) defocusing of the probe by the secon
dary electron collection field. With a few excep
tions (Welter and Coa tes, 1974) these disincen
tives prevented significant efforts to improve low 
voltage SEM (LVSEM) performance. More recently, 
however, SEM studies of semiconductors were found 
to be limited by the damage caused by the beam and 
the most effective way to limit this damage was to 
use V0 in the range 0.5-1.5 kV (Keery et al. 19 76 , 
Miyoshi et al. 1982). The fact that the semicon
ductor industry, which presently represents over 
80% of the SEM market, urgently needed to monitor 
production procedures and final performance 
without damaging the specimen provided a new impe
tus for the development of equipment optimized for 
low voltage operation. (Tamura et al. 1980; 
Todokoro et al. 1980, 1983, 19 84; Buchanan, 1982, 
19 83; Buchanan and Menzel, 19 84; Pomposo and 
Coates, 1983; Pawley and Wall, 1982; Boyes 19 84; 
Pawley, 1984a,b, other papers in this volume). 

It is the purpose of this paper to draw atten
tion to these developments in the belief that the 
low voltage capability of this new equipment will 
find widespread application outside the field of 
semiconductor research. The advantages of low
voltage operation will be discussed particularly 
in regard to the possibility that it may even
tually provide the ultimate in high resolution 
topographic images of biological samples (Pawley, 
1984a,b). This will be followed by a description 
of both the instrumentation problems associated 
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with operating the SEM at high resolution with V0 

~ 1 kV and the strategies that have been developed 
or proposed to overcome these problems. A proto
type instrument designed to produce a 1-2 nm beam 
at 1 kV will be described along with a discussion 
of preliminary results and problems encountered. 
Finally there is a brief discussion of the limita
tions posed to the ultimate topographic resolution 
of an ideal instrument by radiation damage, 
sample-derived surface contamination and the de
localized na ture of the in elastic s cattering 
event. 

The Advantages of LVSEM 

Most of the advantages of using an SEM with 
Vo ~ 1 kV derive directly from the fact that 
e lectrons impinging on the surface of a solid with 
less energy, penetrate into it a shorter distance 
and a lso have a higher cross-section for producing 
secondaries near the surface where they have a 
higher chance of escaping (Kotera et al. 1981). 
As a result, 6 approaches unity, charging arti
facts on insulating surface become less pro
nounced and the signal/beam-electron is increased. 
Also less energy (eV 0 ) is deposited in the sample 
and on insulating samples, charge is not injected 
and trapped so far beneath the surface. 

All of these features are important for the 
study of uncoated resist patterns or passivation 
layers on semiconductor devices or for viewing 
voltage contrast effects. Relative freedom from 
charging artifacts is an obvious advantage, but it 
is even more important to avoid high surface 
potentials that might cause breakdown in the 
device and to reduce beam penetration because 
char ges trapped in insulatin g regions can distort 
the energy band structure of the device, de gradin g 
and possi b ly destroyin g it. At 1 kV, char ge 
in j ection is restricted to the outer 0.02 µm or 
so, rather than 130 times that depth at 30 kV--a 
crucial difference in devices only a few microme
ters deep. Finally, both the silicon and the 
resist layer on its surface are composed of 
materials having relatively low atomic number (Z). 
At high beam volta ges, very little surface detail 
can be seen on uncoated low Z samples, but at 1 kV 
the energy is deposited nearer to the beam entry 
point and so contrast produced by topo g raphical 
variations is proportionately lar ger. Aspects of 
the study of semiconductors in the SEM that empha
si ze the utility of low volta ge operation are 
discussed by Pfeiffer (19 82), Todokoro et al. 
(1983,1984), Tamura et al. (1980), Buchanan and 
Menzel, 1984 and Brandis et al (1984) and low 
voltage electron lithography is described by Yau 
et al. (1981), Varnell (1981) and Polasko et al. 
(1983) Newman et al (1984) by contributions from 
Pfeiffer, Russell, Orloff and Murray in this 
volume. Although the subjects covered by these 
authors are in large part responsible for recent 
instrumental improvements in the LVSEM, they will 
not be discussed specifically further here. 
Contrast and charging will now be considered in 
more detail. 

Topographic Imaging in the SEM 

At low magnification, the secondary electron 
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image from the SEM is easily interpreted by the 
brain to yield a fairly accurate understanding 
of the shape of the surface of the specimen. It 
does so because there is a rough equivalence bet
ween the secant laws relating the apparent bright
ness of a diffusely-illuminated matte surface and 
its angle with the line of sight on the one hand 
and the variation of 6 with incidence angle on the 
other (Everhart et al., 1959). Unfortunately, 
this encoding relation breaks down as the magnifi
cation increases and the beam interaction volume 
on the sample becomes appreciably larger than the 
corresponding pixel size in the image (Fig. 1). 
The effective radius of the interaction volume, r 
is about 40 % of the electron range R = kv 0 3/2 
(Joy, 1984a,b). Therefore, as V0 is reduced from 
20 kV to 1 kV, the radius of the beam interaction 
volume is reduced by 90:1 and topographic contrast 
increases. The possible effects of this increased 
contrast on ima ge formation at high spatial reso
lution is only now beginning to be assessed 
(Boyes, 1984, Pawley, 19 84a,b, Joy, 1984a,b). 

Clearly, resolution in the secondary electron 
mode depends entirely on the size of the area 
sampled by the beam. This in turn depends on both 
the size of the probe and the scattering proper
ties of the specimen. 
Topographic Resolution/Contrast in the SEM 

The detected secondary electron signal from a 
given pixel on the sample is a function not only 
of 6 and the surface angle, but also of the 
avera ge, Z, of the volume of beam penetration 
(Everhart et al., 1959; Seiler, 1976; Ball & 
McCartney, 198 1), the crystallographic orientation 
(Le Gressus et al., 1983 ), the surface potential 
(Oatley & Everhart, 195 7 ; Oatley, 1969; Banbury & 
Ni xon, 197 0 ; Pawley, 197 2 ; Kursheed a nd Dinnis, 
19 83), the presence of nearb y surface features 
which may affect the collection efficiency 
(Everhart et al., 1959 ; Pawley, 197 2), the pre
sence of second or third surfaces of the sample 
within the penetr a tion volume from which addi
tional electrons may be produced and collected 
(Wells, 197 8 ), the efficiency with which hi gh 
energy backscattered electrons are converted into 
collectable secondaries by collisions within the 
sample chamber (Oatley et al., 1965; Reimer & 
Volbert, 19 79; Peters, 1982) and, finally, various 
arcane variables such as the presence of subsur
face char ge that may effect 6 on uncoated insula
tors ( Shaffner & Hearle, 1976). 

The complexity of the interaction of these 
variables as they a ffect the high magnification 
image of a typical sample is considerable and is 
perhaps the reason contrast and resolution in the 
secondary electron mode have been the object of so 
much research and interest, for example: Everhart 
et al., 1959; Oatley et al . , 1965; Pease & Nixon, 
1965; Clarke, 1970; Oatley, 1972; Catto & Smith, 
1973; Wells, 1974a,b; Haggis & Bond, 1979; Peters, 
1979, 1982; Reimer, 1978; Joy, 1984a,b). 

The three main theoretical assumptions that 
have guided inquiries into topographic resolution 
in the SEM are: 1) That secondary electrons (0-50 
eV) are produced by inelastic collisions between 
electrons from the beam and those in the sample 
but that only collisions within a few nm of the 
surface have any chance of producing secondaries 
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that can escape and be collected, 2) That the 
local surface angle modulates the number of secon
daries so produced in a way which produces an 
image that is easily interpreted by the brain as 
topography when the secondary electron signal is 
presented as an intensity-modulated image, 3) 
That while collectable secondary electrons are 
produced by beam electrons striking the sample 
(Type 1) or the objective aperture (Type 4) and 
also by backscattered electrons emerging from the 
sample (Type 2) or striking the specimen chamber 
(Type 3), only the Type 1 signal carries high 
resolution topographic information. (Several 
other minor electron currents are described by 
Oatley (1983.). 

The distribution of secondary electrons 
leaving the sample as a function of the distance 
from the point of impact is assumed to have a 
small peak within a few nm of the beam axis and a 
long 'tail' extending many micrometers in all 
directions and corresponding to the probability of 
a secondary electron being produced by a re
emergent backscattered electron (Joy, 1984a,b). 
For fairly high V0 , such a distribution has been 
directly observed by using the surface of a tilted 
SEM sample as the source of an emission microscope 
(Hasselbach & Rieke, 1982; Hasselbach et al., 
1983), In visualizing the relative dimensions of 
these two parts of the distribution, it is impor
tant to keep in mind the large magnitude of the 
difference between the range of a 20 kV backscat
tered electron and a 4-50 eV secondary electron. 
On metal-coated, dried biological material 
(density 0.2g/cm3, Z = 7) the former may be 100 µm 
and the latter 0 .00 2 µm (Joy, 1984a). To obtain 
hi gh resolution topographical information it is 
necessary to somehow separate the relatively small 
peak signal (Type 1) from the much larger slowly 
varying signal produced by the tail (Types 2 and 
3). 

Initially, it was thought that this separation 
could be accomplished simply by raising the beam 
current and treating the tail signal as a DC noise 

2 kV 

Figure 1: Three micrographs made with a 'conven
tio nal ' SEM and showing a hair on a flour beetle 
which has been sputter-coated with gold and imaged 
wit h V0 = 2, 5 and 10 kV. In a, details on the 
surface of the hair can be seen and the near side 
is approximately the same shade of grey as com
parably oriented surfaces on the bulk of the spe-

5 kV 
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signal that could be electronically removed by 
analog subtraction. This approach was not very 
successful, probably because of the difficulty of 
increasing the beam current in a small spot suf
ficiently and because, even thou gh the average 
value of the DC offset could be removed, the noise 
associated with statistical variations in the 
number of electrons that this signal represented 
could not be removed and soon this noise swamped 
variations in the Type 1 signal (Wells, 1974a and 
b). 

To reduce the Type 3 and, to a smaller extent, 
the Type 2 signal, (Peters, 1982, Peters et al, 
1983) has recommended placing backscattered 
electron absorbers below the polepiece and coating 
the surface of biological samples with very thin 
layers of low Z metals. His results, using a 
field emission SEM at 30kV show a clear improve
ment over normal operation but the approach does 
not tackle the problem of removing the Type 2 
signal very directly. On the other hand, Crewe 
and Lin (1976) recommended detecting the backscat
tered signal independently, using a semiconductor 
detector attached to the polepiece, and then 
subtracting some fraction of this from the signal 
derived from the normal scinti llator
photomultiplier detector. The logic is that the 
Type 2 and Type 3 signals should be proportional 
to the backscattered detector output and sub
tracting this from the normal detector output 
should leave only the Type 1 s i gnal. As the 
backscatter detector used in this work covered 
about n steradians, this is a reasonable analysis 
but the correspondence i s not perfect because the 
de tector has a large hole in the middle to allow 
the beam to pass throu gh and the energy and angle 
of a backscattered electron may effect its chance 
of producing a collectable secondary in a way not 
p ro portional to the signal it produces in the 
semiconduc t or detector. Nonetheless, these 
authors also show a clear improvement (pp. 236) 
and the technique has been used by others (Volbert 
1982a&b). 

10 kV 

cimen. In c, the hair appears much brighter than 
these adjacent areas because considerable signal 
is generated as the beam emerges from the far side 
of the hair and the coding of the image is no 
longer strictly topographic. Figure lb shows an 
intermediate condition. 
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Finally, there is a large group of investiga
tors who, untroubled by theoretical misgivings, 
have made images of a variety of samples that 
appear to demonstrate topographic resolution far 
in excess of that which would be possible if the 
Type 1 signal is indeed likely to be swamped by 
Types 2 and 3, Some of these studies have used 
scanning attachments on the transmission electron 
microscope operated at (TEM/SEM) 20-80kV (Koike et 
al,, 1971, 1973; Arro et al,, 1981; Haggis & Bond, 
1979; Haggis, 1982; Haggis et al,, 1983). In the 
TEM/SEM, the sample is immersed in the lens field 
and the secondary electron signal consists of 
those electrons that spiral up the field lines and 
out through the upper pole piece, This process 
may preferentially exclude the Type 3 signal and 
definitely provides a distinctly different image 
of the sample than does a conventional detector 
(Buchanan, 1982, 1983). Other workers have uti
lized field emission SEMs (Lin & Lamvik, 1975; 
Watabe et al,, 1978; Sawada, 1981; Peters et al., 
1983) which in some cases were modified to permit 
secondary electrons to be collected from a sample 
located in the lens field (Tanaka, 1980, 1981). 

A third approach involves looking at what 
might be considered the inverse of the Type I 
signal, namely the signal derived from backscat
tered electrons that have only lost a small amount 
of energy in a glancing collision with a steeply 
tilted sample, This low-loss backscattered signal 
can be detected in a normal SEM with an appro
priately placed backscattered electron detector 
(Wells, 1979) or from a sample immersed in the 
field of a short focal-length condenser-objective 
lens which also serves as an energy filter (Wells 
et al,, 1973; Joy & Maher, 1976; Kokubo et al,, 
1975). The latter method is capable of producing 
very high resolution images of metal-coated 
samples because electrons that have lost only 
200-400eV have only participated in interactions 
near the sample surface (Broers et al., 1975). 
Topographic or Z contrast? 

It is not clear that any of these signals is 
really a topographic signal rather than a Z signal 
that chiefly responds to variations in the granu
larity or the effective thickness of the metal 
coating on such samples and is further modified by 
differences in the signal collection efficiency 
from point to point on the sample (Fig 2), In 
fact Wells points out that a layer of carbon con
tamination, artificially produced to cover the 
surface of such a sample, is barely visible using 
the low loss mode (Wells, 1979, pp. 213), A simi
lar lack of fine detail on flat surfaces can be 
seen in the images of carbon black particles shown 
in the TEM/SEM by Koike et al, (1973), Though 
these images appear to be topographic, they are 
not topographic in the same sense as is the case 
at low magnification, They may indeed provide 
useful information about the sample, but it is 
important to realize that they are in fact analo
gous to TEM images of shadowed replicas and should 
likewise be viewed with caution, They may, for 
instance, reveal more about the nucleation of 
metal particles than they do about sample 
topography and they discriminate against small 
features on flat surfaces and in favor of similar 
features suspended over the cavities, 
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Our acceptance of z-contrast images as 'to
pographic' can be traced to the need of manufac
turers to demonstrate real improvements in 
instrument performance, In the early 1970's reso
lution in images made using the signal from the 
secondary electron detector fell below about 20 nm 
and the criterion ceased to be the smallest 
discernible surface object and became instead the 
smallest discernible object, Subsequently, the 
probe diameter was greatly reduced and the test 
objects were chosen to demonstrate this improve
ment, rather than to demonstrate that smaller sur
face features could be resolved (Ballard, 1972). 
As a result the 'resolution' in the secondary 
electron mode is now often quoted to be 1,5-3 nm 
while the best results show images of biological 
objects such as intermediate filaments and riboso
mes in the size range of 10-25 nm (Tanaka, 1981; 
Haggis, 1982; Haggis et, al,, 1983; Peters, 1982; 
Peters & Green, 1983), 

Many popular test objects can be modelled as a 
series of heavy metal particles covering the sur
face of a low Z substrate such as a carbon film or 
a dried biological sample, In this case, the main 
contrast is Z contrast, either between high Z 
metal grains and low Zinter-grain spaces, or, in 
the case of uniform coating on a bumpy surface, 
variations in the effective thickness of this 
coating as the beam traverses the coating at dif
ferent angles, On a highly convoluted surface, 
this signal may also reflect variations in coating 
thickness and the large variations that exist in 
the efficiency with which electrons emerging from 
a given area are collected, These effects are 
diagrammed in Fig, 2 which shows a hypothetical 
coated surface and a corresponding image shaded 
solely in response to changes in effective coating 
thickness. 

The problem of low contrast can also be 
approached by reducing the beam voltage as 
suggested by many early authors (Thornley, 1960; 
Kosuge et al,, 1970; Boyde, 1971; Catto & Smith, 
1973; Welter & Coates, 1974; Wells, 1974b pp. 127; 
Dilly, 1980). At V0 < 10 kV there is a sharp 
increase in Type 1 signal (Joy, 1984a), In addi
tion Rat 1 kV is only about 2% of that at 20 kV 
and so the area of sample from which Type 2 secon
daries are produced is 2500 times smaller, As the 
backscatter coefficient diminishes only slightly 
with voltage (Niedrig, 1978; Reimer, 1979, Fig, 8; 
Kotera et al,, 1981), the number of Type 2 
electrons may still be significant but they will 
emerge from a smaller area, There have been few 
attempts to produce high resolution SEM images 
using beam energies near l kV because of the 
electron-optical constraints mentioned in the 
Introduction and discussed in the next section, so 
it is still not certain that, on the finest scale, 
LVSEM has a clear advantage, On the other hand, 
results at somewhat lower resolution show a clear 
increase in the contrast of small details (Fig, 3) 
and so there is reason to expect that the same 
will hold if LVSEMs with smaller probes can be 
made, 

An analysis of the effect of V0 on high reso
lution topographic contrast at present depends on 
estimates of how V0 affects the modulation of Type 
l electrons by the local surface angle and how it 
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1 kV 

257 

Figure 2: Coating thickness contrast: a) cross
section through a rough surface that has been 
metal coated is shown schematically, b) the 
effective thickness of this coating as a function 
of position, c) what appears to be a topographic 
image of an extended specimen having the 
cross-section shown in a. It results from 
coding image li ghtness as being proportional to 
coating thickness rather than surface angle. (The 
image may be more easy to interpret if viewed from 
a distance.) 

Figure 3: Critical point dried blood cells on a 
grid covered with a thin film, coated with carbon 
and imaged at l kV (a,c) and 20 kV (b,d) in a FE 
SEM. The upper pair clearly shows the loss in 
contrast of small surface detail in the background 
film (arrows) and on the surface of a red blood 
cell . In the lower pair the cells are located 
over a grid bar which produces a considerable 
background signal at the higher voltage. Again 
small surface details are more visible at the 
lower volt a ge ( a rrows) as are details on the 
ruffles on the surface of this platelet. (Sample 
k indly provided by Dr. E. de Harven) . 

20 kV 
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effects the relative strengths of the four types 
of detected signal. Because there is a lack both 
of suitable test objects and of probe forming 
columns with the necessary capabilities, such ana
lyses typically involve the use of Monte Carlo 
techniques to simulate the scattering interactions 
of a beam as it passes over a homogeneous surface 
having some analytically simple topographic 
feature such as a cube (George and Robinson, 1975) 
or a gaussian asperity (Catto and Smith, 1973). 
To increase computational speed, Monte Carlo 
methods greatly simplify the interactions between 
the beam and the sample. They usually consider 
only the uncontaminated surface of a homogeneous 
(non-crystalline) metallic object and assume that 
both elastic and inelastic collisions are highly 
localized. They usually ignore a host of other 
interactions, such as those producing X-rays, 
Auger electrons and other characteristic interac
tions, even though these interactions may produce 
other collectable secondaries from remote loca
tions. Finally, as the rate of energy transfer 
increases strongly when the electron slows down 
near the end of its track, the last 200-500 eV is 
usually modelled as being deposited in a single 
point. When these simplifying assumptions are 
used to estimate contrast on the size scale of nm 
with V0 = 1 kV, important errors are introduced. 
For instance, inelastic collisions are known not 
to be highly localized (Isaacson and Langmore, 
1974) and 200-500 eV represents too large a frac
tion of eV0 to be approximated by a single 
event, 

In spite of these limitations, some 
interesting trends are evident in the most 
complete of these early studies, that by Catto & 
Smith (1973). These authors note an increase in 
the size of the smallest discernible feature as V0 

is increased in the range 10 kV-30 kV. Unfortun
ately, they do not continue their analysis to 
lower V0 for reasons that are not clear. More 
recent simulations (Murata et al, 1981, Joy, 
1984a,b) include the effects of the production of 
fast secondaries (Joy et. al., 1982) which may 
have energies up to eV0 /2 and can therefore excite 
additional low energy secondaries along their 
trac ks. Though not produced in great numbers, 
they are important because they often travel 
almost perpendicular to the primary beam and 
therefore produce secondaries at some distance 
from the probe. Figure 3 from the 1984b paper by 
Joy shows secondary emission vs distance from the 
axis for 2, 5 and 30 kV, and is reproduced here as 
Fig. 4a. The intensity in electrons is normalized 
to the number produced at a given voltage on axis. 

While all three curves drop to -25% by 2 nm, they 
have distinctly different shapes beyond this 
distance. In particular, the intensity of the 
Type 2 signal (i.e. that emerging more than 2 nm 
from the axis) appears to be substantially higher 
at the lower voltages, implying a reduction in 
topographic contrast at lower V0 • This is not 
actually the case because 1) The graph is 
100 times too small on both axes to show the full 
curve for 30 kV while it does show the 2 kV curve 
out almost to the edge of the interaction radius, 
r. In figure 4b the same data has been extrapo
lated to the larger size range. Although these 
curves only represent an estimate of the pro b ab l e 
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shape and should not be taken as hard data, they do 
emphasize the fact that the central peak in the 
distribution does sit on a large iceberg of poorly 
localized emission. If the curves were plotted 
for dried biological tissue (density= 0 .2 g/cm2) 
rather than for solid carbon, the distance scale 
would be expanded by a further factor of 10. 
Each distribution has been normalized at its maxi
mum, and therefore no allowance has been made for 
the increase in total o at the lower voltages. 

If the curves in 4b were more accurate, we 
would integrate the signal under the curve in two 
regions: the local region up to 2µm and the non
local region beyond this distance. It seems 
likely that the ratio of local to non-local signal 
might be 5-6 times higher at 2 kV versus 30 kV . 

This difference represents a potential 
increase in detectable topographic contrast and it 
has some interesting consequences. As V0 is 
reduced from 20 - 1 kV, o (normal incidence) 
increases from 0.1 to - 1 and therefore generally 
recognized that, the beam current (lb) required to 
produce an image of a given quality is correspon
dingly reduced by a factor of 10. However, the 
effect of increased contrast on the required 
current is usually not specifically considered. 

Wells (1974b eq, 2.21b) calculated the relation 
between required current lb and signal contrast 
(Sa) for low contrast objects as: 

( 1) 

where K depends on the raster size, recording time 
and number of statistically defined grey levels in 
the image, (K ~ 10-12 for 500x500, 100 sec, 10 
levels), and Ob is the secondary electron coef
ficient of the D.C. background signal (the 'black' 
signal) and c a is the effective contrast of the 
normalized signal, (i.e. the peak signal minus 
ob)• This equation includes the assumption that 
ob> oa and this is true for small surface features 
seen at high magnification. Equation 1 is impor
tant to an analysis of the LVSEM because it shows 
that the required current depends directly on the 
DC offset of the signal and inversely with the 
square of the contrast. At low Vo both of these 
quantities change so as to reduce the beam current 
required to produce an image of a given quality, 
This is important because, as we shall see below, 
gun brightness is significantly reduced at low 
beam voltage. 
~ecimen Charging in the LVSEM 

Many objects of microscopic interest are 
electrical insulators. When the surface of such a 
sample is scanned by a 1-30 kV electron beam, 
collisions in the layer immediately adjacent to 
the surface cause it to become somewhat depleted 
in electrons, while the next layer immediately 
below becomes negatively charged because beam 
electrons are trapped as they reach the end of 
their range. The deposition of a net charge in 
the sample depends on o , which in turn depends on 
the type of material, and the local surface angle. 
(at glancing incidence o can be as much as 4 at 20 
kV. Pawley, 1984b). Around 10-30 kV, o for most 
samples is less than unity and the sample accumu
lates a negative charge which may degrade the 
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image by defocusing the beam or by distorting the 
collection field so as to produce the anomalous 
changes in apparent brightness familiar as the 
most common form of charging artifacts (Pawley, 
1972). As higher surface potentials are reached 
(> lO's of volts), other, more extreme phenomena 
are recorded as described by Shaffner & Hearle 
(1976). Other variables that exacerbate the 
charging problem are high specimen resistivity 
(so-called insulators vary in resistivity over a 
range of 15 orders of magnitude), low specimen 
dielectric constant and slow scan speeds (Welter & 

McKee, 1972). 
The situation is somewhat different in the 

LVSEM because on a variety of samples o at normal 
incidence becomes greater than unity in the range 
of approximately .5 to 3 kV and so the sample 
charges positively. This is a far more stable 
situation because low energy electrons are 
constantly being evolved from the surface and so 
even a small positive charge imbalance can attract 
an appropriate neutralizing charge without the 
necessity of developing a surface potential higher 
than a few hundred millivolts. Because this self
regulating process is so efficient, it is often 
claimed that charging artifacts do not exist when 
o 2_ land the rapidity with which TV-rate images 
of such samples stabilize is offered as proof of 
this contention (Welter & McKee, 1972). However, 
this analysis is only strictly true for the tri
vial case of a flat, featureless sample with v0 
adjusted for o = l. More topographically 
interesting samples show contrast and hence, o = l 
cannot be satisfied everywhere . In practice, 
areas where the beam incidenc e approaches normal 
may become slightly negative while areas of 
g lancin g incidence, or where the beam penetrates 
porous surface features will tend to become posi
tive. Lateral electrostatic fields will exist 
between neighboring char g ed areas and vertical 
fields will exist between the electron-depleted 
surface layer and the trapped char g e below. A 
small amount of current flows between these areas 
using free subsurface electrons, ionized by the 
beam, as charged carriers (Bresse, 1982). Clearly 
the situation is far more complicated than is 
implied by the simple statement that there are no 
chargin g artifacts whenever V0 is set so that o > 
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l. The stability of an image scanned at TV rate 
is only evidence that a particular charge distri
bution is stable, not that there is an absence of 
charging. 

The details of this process are of interest 
here because they involve the establishment of 
surface and subsurface potentials which, though 
small when compared to those found with higher V0 , 

may still be capable of defocusing or deflecting a 
beam of only l kV and thereby degrading the image. 
Surface potentials of the same size as 6V (0.2V 
for FE guns) will defocus the beam and even 
smaller potentials could deflect it a few nm, 
perhaps in an erratic manner. In fact some 
investigators claim less trouble with charging at 
high voltage in the TEM/SEM than at lower voltages 
in the SEM (Haggis, 1982). This can be attributed 
to increased beam-induced conductivity at higher 
V0 and to the partial immunity of the TEM/SEM 
detector to voltage contrast. 

At present, the magnitude of these effects has 
not been investigated in the range of resolution 
and V0 discussed here. It can be expected that 
when V0 = lkV, charging effects on insulating 
s a mples scanned at TV rates should be insufficient 
to produce large variations in signal collection 
efficiency, but not that the y will be totally 
absent. Very thin (l-l.5nm) layers of coatin g 
material such as those used by Peters (1979, 1982) 
may be necessary. Fortunately, the procedures for 
applyin g these coatings have g reatly improved in 
the past few years particularly with the introduc
tion of ion-gun based sputter sources (Adachi et 
al., 1983; Evans & Franks, 198 1; Kemmenoe & 
Bullock, 1983). As a result problems with decora
tion artifacts should be les s common and the 
pseudo-topographical contrast cause d by the 
coatin g and discussed above, should be mini mi z ed 
by the use of very thin c oatin g s. 

Technical Limitations and Possible Solutions 
in LVSEM 

The technical difficulties that must be over
come in order to produce hi g h resolution infor
mation from an LVSEM are similar to those noted 
for the low volta ge TEM by Wilska (1 9 64, 1965). 
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They were first listed for the SEM by Oatley et 
al, (1965, p.215-217). They can be lumped into 
four areas: 1) low source brightness, 2) 
increased effect of chromatic aberration, 3) 
increased susceptibility to stray fields, 4) 
interactions between the beam and the signal 
collection field. Though these problems and their 
solutions sometimes interact, they will be treated 
separately below. 
Brightness of Thermionic Sources at Low Voltage 

It was early recognized that source bright
ness was the practical limit on the performance of 
an SEM with a heated tungsten source (Broers, 
1974, 1982). In principle, the effect of spheri
cal or chromatic aberration on spot size can be 
minimized by reducing the acceptance angle of the 
final lens, a, until the lens becomes diffraction 
limited. However, in instruments with conven
tional tungsten sources, the image becomes too 
noisy for convenient use long before a is reduced 
to the diffraction limit, 

The brightness ( B) of a thermionic electron 
source is limited by the Langmuir Equation 
(Langmuir, 1937) for small a. 

8 = jo (11,600) Vo amps/cm2 ster (2) 
TIT 

Where j 0 = current density at the source surface 
in amp/cm2, T = source temperature in °K, and V0 

= beam voltage in volts. 
From equation 2 it follows that low V0 opera

tion will produce reduced bri ghtness. In prac
tice the brightness actually obtained is even 
lower than we might expect from (2) because this 
equation is only valid in the absence of space 
c har ge near the cathode surface. Such space 
charge shields the cathode from the accelerating 
field and further reduces fl , Though a give n gun 
geometry may be virtually free of space charge 
effects near its hi ghest operating volta ge (20-30 
kV) (Broers, 1974; Oatl ey , 1975), the fields pre
sent at the filament surface are proportionately 
less at l kV and the gun brightness will be 
limited by space charge unless the geometry is 
changed. 

Practical measures to improve thermionic gun 
brightness at low kV therefore include changing 
gun geometry and the use of LaB6 cathodes, The 
latter have a bri ghtness about 6 to 10 times 
that of tungsten for comparable lifetime, a tip 
which is more pointed and which reduces the effect 
of space charge and operates at a lower tem
perature than normal tungsten (T = 1800 °K vs 270 0 
°K), Changes in gun geometry may involve simply 
reducing the gap between the Wehnelt and the anode 
by using an anode spacer or a mechanism to 
actually move the anode towards the cathode or it 
may involve adding additional anodes to the gun, 
A description of this 'double-anode' approach was 
recently given by Yamazaki et al. (1984). This 
group installed extraction anodes of various sha
pes and spacings between the Wehnelt and the nor
mal anode. At low V0 this electrode is run a few 
kV above ground to produce a higher constant 
voltage between it and the cathode (V1) and 
thereby reduce the effects of space charge, 

Careful measurements verified tha t , at 1 and 2 
kV, this produced 10 times the brightness of a 
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normal 30 kV gun with tungsten and eight times the 
brightness with LaB6• They reached the theoreti
cal brightness specified by equation 1 at both 
these voltages using their best geometry, which is 
diagrammed in Fig, 5, Although it is not specifi
cally pointed out in their paper, the 
acceleration/deceleration electrode system acts as 
a weak positive lens and this is probably why 
these workers found that 8 went through a maximum 
at V1 = 1.5 kV, The effect of this lens on the 
imaging system was unclear but in images of a test 
sample, a distinct improvement was associated with 
the use of the double-anode system. 
Brightness of Field-Emission Sources at Low 
Voltage 

Field-emission (FE) sources have long been 
identified with high brightness (Crewe et al., 
1968, 1970; 1971; Crewe, 1973; Hainfeld, 1977 has 
a good introductory review), but few commercial 
instruments have capitalized on this feature 
because of the strin gent requirement for vacuum in 
the range of 10- 8 pa(io-10 torr) around the 
emitter tip and because the current produced in a 
fine beam is subject to some temporal instability 
which tends to produce strea ky images (Tuggle & 
Watson, 1984; Orloff this volume). Most FE sour
ces utilize a double anode design. The V1 is nor
mally 3 to 7 kV and is used to adjust beam 
current, which is otherwise only dependent on the 
work function, ~ , and the tip radius, r 0 • A 
second supply between ground and the cathode 
adjusts the beam voltage (V0 ) to the desired level 
and, in the case of the LVSEM, this means reducin g 
it and thereby a ga in producin g an electrostatic 
lens, 

In principle, the geometric parameters can be 
adjusted s o that the tip emits efficientl y with Vi 
=l kV. This would mak e the second anode unne
cessary and avoid the consequent lens action. 
However, in practice, tips with su ffici ently small 
r 0 usually prove unstable and subject to 
catastrophic failure while a suitable choice of 
the spacing and shape of the two anodes can reduce 
the lens effect to a low level. 

In the ran ge of voltages discussed here, the 
brightness of the source depends only on V1 and 
not directly on V0 except to the extent that the 
lens effect degrades the source image (Hainfield, 
1977). 

(3) 

Where a and bare constants (a= 8.7 x 10-8, b 
2.1 x 108). Several FE guns have been designed 

to incorporate a magnetic lens which operates on 
the beam as it leaves the tip (for example Kuo & 
Siegel, 1976; Ichinokawa et al., 1982). These 
lenses have superior electron optical charac
teristics to the electrostatic lenses and are said 
to produce improved performance especially when 
operating at high current and low beam voltage. 
However, because of their high current these guns 
are more susceptible to the lateral electron
electron interactions discussed below and so it is 
not clear they would be suitable to high resolu
tion LVSEM, 
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Measurements with V1 = 3kV, V2 = lkV have 
yielded values of S = 3-70 x 106 amp/cm2, ster or 
about 1000 times that measured by Yamazaki et al. 
(1984) on the LaB6 double-anode gun. 

Although there are reports that electron
electron interactions within the beam can degrade 
the expected performance of FE guns both in terms 
of reducing the brightness and increasing the 
effective energy spread (Bauer & Speidel, 1981; 
Van Der Mast, 1983) these effects seem to be most 
serious on heated FE sources, sometimes referred 
to as Schottky or TF guns and hence the total beam 
current, unless the emitting area, can be 
restricted (Orloff, this volume). This effect is 
less serious on room temperature FE guns operated 
at moderate tip currents of about lOµA. Other 
workers have observed no such effects as long as 
high current density crossovers are avoided (Crewe 
et al., 1971). Clearly the electron-electron 
interactions near the cathode surface are reduced 
by the fact that the FE cathode has a tip radius 
20-50 times smaller than LaB6 • This subject is 
considered further in the next section. 
Noise in FE Sources 

If the current present in the final beam of a 
high resolution FE SEM is traced back to the tip, 
it is found to arise from an area of only a few 
nm2. The adsorption and desorption of individual 
molecules from this small surface can therefore 
produce a significant variation in its average 
work function while the etching procuced by the 
collision of a single ion can change the microto
pography and hence the local surface field. As a 
result, the current in the final probe is found to 
have a noise component unrelated to shot noise of 
between 3 and 10% (Hainfeld, 1977). 

This noise drops in magnitude with incr@asing 
frequency and therefore is most troublesome at low 
frequencies. Efforts to stabilize the beam 
current by measuring the current striking an aper
ture and using this as a feedback signal to read
just V1 (Nomura et al., 1973) are quite effective 
but not wholly successful because, due to the 
localized nature of the disturbance at the tip, 
the current striking the aperture is not 
necessarily a good measure of the current passing 
through it. Also, the changes in V1 necessary to 
stabilize the current change the optical proper
ties of the electrostatic lens. More recent 
systems avoid this optical effect by applying the 
signal from the aperture to an analog multiplier 
which directly normalizes the video signal for 
changes in beam current (Saito et al., 1982). 

Another approach involves rapid, multiple 
scanning of the sample with the idea that low fre
quency variations will average out (Welter & 

McKee, 1972). The TV scan rate has other advan
tages with respect to ease of operation, stabili
zation of charging artifacts and quasi-immunity to 
stray field but it requires very high detector 
bandwidth (40 MHz for a 1000 x 1000 raster, 1/30 
sec.) and careful scan coil design to avoid ima ge 
distortion. 

The matter of source noise can be crucial to 
the final performance of a high resolution LVSEM. 
There will be little net gain in contrast by 
going to lower Vo if the improved contrast at the 
sample is swamped by false contrast due to source 
instability. It is possible that this limitation 
lead to further consideration of the Zr/W, TF 
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source deve loped by Orloff et al and described 
elsewh ere in th i s volume. 
Electron Optics for the LVSEM 

Fi gure 6 s hows effect of diffraction and 
spheri cal and chromatic aberratiion on attainab le 
probe d iamete r for a 'conventional' SEM operating 
at 20 kV and an SEM operating at 1 kV using a lens 
having aberrat ion constraints typical of a high 
qualit y TEM. In both cases the dominant lens 
defect i s chromatic aberration. The diameter of 
the di sk of confusion due to this defect, de, is: 

C 
t:,V 

de = ca -- (4) 

Vo 

where Cc is the chromatic aberration coefficient 
and t:,V is the energy spread of the beam. Clearly, 
t:,V/V0 increases rapidly at low V0 , hence the 
problem. It can be attacked by lowering Cc,a , or 
t:,V. Lenses can be designed to reduce Cc by shor
tening their focal length. While it is relat ively 
easy, in terms of the tot a l magnetic flux 
required, to construct a lens of short focal 
length at this l ow energy, the sample is soon 
immersed in the lens field so it may become more 
difficult to co l lect the secondary electron 
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Fi gure 5: Double anode system for improved 
brightnes s from thermionic cathodes at low kV 
(after Yamazaki et al., 1984). 
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theoretical SEM using a low aberration lens 
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operating at 1 kV. Diffraction and spherical 
and chromatic aberration are the only limits con
sidered. The smaller spot size minima are found 
to be both fairly similar and smaller than the 
size of actual biological objects that can be 
imaged at present in the SEM. 
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signal. At the ultimate, it would probably be 
very difficult to design a practical system where 
Cc was much less than 0.2 mm, (Pawley & Wall, 
1982; Barth & LePoole, 1976). This compares with 
the 5 to 10 mm found on most commercial instru
ments and the 1-3 mm found on some sample-in-lens 
SEMs (Koike et al., 1971; Buchanan, 1982). 

The semi-angle, a, can also be manipulated, 
but because of the relatively long wavelength,A, 
of l kV electrons (37 pm), the diffraction limit, 
dd, is soon reached. 

dd ; 0.6A or O .02 nm at l kV (5) 
a a 

Finally, there is some control over 6V. The 
energy spread of the beam has many sources: the 
intrinsic energy spread of electrons leaving the 
cathode, power supply instabilities and energy 
broadening caused by lateral electron-electron 
interactions in high-current crossovers known 
generally as the Boersch effect (1954). 

The expected energy spread at the cathode sur
face for thermal emitters is kT and this again 
emphasizes the advantage of LaB6 vs tungsten 
because of its lower operating temperature (kT 
0.13 eV vs 0.2 eV). Intrinsic energy spread in FE 
sources depends on the shape, the tip material and 
the crystallographic orientation of the tip but it 
is usually quoted as about 0.2 eV for tungsten 
(Crewe et al., 1971; Hainfeld, 1977). 

Lateral interactions between electrons are 
more noticeable when high current beams must form 
crossovers and this is often the case in thermal 
sources where large beam currents are often a 
byproduct of efforts to increase S by reducing the 
effect of space charge (Oatley, 1975). The 
problem is compounded by the fact that this large 
current is usually focussed into a small gun 
crossover by the effect of the Wehnelt. Under 
these circumstances, a considerable improvement 
can be gained by employing pointed cathodes as 
these permit a high extraction field over only a 
small emitting area and therefore a lower total 
current (Wiesner, 1973; Wiesner & Everhart, 1973; 
Ohshita et al., 1978). Measured values of 6V from 
thermal sources usually average about 2 to 4 eV 
but the measurements are usually made at voltages 
much higher than l kV, where the Boersch effect is 
likely to be less strong because the electrons 
move faster and therefore have less opportunity to 
interact (Pfeiffer, 1972, 1982). 

The FE and TE guns have clear advantages in 
this regard. They not only have low intrinsic 
energy spread but they can operate well at low 
total beam currents and because of their small 
virtual source size they can, in principle, 
operate with no crossover before the sample. 
Taken together with the higher brightness of FE 
and TF at low kV, the reduced energy spread provi
des a convincing rationale that any serious effort 
to produce optimum performance in the LVSEH will 
necessarily require either a FE source and a 
method for compensating for its temporal instabi
lity or a TF source. 
Stray Fields 

Al kV electron takes 5 times as long to tra
vel down a given column as does a 25 kV electron. 
For this reason, in simple terms, it is 5 times as 
susceptible to transverse stray electrostatic or 
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magnetic fields. This effect is sometimes 
exaggerated on large, older instruments because 
they are often run with less demagnification in 
the intermediate lenses to compensate for low 
source brightness and as a result, stray fields 
acting on the upper column, which usually have no 
visible effect, begin to be noticeable. Field 
emission systems are similarly susceptible because 
they normally operate with little or no demagnifi
cation. 

Both AC and DC electromagnetic fields can 
degrade the performance of electron optical 
instruments. DC magnetic fields are produced by 
ion pumps, lenses, the earth and any stray ferro
magnetic materials that may have been built into 
the apparatus by mistake. Usually their only 
effect is to cause misalignment between the mecha
nical and the electrical axis of the instrument 
but they can also be responsible for saturating 
high permeability shielding materials, thereby 
rendering them ineffective for shielding AC 
fields. At low voltage, stray electrostatic 
fields can also be very troublesome. Any insula
tor which can be encountered by the beam will 
develop a surface charge and this charge will in 
turn produce a field that deflects the beam. To 
avoid this, the column must be designed so that 
all insulators are shielded from the beam and 
great care must be taken to exclude even the most 
minute particles of dust or lint from the appara
tus. Even the choice of materials is important 
because many metals commonly used for high vacuum 
applications such as stainless steel, Ho, Ti and 
Al are normally covered with a layer of non
conductive oxide. The effects of surface charge 
accumulation on many of the metals used in 
electron microscopy is well described by Anger et 
al. (1983). Particular attention should be given 
to the fabrication of beam tubes and apertures and 
these should probably be made of acid-cleaned Pt. 

Although there are instances of electrostatic 
pickup from nearby radio stations producing noise 
in the scanning circuits, most AC fields of 
interest to the microscopist are magnetic and are 
linked to the mains frequency. Their effect can 
be reduced by synchronizing the scan frequency to 
the mains which has the effect that the stray 
field becomes an image distortion rather than a 
blurring function. Even so, stray AC magnetic 
fields remain one of the most persistent practical 
problems associated with operating the SEH at low 
voltage, especially when small-area, rapid-scan 
rates are used for focusing and astigmatism 
correction. To avoid them, great care must be 
taken in selecting the installation site, in 
making the column as short as practical and 
shielding it with several layers of high per
meability magnetic materials, especially the gun 
region and the sample chamber. Several small com
mercial FE SEHs have been entirely enclosed in a 
box of shielding material. In addition, it is 
necessary to ensure that no stray fields are 
introduced to the column by currents flowing in 
ground loops through the equipment or by ripple on 
supplies feeding the scanning, stigmator or align
ment coils or the field used to collect the signal 
electrons. These stray currents may be insignifi
cant when the instrument operates at high voltage 
and only become noticeable when the magnitude of 
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the current in the deflection coils is reduced to 
operate at low voltage, 

The ability to detect and eliminate stray 
fields is crucial to successful operation of the 

LVSEM, but unlike the design of the microscope 
column, it is at least in part susceptible to 
improvement by the efforts of a well-informed 
operator. The techniques by which this may be 
done are discussed in more detail elsewhere 
(Pawley, 1984c). 
Problems of Signal Collection in the LVSEM 

In most SEMs, secondary electrons produced by 
collisions between the beam electrons and the 
sample are collected by a field imposed by a grid 
at about +300 volts, which attracts electrons to 
the entrance of the scintillator/photomultiplier 
signal amplifier (Everhart & Thornley, 1960). 
This works well when the sample is 5 to 10 mm 
below the objective lens pole-piece, but as the 
working distance is reduced in an attempt to dimi
nish Cc, the same horizontal field at the sample 
surface becomes less efficient at collecting 
signal electrons. On the other hand, this field 
becomes relatively large compared with the beam 
energy and it therefore can produce some distor
tion of the beam. 

There have been four strategies to overcome 
this problem. The simplest is to use an objective 
lens with a sharply conical lower pole-piece which 
permits the collection field to penetrate to the 
electron optical axis more easily (Nakagawa et 
al., 1982; Pomposo and Coates, 1982). This 
approach also permits observation of large highly
tilted flat samples but it has the disadvantage 
that conical lenses often have reduced electron 
optical properties due chiefly to flux leakage in 
the region where the conical pole-pieces taper 
to g ether. The second method is to use the signal 
collection system employed in the TEM/SEM where 
the sample is immersed in the lens field and the 
low ener gy electrons spiral up the field lines 
through the hole in the upper pole-piece where 
they are then collected by a small transverse 
electric field (Koike et al., 1971, 1973; 
Buchanan, 1982; Tamura et, al., 1980). This 
system has many advantages: 1) It will work with 
very short focal length lenses. 2) The trans
verse field occurs in an area where it can be 
carefully controlled and is not subject to inhomo
g eneities produced by irregularities in specimen 
topography; a consideration that becomes more 
important on samples which are not flat semicon
ductors. 3) It seems to selectively exclude at 
least some of the low resolution Type 2 and 3 
signals produced by backscattered electrons 
(Buchanan, 1983). 4) It seems to be somewhat 
immune to the variations in collection efficiency 
caused by differences in specimen surface poten
tial that are responsible for most simple charging 
artifacts. There are also some disadvantages: 
magnetic samples cannot be viewed and because 
there is no directional collection field at the 
sample, the 'shadowing' familiar from normal SEM 
micrographs is absent. 

The method described by Volbert and Reimer 
(1980) involves the use of a pair of 
scintillator/photomultiplier detectors, one on 
either side of a sample with the result that there 
is no field on the axis. We have used this 
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approach with a sample immersed in the lens field 
(Pawley & Wall, 1982). An axial metal tube pro
tects the beam from the effects of the collection 
field until just before it reaches the sample, 
This detector will be described further in the 
next section. 

A final and very promising possibility is 
described by Russell elsewhere in this volume and 
grows out of our early design by Venables and 
Harland, (1973.). It involves the use of a 
microchannel plate amplifier mounted above the 
sample and having a hole in the middle to let the 
beam pass through. The front surface can be 
biassed slightly positively or negatively without 
degrading the beam as the resulting field is 
cylindrically symmetric. Positive bias permits 
detection of secondaries with high efficiency and 
the results described by Russell show great pro
mise for LVSEM. 

None of these schemes represents an ideal 
solution in that all have the potential to degrade 
the beam before it reaches the sample. Their 
efficiency, in terms of fraction of emitted secon
dary electrons actually collected, has not been 
reported, but, of course, electrons lost at this 
stage can only be replaced by higher beam current 
and a larger spot so this is an important para
meter. 

An LVSEM Test Bench 

In 1977 we reported on a freeze-fracture 
chamber directly attached to an SEM with an LaB6 
source and designed so that the coated fracture 
surface could be directly viewed using a cold 
stage (Pawley & Norton, 1978). Though we had 
hoped that such a system would provide an image 
similar to that obtained from freeze-fracture TEM, 
we found that the resolution/contrast at 20-30 kV 
was insufficient to resolve even the 10-12 nm 
intermembrane particles normally found on frac
tured membrane surfaces (Pawley et al., 1980). We 
then tried to image an actual shadowed freeze
fracture replica suspended over a Faraday cage at 
room temperature (Pawley et al., 1978). Such a 
sample should permit very high resolution SEH 
imaging because, as the sample is very thin, the 
Type 2 and 3 signals are almost absent. However, 
images of the replicas showed no trace of the par
ticles. Indeed the signal from the replica was 
very small altogether, about 5% of that on a solid 
metal surface and it was to this low signal level 
that we attributed our failure, The only possible 
solution seemed to be to go to lower beam voltage 
and as there was no high resolution LVSEM equip
ment commercially available at that time, we began 
a modest program to develop a prototype instrument 
in 1980. This instrument was designed to overcome 
some of the problems discussed above and to pro
duce a 1-2 nm probe at 1 kV in order to determine 
whether or not images made with it were superior 
to those made at higher voltage (Pawley & Wall, 
1982; Pawley & Winters, 1983). 
Design 
---A-diagram of the present version of this 
instrument, and photos of the entire assembly and 
the column itself are shown in Fig. 7. The 
electron source is a cold FE cathode, using single 
crystal tungsten in the (1,1,1) orientation 
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(F.E.I. Inc., Hillsboro, Oregon) and the gun is 
pumped from above with a 220 1/sec. ion pump. It 
has been designed to be rigid, compact and well
shielded from internal and external magnetic 
fields. The gun block has side ports for a window 
and to feed through both high voltage and heater 
currents. It is machined from a single block of 
stainless steel to avoid the possibility that the 
welds might become ferromagnetic and the cylindri
cal part of the first anode is made of mu-metal. 
The anode itself is made of a thin M0 foil and can 
be heated by radiation and electron bombardment 
from a tungsten filament located below it to speed 
out-gassing. The gun isolation valve and the 
movable, three-position, aperture are bellows
sealed into the lower part of the gun block. 
Below the aperture the beam enters a platinum 
vacuum liner tube outside of which are situated 
s tigmator, alignment, and double-deflection 
scanning coils and also a small condenser lens. 
The beam tube is brazed to the specimen chamber 
which has side-ports for two scintillator/ 
photomultiplier secondary electron detectors, each 
employing a single crystal Yttrium Aluminium 
Garnet (ce+++) hemispherical scintillator (Pawley, 
1974; Autrata et al, 1978, 1983), a 20 1/s, water
cooled ion pump and the controls for a specimen 
stag e holding two 3 mm grids. A viton-sealed port 
on the bottom permits specimen exchange. The 
objective lens is of the pancake type as described 
by Mulvey (1982). It is excited by a 225 turn 
tape winding and cooled by laminar water flow past 
the bottom of the lower lens pole plate. The pole 
tip radius isl mm and the calculated lens parame
ters are: f = 0.54mm, Cc= 0.22 mm. Mechanical 
a lignment of the tip is performed by adjusting set 
sc rews in the spider which holds the filament 
as sembly while lookin g up the axis at the tip. 
After tip alignment, all of the gu n components are 
c lamped rigidly together by the upper threaded 
rin g . All other components are prealigned and 
c lamped by bolts to the gun block except for the 
ob jective lens which can be translated 2:_ 1mm, X 
a nd Y. 

The electronics are a modified version of 
those supplied for an AMRAY 1200 microscope 
(AMRAY, Bedford, Mass.). Separate controls are 
provided for the acceleration and PMT voltage of 
each electron detector. The entire column is 
surrounded by a 400mm dia. alloy cylinder which is 
lined with 1mm thick mu-metal and to which is 
a ttached part of the isolation valve mechanism. 
The cylinder and the column hang from the gun ion 
pump which is supported by a large steel plate. 
This is, in turn, suspended from a steel frame 
using a set of pulleys and a total of 22 
thicknesses of elastic cordage which provides 
vibration isolation (vertical resonant frequency -
2 Hz). 
Operation 

Initially, very sharp cathodes were used to 
permit operation with Vt= V0 = 1 kV. However, 
after a few hours of operation these tips would 
fail and so they were replaced by tips operating 
at Vi = 3 kV for a tip current of 20µA. 

The apertures used are carefully cleaned and 
then coated with evaporated gold immediately 
before use. A 1000 µm aperture is used for the 
coarse set-up and 100 µmis used when operating 
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the condenser lens only. A picture of a 1000 mesh 
Cu grid made using the 100 µm aperture and the 
condenser lens only is shown in figure 7d and 
shows a resolution of about 50 µm. This is a 
reasonable result considering the lon g working 
distance. 

Though the lower lens produces approximately 
the expected magnetic field (2.3 k gauss, on axis 
75 µm above tip at SA), we have not yet operated 
it successfully as part of the microscope. To 
begin with, the level of the signal is very low 
when the lens is e xcited and this is true even 
when the collection field is increased by applying 
12 kV to only one scintillator so that there is no 
null point on the axis. Secondly, the beam enters 
the fringe field well before it reaches the sample 
(7 gauss at the distance of the FE cathode) and 
this pre-field is so strong that the optical pro
perties of the lens seem not to be as calculated. 
Similar problems were encountered by Hill & Smith 
(19 8 2) when they used a similar lens in a conven
tional SEM. 

Unfortunately, no attempt to achieve hi gh 
resolution ima ges can be made with this instrument 
until this problem is overcome. Therefore we plan 
to modify the lens by addin g an upper p ole piece, 
thereby makin g it more similar to the lens used in 
the TEM/ SEM (Fig. 8) . The calculated aberration 
constants of this lens are somewhat lar g er than 
those of the present lens but we still hope to 
obtain a beam of 2.5nm at l kV. 

Other Limitations to 
Hi gh Resolution Performance 

Spatial resolution in the topo g r aph ic image 
from the SEM is so central to one's assessmen t of 
the instrument's capabilities it has been much 
studied and discu ssed (Oatley et al., 1965 ; Pease 
& Nixon, 1965; Wells, 1974a,b; Broers, 1982; Ca tt o 
& Smith, 1973 ; Watabe et al., 19 78 ; Pe ters, 1979 , 
1982). As has been mentioned above , many of these 
analyses, when evaluatin g the final ima ge s, have 
mistaken the topo g raphically modified Z-contrast 
produced by the coating material for true 
topo g raphic contrast. Catto and Smith (1 973) 
avoid this but their theoretical analysis deals 
strictly with the information theory aspects of 
the beam/specimen interaction given certain ideal 
conditions. Their analysis uses basic electron 
scattering theory to calculate the signal-to-noise 
ratio of the signal from small Gaussian-profile 
asperities on a solid gold sample versus the 
radius of and distance between these asperities. 
The analysis is performed at 10, 20, and 30 kV and 
assuming a probe diameter of O, 0.5nm, and 5nm. 
Not surprisingly their results show the best per
formance at the lowest voltage where a 1.0nm 
asperity should just be visible using a 0.5nm 
beam. 

Comforting though it is to know that such 
resolution is not impossible from the point of 
view of scattering and information theory, it 
should be kept in mind that there are several 
practical limitations to actually obtaining this 
performance on real samples besides probe diameter 
and current. Specifically these include 1) sur
face contamination, 2) radiation damage, 3) the 
delocalized nature of inelastic scattering and 4) 
beam tailing. 
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a 

'SINGLE POLE ' 
OBJECTIVE LE NS 

Figure 7: Low voltage SEM test bench: a) The 
ent ire column assembly showing the two ion pumps, 
the outer magnetic shield and the vibration isola
tion system, b) A diagram of the major components 
of the E,0, column, c) A photo of the E,0, column 
with the outer shield removed, (1) Bellows for 
isolation value. (2) Aperture motion control 
from side. (3) Stage motion control, similar to 
(2). d) An early micrograph of a 1000 mesh grid 
made at 1 kV usin g only the condenser lens. 

f ro 10N ~uMP I 

a. Present lens b. Proposed lens 

Figure 8: Present and proposed magme tic circuits 
for the objective lens of the LVSEM test bench, 
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Contamination 
Layers of organic contamination accumulate on 

surfaces subjected to electron beam bombardment 
and the problem is more severe when small, hi gh
current probes are used (Fourie, 198 1). The pre
sence of such a film is much more noticeable in 
the secondary electron image if a low V0 is used . 
Figure 9a and b show two micrographs of the same 
area of Type 2 cell on a lung alveolar wall. 
The contaminated area can be distinguished 
in 9a, made with V0 = l kV though it is not evi
dent with V0 = 10 kV in 9b. 

It has been assumed that a ny effort to produce 
the ultimate in topographic resolution will entail 
a FE source and therefore an oil-free, generally 
bakeable, vacuum system where these problems would 
be less serious. In such an instrument the sample 
itself becomes the major source of contamination. 
Even using the cleanest possible grids and support 
films, a layer of contamination rapidly builds up 
on biological samples unless they and their 
surroundings are cooled sufficiently (about -60°C) 
to arrest the process of surface diffusion (Wall 
et at., 1977; Voreades & Wall, 1979). Therefore 
any effort to obtain high resolution surface ima
ges from organic materials, rather than from a 
metal such as gold, will probably require a cooled 
sample and lens assembly. 
Radiation Damage 

The kilovolt electrons impinging on an SEM 
sample undergo inelastic collisions that may 
result in the transfer of more than a few electron 
volts of energy. As such, they constitute an 
intense source of ionizin g radiation. The damage 
caused by this interaction to covalently bonded 
samples viewed in the TEM has been widely studied 
(Glaeser 1971, 1975, Cosslett 1978) and found to 
seriously limit structural information retrieval 
below 2nm. The situation is even more serious in 
the SEM because the entire beam energy is absorbed 
in the sample. Even with V0 = lkV and a 10-llA 
beam the power of the beam is I V0 = 10-8 watts. 
If we assume that one half of this energy is 
absorbed in the upper 10nm of a sample with den
sity l scanned with a raster 1000nm on a side, the 
dose rate, Dr, is 

10- 8 j/s ~ 

2((10-4)2 x 10-6)g 10-Sj 

( 6) 

SxtolO Rads/sec. 

where 1 Rad= 10-Sj deposited/gram of irradiated 
sample. This is a very high dose rate and, 
assuming a 100s scan, it is more than 103 times 
that common in the low-dose TEM studies designed 
to preserve structures below 2nm. It is reaso
nable to assume that biological samples exposed to 
this flux of ionizing radiation will be rapidly 
reduced to a highly traumatized carbon skeleton of 
the original structure. The image obtained will 
be an image of ashes and the relation it bears to 
the original structure will be unknown. Certainly 
any structure of less than 2-3nm should be ini
tially treated very skeptically. On the other 
hand, the acceptable level of damage depends on 
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the end-point. The 100 electrons/nm 2 thou gh t 
acceptable for low dose TEM is far more than th at 
required to inactivate all enzymes, while g ross 
molecular shape is sometimes preserved at much 
higher doses (Ottensmeyer et al., 1978). As we 
are not seeking atomic resolution, it is not 
unreasonable to expect that the number and posi
tion of specific features in the ori g inal sample 
may be retained as lumps on the surface of the ash 
and, of course, the situation is less severe if 
the sample is really a thin metal coat covering 
the organic material of interest. 
De-Localization of the Inelastic Scattering Event 

The secondary electrons that provide the SEM 
signal are produced by inelastic collisions with 
electrons in the sample. This process is not 
highly localized in that it can occur when the 
probe electron passes some nm away from the 
electron being excited (Isaacson & Langmore, 
1974). Barth & LePoole (1976) point out that, as 
the delocalization is proportional to V0 , better 
results are to be expected at low voltage. In 
particular, they predict that 0.6 nm locali za tion 
should be possible at 1 kV under somewhat opti
mistic experimental circumstances. (Cc, Cs 
0.07mm, ~V < 0.2V, a = 4x10-2rad.) 

Another-consideration seldom discussed in 
terms of topo grap hic imaging involves the effects 
of low-energy X-rays. The spectrum of 
Bremsstrahlung X-ray production increase s exponen
tially at low energy (1 000 -10 eV) but these 
interactions are usually i gnored because the X
rays so produced are absorbed so strongly by the 
sample that very few of them leave it. Their 
genera tion is of interest here because their 
absorption in the sample can result in the p r oduc
tion of a secondary electron a few nm away from 
their genera ti on site. We are unaware of quan
titative data at these voltages and on this size 
sca le that would permit an accurate estimate of 
the size of this effect but it could be an impor
tant factor. 

As these effects act independently from a ll 
the electron optical blurring functions, they 
should reduce the actual point-to-point resolution 
by at least an additional 0.5 nm from that theore
tically calculated from electron optical and 
electron scattering considerations. 
Beam Tailing 

When speaking of the beam diameter of a 
focused spot, it is customary to assume that the 
current density resembles a Gaussian distribution 
or an Airey disk and to refer to its diameter at 
half maximum or the distance over which the inten
sity drops from 80% to 10% of the peak value. As 
has been pointed out by Cliff & Kenway (1982), 
beams in probe forming instruments are often non
gaussian for various reasons, and in particular, 
they often have a small central peak surrounded by 
a much wider "shadow" of lower but significant 
intensity. This shadow greatly complicates the 
criteria for visibility as measured by Catto and 
Smith (1973). When discussing small probes it is 
essential to keep in mind the fraction of the 
total current actually in the central spot. 
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1 kV 

The Prospects for Topographic Imaging 
in the LVSEM 

In light of all these problems, what perfor
mance is it reasonable to e xpect under the best 
possible conditions and what a r e these conditions? 
As discussed above, the ideal microscope should 
probably employ a low-current cold-field-emission 
source and a lens with short focal length which 
also permits collection of the secondary electron 
signal. Beyond that, there are many theoretical 
advantages of operating it at liquid helium tem
pera ture. Not only is surface contamination 
ne g li g i b l e but supe r conduc tin g materials are also 
perfect shie l ds a gainst s tr ay elec tr omagnetic 
fields (Dietrich et al ., 1977) . Fu rther mor e , the 
lo w frequency noise and ener gy spread of the gun 
would be somewha t less. Thou gh the primary 
ioni z in g event that produces radi a tion damage 
would not be eliminated, and c he mica l reactions 
would still occur following the accumulation of 
sufficient beam-produced free radicals, it is 
still p r obab le that many low molecular weight spe
cies produced by t he interaction might remain fro
zen nearly in place at these temperatures. This 
would not preserve molecular integrity but to some 
ex tent, the lu mps would not move. 

One disadvantage, aside from considerable 
complexity, might be increased charging artifacts. 
Even semiconductors become insulators at these 
temperatures and it might be necessary to lightly 
coa t all samples. Furthermore, trace amounts of 
residual gas could create unwanted insulators if 
they became frozen onto sensitive surfaces. 

With such an instrument it would seem that 
uncoated cubic surface features of low Z material 
as small as 3nm on a side might be detectable on a 
flat solid surface as lon g as the y were not 
destroy ed by radiation damage. Two such objects 
could be distinctly imaged if separated by about 
5nm center to center. Information from lightly 
coated (1-1.Snm) samples might be somewhat better, 
assuming the coating material was chosen for low 
secondary electron mean-free-path (Everhart, 1970) 
and that we are now referring to the size of the 
surface features after coating. Though this is 

Figure 9 : The contamina 
tion r as ter l a id down dur
in g a previous high magni 
fication examination and 
visible in a) taken with 
V0 = 1 kV is no t evident in 
b) where V0 = 10 kV. (Sam
ple kindly provided by Dr . 
J. Bastacky.) 

10 kV 
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the same si ze range that is covered by the best 
replica techniques, it is important to reme mber 
the benefits of directly imaging the actual 
sample. Oatley (1982) points out that in the 
early 1960's commercial introductio n of the SEM 
was de la yed by the lo g ic that, as replica tech
niques had higher resolution, there would be no 
market for the SEM. This a na l y sis failed to take 
into accoun t the extent to which spe cime n prepara
tion is simplified a nd the areas of possible 
app l ication incre ased by avoiding the necessity of 
ha ving to produce a r ep lic a . Because of a 
willin gness to accept the SEM's lower resolution 
in order to be able to examine the surface of a 
lar ger and more convoluted sample, the instrument 
came into common use and it has now been improved 
to the point where it may no lon ger even have to 
defer to the replica techni que s in terms of reso 
lution. When this happens it will be a con
siderable achievement. 

Apart from ultimate performance at the limit 
of topo gr ap hic imaging, important improvements in 
the low voltage performance of most current 
instruments should lead to their increased use in 
the 2-5 kV range by a wide variety of users (Fig. 
lb). The next practical step might be the use of 
a TEM lens with properties similar to those 
diagrammed in Fi g. 6 in conjunction with an FE 
source to produce the first really high resolution 
LVSEM results, The important test should be 
whether or not going to a higher voltage produces 
more information about the topography of a sample 
or merely sharper pictures of the metal grains of 
the coating material, 
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