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S U M M A R Y  
This work aims to clarify the problem of why the ultimate resolution assessed 

experimentally from the observation of 0.8 nm separation of Au-Pd fine particles is 
beyond the theoretical resolution limit of scanning electron microscopy (SEM). The  
correlation between the spatial distribution of secondary electrons on a sample surface 
and the resolution estimated by edge-to-edge separation in SEM was studied by a 
Monte Carlo simulation with secondary electron generation included. The result 
clearly indicates that the edge-to-edge separation can extend beyond the theoretical 
ultimate resolution, particularly by image processing for contrast expansion and by 
improving the signal to noise ratio (S/N). 

I N T R O D U C T I O N  
Development of high-brightness electron sources and progress in the electron 

optical designing of instruments have enabled the scanning electron microscope 
(SEM) to approach its ultimate resolution. This allows wide applications in various 
fields such as semiconductor device technology, biology, material science, etc. Tanaka 
et al. (1986) reported high-resolution observation of biological specimens coated with 
heavy metals. Furthermore, Nagatani & Saito (1986) demonstrated that a spatial 
resolution of 0.8 nm is attainable from the observation of edge-to-edge separation of 
Au-Pd fine particles evaporated on carbon substrate with the same type of SEM. 

Regarding the resolution of SEM, it is well known that numerous factors are 
involved, such as the beam formation and the signal detection, which depend strongly 
on the instrument employed. As it is unrealistic to expect to obtain an image of higher 
spatial resolution than the probe diameter, efforts have been made to get a smaller 
probe size with sufficient current intensity for SEM observation. The use of the 
high-brightness field emission gun has contributed much to the attainment of high 
resolution. However, due to the limitation imposed by the aberrations, diffraction and 
source size the probe is limited to a certain size. 
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It has been proposed from electron optical designing that the minimum probe size 
of 0.6nm or less is attainable with modern instruments at an accelerating voltage of 
30 kV (Nagatani & Saito, 1986). Hence, the observation of 0.8 nm edge-to-edge resol- 
ution was believed to be an indication of such a probe size of 0.8 nm diameter or less. 
Crewe (1986) has mentioned briefly the probe size effect on the resolution. For detailed 
discussion on edge resolution and the optics of field emission gun SEM see Venables 
& Janssen (1980). 

From a theoretical point of view, even if an electron beam with infinitesimal beam 
spot were achieved, the non-local interaction of the electron beam with the specimen 
causes the ejection of secondary electrons from points widely distributed around the 
incident point, known as interaction volume limitation. The full width at half maxi- 
mum (FWHM) of the lateral distribution of secondary emission has been taken for the 
ultimate resolution of SEM. 

Using Monte Carlo calculation, Shimizu & Murata (1971) pointed out that the 
ultimate resolution of SEM was restricted by the inelastic mean free path, 2. A simple 
diffusion model calculation (Everhart & Chung, 1972) and another Monte Carlo 
simulation of secondary electron generation in cascade processes (Koshikawa & Shimizu, 
1974), agreed with this observation. The value of A, for which the data have been 
compiled by Seah & Dench (1979) and tabulated by Powell (1984, 1985a), varies 
between 0.5 and 2nm for metals and several times larger for insulating materials. 
Taking into account the spot size of an electron beam, dp,  a coarse estimation of the 
resolution can thus be given by Jm-, leading to the common feeling that the 
ultimate resolution of SEM is 1-2 nm, though the resolution depends on the features 
of a sample, such as topography of surface and m.ateria1. 

Experimentally, the check of the resolution of an apparatus has usually not been 
made by the observation of the flat surfaces as assumed in the theory but often by the 
observation of fine heavy metal particles on a light substrate to assure higher contrast 
in the SEM image. In  this case the resolution is assessed by the minimum distance 
observable between two edges. It should be noted that this edge-to-edge resolution is 
somewhat different from the theoretical resolution defined above. 

In this paper we point out that it is possible to get an edge-to-edge resolution better 
than the theoretical resolution, provided that a sufficient S/N is assured in the SEM 
images of the edges. A similar conclusion has been made by Catto & Smith (1973). The 
correlation among those factors such as probe size, beam current, detection efficiency, 
contrast and resolution has been widely discussed (e.g. Wells, 1974; Goldstein et al., 
1981; Reimer, 1985) and a recent Monte Carlo simulation of high resolution has been 
made by Joy (1988). The discrepancy that should exist between the theoretical and 
practical edge-to-edge resolutions, however, has not yet been fully discussed. Par- 
ticularly, the recent experimental observation in high resolution requires a more 
quantitative explanation based on careful evaluation of all the parameters affecting the 
resolution. 

The main purpose of the present study is, therefore, to answer the question of how 
the ultimate resolution assessed experimentally from the observation of a 0.8 nm sep- 
aration of Au-Pd fine particles is beyond the theoretical resolution limit of SEM, 
by Monte Carlo simulation of the secondary electron generation and the contrast 
formation near the edges. 

MODEL C A L C U L A T I O N  
Monte Carlo calculation, based on the simulation of trajectories of electrons and 

various scattering processes taking place in solids, is probably the best way to study 
the interaction of kilovolt primary electrons with solids, leading to the more compre- 
hensive understanding of the different kinds of signal formation processes. Monte Carlo 
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simulation of electron trajectories essentially uses random numbers to decide the 
scattering angle, energy loss, step length, etc. Many of these simulation models have 
been proposed to describe the complicated scattering processes in solids under a 
certain approximation to obtain the information on various types of signals of interest 
(e.g. Green, 1963; Newbury & Yakowitz, 1976; Samoto & Shimizu, 1983; Desalvo 
et al., 1984). 

In this work we are particularly interested in secondary electrons as a signal for SEM 
images. The secondary electrons, with a probable energy about 2-3eV above the 
vacuum level, are generated through the various inelastic scattering processes, e.g. 
valence electron excitation, core electron excitation and plasmon decay (Chung 
& Everhart, 1977), and through a cascade processes within a sample. Only those 
secondary electrons produced near the surface of the sample can reach the surface, and 
only those which maintain sufficient energy to overcome the surface barrier, can escape 
from the surface as true secondary electrons (Seiler, 1983). Some simulations have 
been performed on the basis of a secondary cascade model (Koshikawa & Shimizu, 
1974; Ganachaud & Cailler, 1979) or combined with a diffusion model (Joy, 1987a; 
Suichu et al., 1987) for studying the energy, angular and spatial distribution, as well 
as total yield of secondary emission. The increasing use of supercomputers allows the 
direct simulation of secondary electron generation in cascade processes which produce 
a huge number of secondary electrons within the sample. 

The model adopted in this study is more comprehensive, allowing wider appli- 
cations of the materials of known dielectric constants. Both the energy distributions of 
backscattered and secondary electrons obtained by this model agree very well with the 
experimental results (Ding & Shimizu, 1988; Ding e t  al., 1988). The contribution of 
backscattered electrons to the production of secondary electrons is also included in the 
calculation. No classification is given to those secondary electrons produced either 
directly by primary electrons or by backscattered electrons. The details of the present 
Monte Carlo model are described below. 

The total stopping power calculated by Tung e t  al. (1979) is used to evaluate 
stopping power due to valence electron excitation by 

where j runs over all the directly simulated inner-shells, 3d3,2, 3d,,,, 4sli2, 4plj2 and 
4psiz, of an Au atom. Because of the limitation of memory space in a computer 
simulation, the deep inner-shells are not included in the direct excitations, due to their 
low excitation probabilities. Instead of the usual Bethe model of total stopping power, 
Tung’s is used, as it is still valid in such lower energy regions of secondary electrons. 
The excitation of inner-shell electrons is represented by Gryzinski’s (1965) 
equation for an electron with an energy above 160 eV. If it is unnecessary to assess a 
single excitation event of secondary electrons from outer-shells one may directly utilize 
the stopping power of outer-shells in the continuous slowing down approximation, i.e. 
assuming an electron continuously dissipates its energy along a step length between 
two collisions. However, the secondary electron excitation from outer-shells should 
not be omitted. We then treat the outer-shell electrons like the innter-shell electrons 
by extending Gryzinski’s equation to such shells (Adesida et al., 1980) in the sense that 
the total average energy loss due to such shells is the same as in Eq. (1). Two 
parameters of an effective shell, EB and nB , corresponding to mean binding energy and 
total number of electrons of outer-shells, can be obtained from Eq. (1). For Au, having 
numerous outer-shells, we tentatively represented those shells by two effective shells 
with EB of 220 and 29 eV and nB of 32 and 16, by best fitting to Eq. (l) ,  regarding EB 
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and n,  only as fitting parameters. Thus, the total inelastic scattering cross-section is 
given by 

aln = C oz = C n,7ce4 - - (“- - “r { 1 + (1 -$) In [2-7 + (g- 1 )li2]} 
1 1 E; E E + E, 

(2) 
where E, and n, are the binding energy and number of electrons for inner-shells, equal 
to EB and nB for two effective shells, respectively. The  associated excitation function 
is 

Transferring of loss energy A E  in a collision event to an electron in the excited shell 
produces a secondary electron. 

In  a low energy region, below a critical energy chosen to be 160 eV, the majority of 
secondary electrons is created through secondary cascade multiplication. This, then, 
requires a more accurate approach. The  excitation function, 

me2 I -- doin - - Im [L] In (g) 
d(AE) - 271nfi2 E E(AE) (4) 

where n is the atomic number density (cm-’) and E(AE) is a dielectric constant 
experimentally available from optical measurements, is employed to evaluate the loss 
energy BE in inelastic collision processes. The optical data compiled by Hagemann 
et al. (1975) were used. The  inelastic mean free paths derived from Eq. (4), which 
satisfy the equation 

with the fitting parameter c equal to 1.65, agree well with the experimental results 
down to Fermi energy EF (Powell, 198513; Ding & Shimizu, 1988) and also coincide 
with the results of Tung et al. (1979). Transferring of this A E  to a Fermi electron 
creates a secondary electron. This approach is particularly useful for noble metals since 
the dielectric constant accurately describes the energy loss process due to numerous 
poorly defined outer-shells of a heavy atom in a solid. The  critical energy, 160 eV, is 
decided by considering the energy dependence of 1”. i becomes smaller with decreasing 
energy, and reaches a minimum value at about 50-80 eV, indicating that below 160 eV 
the secondary cascade becomes important. The  relation beween 2 and cascade multi- 
plication has been discussed by Joy (1987a). The  dielectric approach is certainly 
applicable to high energy electrons; however, we have not found any significant 
difference on the secondary yield if a higher critical energy is chosen. An appropriate 
value is necessary for a finer tabulation interval of the excitation function and, hence, 
for a finer integration interval in Eq. ( 5 ) .  

For description of an elastic collision between an electron and an atom we use the 
Mott’s differential cross-section, 
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where f and g are scattering amplitudes obtained from the partial wave expansion 
solution of Dirac's equation (Bunyan & Schonfelder, 1963, since the Rutherford 
formula commonly used is a poor approximation for heavy elements and in low-energy 
regions (Ichimura & Shimizu, 1981). The  integration over all the entire solid angles 
gives the total elastic scattering cross-section, 

The  total scattering cross-section is simply the sum, 

CrT = ael + atn. (8) 

As the detailed procedure for a Monte Carlo simulation has been reported in many 
papers (e.g. Shimizu et al., 1976; Desalvo et al., 1984; Valkealahti & Nieminen, 1984; 
Reimer 8.1 Stelter, 1986), we shall give only the essential elements here. The electron 
trajectory is followed by simulating randomly occurring scattering events. The dis- 
tance, I ,  that an electron travels between two collisions is obtained from 

1 = (noT)-' lnR, (9) 

where R, represents a uniform random number between 0 and 1. The  next step is to 
determine the type of an individual scattering event by using another random number 
R,. It is elastic provided, 

R2 < Ocl b T .  (10) 

Above 160 eV it is necessary to determine a shell at which the excitation happens when 
the collision is inelastic. Such a shell is the i th  if the equation, 

where a. = 0, is satisfied. The  energy loss, AE, and the energy of the excited secondary 
electron, E,, are found from, 

AE da, 
d(AE')/a, E, = A E  - E, (E > 160eV) (12) 

and, 

darn R, = soAE d(AE')/a,, E2 = A E  + EF (E < 160eV). (13) 

The probability for scattering into the azimuthal angle, 4, is uniformly distributed and 
selected by 

6 = 271R5. (14) 

We determine the scattering angle 8 through the relation, 

' * 271 sin B'd8'/cr,, R6 = s o  dR 

for elastic scattering and the angle of deflection 8 by 

. A E  sin 8 = - E 
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for inelastic scattering. The coordinates and energy of the scattering electron can then 
be decided. This completes a scattering event and repeating the steps (9)-(16) forms 
an electron trajectory. 

Once a secondary electron is generated by a primary electron in an excitation event, 
its energy, coordinates and moving direction are stored. After finishing tracing the 
primary electron the stored information on the secondary electron is recalled and the 
trajectories are simulated in the same way as for a primary electron. A large number of 
low-energy secondary electrons are then successively generated. This cascade process 
is traced until all the electrons either escape from the surface as true secondary 
electrons or come to rest within the sample. The refraction of slow electrons by the 
potential barrier at the surface when they leave the sample (Koshikawa & Shimizu, 
1974) was also taken into account. 

As a boundary condition in the Monte Carlo simulation, which defines the shape of 
the sample, we assumed that the sample was composed of an Au film 10 nm thick with 
sharp edges separated by a narrow gap. This demonstrates a practical sample, the fine 
Au-Pd particles on carbon substrate or biological samples coated with heavy metals, 
adopted for the observation of the resolution limit of an SEM apparatus. Since the 
elastic scattering cross-section for a carbon substrate is much smaller than that for 
heavy metals, the influence of backscattering from the substrate can be neglected. 
Furthermore, the secondary electrons emitted from the substrate facing the gap can 
also be neglected because of very low yield of secondary electrons. The penetration 
effect at sharp edges (Wells, 1978) is negligible since we are dealing with the case of 
normal incidence of electrons of several tens of kilovolts. 

T o  obtain the contrast of an SEM image near the edges, which is a type of 
topographical contrast, the secondary yield at the different incident position is cal- 
culated with a zero diameter probe, resulting in the line scan profile S,(x) across the 
gap. All the electrons emitted from upper and side surfaces with energy less than 50 eV 
are counted to produce the secondary yield. In this way the edge effect is directly 
calculated against by a diffusion model (Matsukawa & Shimizu, 1974; Joy, 1987b). 
Then for a probe of finite size, assuming Gaussian intensity distribution of the primary 
beam, 

the line scan profile is obtained as a convolution result using Gaussian function as a 
weight, 

S(x’ )  = SJ’ + =  S,(x)G(x - x’, y) dxdy 
- E  

where c is the standard deviation. 

R E S U L T S  A N D  D I S C U S S I O N  
The calculations were performed at different positions from the edge using normal 

incidence of 30 kV primary electrons impinging on a 10-nm thick Au film. A calcu- 
lation for 10 kV primary electrons incident on the Au film far from the edge was also 
done for comparison. 80,000-200,000 trajectories of primary electrons were used for 
each simulation performed with a supercomputer SX-I of Osaka University. In 
Fig. 1 the trajectories of 200-400 primary electrons and of secondary electrons 
generated by those primary electrons are plotted for an incident point, 0.5 nm from the 
edge. 
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Fig. 1. Trajectories of electrons produced by a primary beam of infinitesimal spot size incident upon an Au 
film of 10 nm thickness a distance 0.5 nm from the edge: (a) for 400 primary electrons of 30 kV and (b) for 
their resulting secondary electrons; (c) for 200 primary electrons of lOkV and (d) for their resulting 
secondary electrons. 

Spatial distribution of secondary emission 
First, we shall study the spatial distribution of secondary electron emission to see 

how a theoretical ultimate resolution should be defined. Fig. 2 shows that the radial 
intensity distribution Z ( r )  per unit area and a normalized profile of secondary current 
emitted inside a circle of radius r ,  

Z ’ ( r )  = j,‘ r’dr’Z(r’)/ jox r’dr’Z(r’) (19) 

together with its integrand is also demonstrated. Both the shapes of Z(r) and Z’(r) are 
very similar to those of a simple analytical calculation (Everhart & Chung, 1972). It 
is seen that the secondary emission is very intensive near the impact point and the 
maximum is Z(0). The diameter 2R, at Z(R,) = 1(0)/2 is often referred to as an 
estimation of resolution. In  the present case both 30 and 10 kV electrons give a value 
of 0.8 nm. However, it should be noted that within a circle of radius R, only about 80;” 
of the total current is contained. This is because with lower r the emission area rdr 
decreases. So the contribution of those secondary electrons emitted from the area 
greater than R, from the incident point should not be omitted. A reasonable radial 
resolution should be defined as a diameter, d, = 2R, in which 50% of the current is 
contained, at least, Z’(R) = Z’(co)/2. From Fig. 2 the value of d, is estimated to be 3.4 
and 4.4nm for the 30 and lOkeV primary energies, respectively. 

For obtaining an image the electron probe is scanned in one direction (such as the 
x-axis) across a sample within a period of one line scan. The  lateral distribution of 
secondary electron emission is, therefore, more important than radial distribution due 
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Fig. 2. Calculated relative radial distribution of secondary emission plotted against the radius r from the 
impact point. (a) The radial intensity distribution at r; (0) the secondary electron current emitted into 
a ring of radius r and of width dr, which are the numbers directly counted from a Monte Carlo simulation; 
(0) a normalized profile of secondary electron current emitted inside a circle r .  (a) For 30kV primary 
electrons and (b) for lOkV primary electrons. 

to its emphasis on the change of information along a special direction and its relation 
to a practical contrast. The  lateral and radial distributions are related by 

Fig. 3 illustrates D ( x )  derived directly in the same simulation as for the calculation of 
Z(r) .  We found that it can be well represented by a Laplacian distribution 

with a 2x0, the FWHM, of 2.2 nm in this case. Following the discussion given above 
we also define the resolution of lateral distribution to be the distance d, so that 50°/, 
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Fig. 3. Lateral distribution of secondary emission plotted against the distance from the impact point. Circles 
represent the calculated distribution and solid line the Laplacian distribution with FWHM of 2.2nm. (a) 
For 30 kV primary electrons and (b) for 10 kV primary electrons. 

of the total current is contained within it. For a D ( x )  of exact Laplacian, d, should be 
equal to FWHM. To  check this we plotted the integrated intensity profile, 

D’(x)  = I‘ D(x’) dx’,/ - x  + %  D(x’) dx‘ (22) 
- a  

in Fig. 4. The distance between the 25 and 75O/, points on D‘(x)  is the measure of d,. 
Its values are 2 and 2.3nm for 30 and lOkeV primary energies, respectively. The  
FWHM (Sparrow criterion) of D(x) can then equal d, as long as d, is evaluated from 
D‘(x).  

We now consider the Rayleigh criterion which states that two points a distance dR 
apart will be resolved when their distributions overlap at half their separation with an 
intensity drop of 75”4 of the maximum intensities (Reimer, 1985). It can then be 
evaluated from the overlapped profile by two Laplacian lateral distributions with 
FWHM of d,, 

L( - d ~ / 2 )  + L ( d ~ / 2 )  = 0.75[L(O) + L(~R)]Y (23) 
leading to the result of dR N 1.14d,. We then get values of Rayleigh resolution being 
about 2.3 and 2.6nm for 30 and lOkeV primary energies, respectively. It should be 
noted that the Rayleigh criterion was originally used for human eye detection and it 
gives a value poorer than from modern signal acquisition and processing systems. A 
similar situation in scanning Auger electron microscopy has been recently discussed 
by Cazaux (1987) and Cazaux et al. (1988). 

In  conclusion the ultimate theoretical resolution, interrelating the spatial emission 
of secondary electrons independently of beam size, can be set as 2nm. This result 
coincides with the one of conventional coarse estimation. However, this value cannot 
be regarded as the limit since a modern signal processing system may allow SEM to 
exceed the Sparrow and Rayleigh criterions. 

It is seen, even though Z(r) and D(x) do not show marked difference in the resolution 
for different energies, that the integrated profile Z’( r )  and D’(x)  can reveal an obvious 
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0.0 
-100 - 50 0 50 100 

Fig. 4. Lateral distribution of secondary electron current integrated from infinity to the distance from the 
impact point. Circles represent the calculated profile and solid line that deduced from a Laplacian distri- 
bution with FWHM of 2.2 nm. (a) For 30 kV primary electrons and (b) for 10 kV primary electrons. 

difference. The tendency to poorer resolution with decreasing primary energy, due to 
the spreading of the primary beam in the sample, has been pointed out by  Joy (1985). 
For a bulk Au sample the tails of Z(r) and D ( x )  may be increased compared to the 
present case by the contribution of the backscattering effect. However, these secondary 
electrons do not play any significant role in the present study since they are distributed 
over a much wider area of micrometres and form only a flat background [discussed in 
detail elsewhere (Shimizu & Murata, 1971)l. 

Edge-to-edge resolution 
The edge effects of secondary electron emission are shown in Fig. 5, calculated from 

Monte Carlo simulations for a 30 kV electron beam of infinitesimal spot size. Far from 
the edge the signal intensity is nearly constant and rises to a maximum near the edge, 
resulting in so-called edge contrast. This behaviour should depend on the target 
sample through the correlation between the mean attenuation length and the material 
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Fig. 5. The relative secondary yield against the distance measured from the incident point to an edge of the 
10-nm thick Au film, obtained from the Monte Carlo calculations. (0) The yield for which only those 
secondary electrons emitted from the upper plane are included, and (0 )  for secondary electrons emitted from 
both the upper plane and the side surface. 

(Matsukawa & Shimizu, 1974). If a sample is comparable with an electron probe in size 
and is smaller than the interaction volume, the edge brightness in a micrograph may 
disappear (Joy, 1984). But if a sufficiently high contrast between the edges was assured, 
a higher resolution observation is attainable as discussed below. 

Before discussing the convolution result for a certain value of probe size of electron 
beam the definition of this probe diameter should be given. As pointed out by Michael 
& Williams (1987), due to the various definitions of the aberration discs and the initial 
Gaussian diameter, the calculated probe diameter actually represents some unknown 
fraction of the total probe current contained and, hence, it is difficult to compare an 
experimentally measured probe diameter directly with the calculated one. Further- 
more, the very fine electron probe may not be Gaussian (Venables & Janssen, 1980; 
Cliff & Kenway, 1982). Several definitions of a diameter are, assuming Gaussian 
distribution, taken conventionally as, for example a single standard deviation 0, 

FWHM or full width at tenth maximum (FWTM), for which about 40, 50 and 90% 
of the total current is contained, respectively. Hereafter we choose FWHM as the 
definition of diameter d, even though F W T M  may be more appropriate as suggested 
by Michael & Williams (1987). Conversion to the other definitions of the diameter can 
be easily done using 0.85dP and 1.82dp for (T and FWTM, respectively. 

The line scan profiles S ( x )  are calculated for an electron probe of several finite sizes 
by the convolution procedure described in (18). Figure 6(a) shows S ( x )  formed by a 
beam scanning across the gap between edges for different probe sizes. It is difficult to 
set a contrast scale for converting a calculated line scan profile to an image, particularly, 
due to a non-linear transformation of signals from the detected current to the bright- 
ness in a micrograph. Therefore, direct comparison between the calculated contrast 
and experiment should not be made. Hereafter, we use the FWHM of S ( x )  as a 
criterion for the observable edge-to-edge resolution. 

There are two possibilities for the observation of a 0.8-nm edge-to-edge resolution 
in an image. The  first is the case that both d, and gap separation, s, are less than 0.8 nm. 
From the natural contrast, 0.8 nm of FWHM of S ( x )  can be obtained for 0.5 nm of d, 
and of s as shown in Fig. 6(a). The deterioration of the edge-to-edge resolution is, in 
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Fig. 6. The line scan profiles near the edges for several probe diameters, d p .  (a) S(x)  for natural contrast, 
(b) S ’ ( x )  for expanded contrast, as shown for dp of 1 nrn with an expansion constant, M = 2. 

this case, due to the escape depth of secondary electrons. Note that the deterioration 
is not so large as that for flat surfaces often discussed so far, leading to the possibility 
that the edge-to-edge resolution can be less than 1 nm for an electron probe of several 
Angstroms diameter. 

There is, however, another possibility for obtaining such a high edge-to-edge 
resolution. Here we consider dp is comparable with, or greater than, 0.8 nm. The edge 
resolution from a natural contrast is always larger than 0.8 nm. But some devices may 
enable the higher resolution to be attained by the image processing: the simplest one 
is that, for instance, one adjusts the contrast by controlling the black and white levels 
in practical SEM operation. If the setting of the contrast levels is adjusted so that only 
the top section of the peak of S ( x )  is used to form the contrast of the SEM image, the 
gap is to be observed with the effective profile S’ (x )  being expanded as depicted in 
Fig. 6(b). Therefore, the edge-to-edge resolution will be improved, enabling the SEM 
observation to be made with such a resolution as if the spot size of the electron probe 
were reduced to less than the gap separation. This fact has already been pointed out 
by Venables & Janssen (1980) and a good example of this kind of image analysis has 
been reported by McMillan et al. (1987) in the limiting case for S/N being extremely 
large. 

There is certainly a limitation for expanding the contrast of an SEM image since the 
image will become increasingly noisy for larger contrast expansions, and at a certain 
level will be too blurred to be tolerable. We can then estimate the maximum contrast 
expansion constant, 

M = A S I A S ’  (24) 

where A S (  = S,, - S,,,) is the variation of the signal resulting in the contrast and 
AS’(  = Sexp - S,,,) the effective signal variation after an expansion, with S,,,, S,,, and 
Sexp denoting maximum, minimum and an appropriate value between S,,, and S,,,, 
of S(x), as illustrated in Fig. 6(a). Here, ‘contrast expansion’ means that the A S  in the 
natural contrast is expanded by M to A S ’  in the expanded contrast where the black and 
white levels are set to S,,, and Sexp, respectively. 

M should be determined from the threshold equation, which describes the relation 
between the total S /N and the minimum probe current required to form an SEM 
image (Wells, 1974; Reimer, 1985). The noise is statistical fluctuations of the signal- 
carrying quanta, originated at every step of the signal transformation processes. The 
total S/N is dominated by the one at the noise bottleneck, at which the signal quanta 
is minimum in the signal pass, of the system. This is the point where the primary 
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electrons are converted to the detectable secondary electrons but with low efficiencies 
due to the low secondary yield and low capture efficiency of the detector compared 
with the high conversion efficiency of the scintillator and photomuItiplier. Hence, the 
total S/N of the system, which is directly assessed from Fig. 6 as SmaX/& ( = K), 
can be approximated as, 

S/N = l / J m  (25) 
where np and n, are the mean numbers of primary electrons incident on the sample and 
of the secondary electrons attracted into a detector within a certain time of observation, 
respectively. Considering that a beam with current 10-I2A scans over the sample 
within 200 s to produce an image on one frame of 500 x 500 pixels, np is about 5 x lo3 
per pixel. The secondary yield of Au at 30 keV is nearly 0.2. Taking into account the 
detection efficiency we estimated the detectable secondary yield to be 0.1. IZ, is thus 
about 5 x lo2 per pixel. The  S/N of a natural contrast being nearly equal to 20. 

By Rose criterion one can discern the difference between two points in a scanned T V  
image only if the signal change exceeds the noise N by a factor of five A S '  > 5N. If an 
image is recorded on a film the smaller factor may be permissible. Hence, we have 

with a = Smln/Smax. The values of a and M estimated from Fig. 6 for d, of 1 nm and 
s of 0.5nm are 0.44 and 2.2, respectively, leading to an estimation of the maximum 
edge-to-edge resolution (FWHM) of the expanded contrast of 0.7nm in this case. 
This, therefore, suggests that with a maximum expansion constant an edge-to-edge 
resolution better than 0.8 nm is attainable even with an electron probe with spot size 
larger than 0.8 nm. 

Improved resolution can be obtained with increased expansion constants. However, 
this may not be easily satisfied in practice because one cannot concentrate only on the 
resolution of one particular particle but on the moderate balance among SIN, contrast, 
resolution and brightness of the whole image. 

The results discussed above are somewhat surprising. If we consider the Rayleigh 
criterion for lateral distribution in the limiting case, two points a distance d i  apart do 
not show any dip in the total intensity at the mid-point between them. So in this case 
the two points are indistinguishable by any means of image processing. Replacing 0.75 
in Eq. (23) by 1 we get dk 21 0.71d,. The minimum value of dk is 1.4 nm. However, such 
consideration is based on the calculation for a plane surface. The  emission of greater 
numbers of secondary electrons takes place at a sharp edge, which has two surfaces for 
electron ejection, and this produces a high edge-to-edge resolution. In  this case the 
lateral distribution of secondary emission is nevertheless a kind of Laplacian, since 
D(x)  is abruptly increased to a large value a(u), which depends on the distance u from 
the impact point to the edge, at a sharp edge, 

D(x)  = L(x)B(u - x) + a(u)6(u - x) (27) 
where O(x) and 6(x) are step function and Dirac function, respectively [Q(x) = 1 for 
x > 0, otherwise B(x)  = 0; h ( x )  = m for x = 0, otherwise 6(x) = 01. It is clear from 
Fig. 5 that if the secondary emission from the side surface is omitted such a high 
resolution is then unattainable. 

There should be some limitations for the discussion on the possibility of high 
edge-to-edge resolution given above. With decreasing gap between two edges it 
becomes a problem as to whether or not those secondary electrons emitted from the 
side plane facing the gap will feel an electric field to be attracted by  a detector. 
Furthermore, the penetration effect at edges cannot then be omitted. 
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Consequently, it has been seen that the edge-to-edge resolution depends on many 
factors of an experiment and can be improved by appropriate image processing to 
reduce the noise. However, there is a finite possibility that such a processing may lead 
to the artefact observation. Hence, it is strongly recommended that the experimentalist 
should be careful to assess the resolution and the probe size from the SEM observation. 

C O N C L U S I O N  
We studied the spatial emission of secondary electrons by Monte Carlo simulations. 

The relationships between contrast, resolution and diameter are investigated theor- 
etically. Discussion on the various definitions of resolution and of probe size are given. 
A theoretical ultimate lateral resolution, concerning only the interaction volume of 
secondary electron signal formation and the spatial distribution of secondary electron 
emission from an infinite plane surface, is estimated to be 2nm. However, an edge 
resolution better than 0.8nm is possible due to the edge effect. Furthermore, for a 
larger electron probe this resolution can also be achieved by contrast expansion and 
signal processing. 
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