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Observations of semiconductor multilayers with backscattered electrons in a scanning
electron microscope have been used to revisit the concept of resolution of the backscattering imaging mode. With the support of Monte Carlo simulations of beam specimen interaction, it has been
possible to achieve the following conclusions. All the backscattered electrons positively contribute
to the image formation independently of their trajectories and specimen exit points. The generation
volume does not represent in itself a limit to the resolution, which depends only on the beam size and
the signal to noise ratio.
Abstract.
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1. Introduction

The spatial resolution of the Scanning Electron Microscope (SEM) is considered to be limited
by the following main factors: i) the electron probe diameter (03A6); ii) the size of the generation
volume (vg) for the detected signal; iii) the signal to noise ratio (S/N).
On the basis of the previous statement, the resolution of Backscattered Electron (BSE) images
can be considered equal to the Full With Half Maximum (FWHM) of the BSE emission profile.
This profile is the convolution of the intensity distribution in the electron probe with the spatial
exit distribution of the BSE. As a consequence the spatial resolution of the image is limited by
the electron range and high resolution should be possible in two ways: i) operating at very low
energy; ii) using the low loss electron method, i.e. by collecting the electrons leaving the specimen
after a single high angle (&#x3E; 90°) elastic scattering event (labelled BSE1) and suppressing th6noise
associated with diffused scattered ones (labelled BSE2) [1].
Since 1988 some experimental data [2-6], conceming the observation of multilayers with BSE,
using an in lens field emission SEM, demonstrated a resolution of 2-3 nm (of the order of the beam
spot size), at energies of 15-30 keV, although the electron range was several microns. These results
cannot be explained within the previous model and indicate that the fundamental assumptions on
the resolution in BSE imaging mode should be revisited.
Now we will analyse the causes of the difficulties in the interpretation of the images within the
previous scheme and we will outline the approach that has been followed in order to overcome
them.
Article available at http://mmm.edpsciences.org or http://dx.doi.org/10.1051/mmm:1995141
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The scheme usually employed to define resolution refers to an homogeneous specimen that, by
itself, does not provide any contrast, so that its use is somewhat misleading. It is necessary to make
reference to an inhomogeneous specimen; i.e. a specimen actually producing a contrast in order to
clarify the role of -1), Vg and S/N in the image formation. The observation of multilayered structures
based on III-V semiconductors, which can be easily produced by molecular beam epitaxy with a
careful control of layers thickness and composition, represents the easiest approach to the study
of resolution with an inhomogeneous specimen.
In an inhomogeneous specimen the irradiation of a detail A in a region B does not affect the
production of BSE1 only; also the number of BSE2 depends on the presence and the features of
the detail A. The detector does not "see" any emission profile; it just counts the total number of
electrons and ignore their origins. Therefore, the possibility to resolve a specimen detail A in a
region B depends, besides on the beam spot size, on the difference in the total number of BSE
(BSE1 + BSE2) counted by the detector when the beam is positioned in A or B independently
of their trajectories, i.e. independently of the signal generation volume and electron emission

profile.
2. Theoretical Results

assumption can be quantified in the following way. Let us consider a bulk homogeneous
specimen B with an electron beam normally impinging on its surface. Now, let us imagine to
replace with a material A, having a different mean atomic number, a part of the specimen B
centered around the beam impact point.
Let ’TJB and 7î’ B (r) be the backscattering coefficient and the spatial exit density distribution function of BSE of the homogeneous sample. Let ’TJA and ~’A (r ) be the corresponding quantities of the
inhomogeneous specimen (a detail A in a region B). The integral
The last

where r and x are radial distances, provides the difference in the number of BSE emerging beyond
a distance x from the center of the beam spot. Normalizing to ~B - T/A we define the following
function

The function g(x) has a maximum equal to one at the origin, i.e. at the beam impact point, then it
decreases to zero. The x value where g ( x ) vanishes defines a sort of "correlation distance" ro . In
the regions x
ro the exit probability of BSE is changed as a consequence of the presence of the
detail A, i.e. there is a correlation between a variation of the density material at the origin and
the exit probability at a distance x from it; for x &#x3E; ro the exit probability is unchanged.
Monte Carlo (MC) simulations [7] have been performed for two different geometries: a GaAs
homogeneous bulk sample and a GaAs/AlAs (40 nm)/GaAs bulk one using an electron probe
having a diameter of 12 nm accelerated at 30 keV The total number of electron trajectories was
1.1 x 105 . The histogram bar widths of both BSE spatial density distributions are large enough to
give a relative error of BSE number less than 10%, whereas the relative error which affects 773 2013 ??A
is about 14%. On the basis of these accuracy considerations, from the Figure 1 (g plot) a ro value
approximately equal to 1.60 film can be deduced. For x &#x3E; ro the variations of BSE number due to
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Fig.

1.

-

Behaviour of g(x)

vs. x.

The maximum value

of g is normalized to

100%.

the noise mask the effects of the presence of the detail A. It is worth noting that this value is ~ 40
times greater than the layer width and comparable to the electron range.
This result means that the presence of the detail A affects the number of BSE2 exiting from
radial regions located up to a distance comparable to the electron range; then all the BSE provide
information about the presence of the detail itself. Therefore, the complete collection of all BSE
(BSE1 +BSE2) improves the S/N ratio and as consequence, increases the visibility.

Fig.
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3.

specimen geometry. A, B, indicate the beam impact points used in the simulation
arrangement is adopted for each AlAs layer.

Scheme of the

to deduce 7y. The

same

Expérimental Results and Discussion

The

specimen, observed in cross section, consists of AlAs layers having a thickness of 40, 20, 10,
nm separated by 100 nm thick GaAs layers (Fig. 2). BSE images has been made using a

8, 5, 3
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Philips XL30 SEM equipped with LaB6 source. A standard BSE detector has been used. The
beam current was in the range 4-80 pA. The beam current was deduced from specimen current,
taking into account that the mean backscattering coefficient 7] has a value of about 30%. The
picture point time of all the images was 1.3 ms.

3.
BSE image of the specimen obtained
the beam current: a) ib
4 pA; b) Íb = 80 pA.

Fig.

-

operating at 30 keV WD=7.2 mm with different values of

=

In Figure 3 are reported two BSE images of the sample obtained at 30 keV with a constant
working distance (WD) of 7.2 mm at two different values of the beam current ib 4 pA (Fig. 3a)
and 80 pA (Fig. 3b). In spite of the large value of the range (R ~ 5 tim) the thin AlAs layers
appear as dark lines separated by white ones which refer to the GaAs regions. Four lines are visible
at ib
4 pA, while all the six AlAs layers can be seen in the image taken at ib
80 pA, showing
that the number of visible lines increases with the beam current, i.e. with the improvement of S/N
ratio. According to Philips data the beam diameter is 03A6 ~ 3 nm for ib 4 pA and 03A6 ~ 12 nm for
ib 80 pA. Then the image of Figure 3b shows that it is possible to detect specimen details having
a spatial extension smaller than the beam diameter. Obviously, the dimension of the smaller lines
are not related to the effective layer width (the lines are detected but not resolved) but are equal
to the diameter of the electron probe; moreover the contrast decreases with the thickness of the
layer.
=

=

=

=

=
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The experimental results have been compared with theoretical ones concerning the MC simulation of the electron interaction with the GaAs/AlAs multilayer. The Monte Carlo code [7]
has been used to calculate the backscattering coefficient 77 for an electron beam having a normal
incidence to a cross section of the specimen. The beam energy was 30 keV and the beam impact
point was located at the centre of the GaAs (A) and AlAs (B) layers (see Fig. 2). For each impact
point N 7 x 104 events have been simulated. The electron probe has been assumed having a
FWHM 03A6 equal to 3 nm and 12 nm. The collection efficiency has been assumed equal to 1, i.e all
the backscattered electrons are considered to be collected by the annular detector. This hypothesis produces theoretical results that just slightly overestimate the number of BSE collected in the
experiments because of the geometry of the detection [8].
=

Contrast and minimum beam current for different layer thickness and for two beam diameters: a) P 3 nm, b) 03A6 12 nm It is appropriate to remark that the value of C and ib minimum
are affected by a large error (not reported). Especially for the smallest AlAs layer thickness.

Table I.

-

=

=

12 nm with the corresponding values of
3 nm and 03A6
The values of the contrast C for 03A6
the threshold beam current are reported in Table I. The contrast has been calculated according to
1 - ’OA /7ÎB, ~A
the relation C
~B; while the threshold current has been estimated according
=

=

=

[7] where
TT]
Ct32
numerical factor

magnitude of electron charge, T is the picture point
time and tt3 is a
that, for a confidence level of 99% is equal to 2.57.
The values of the theoretical threshold current are comparable with the experimental ones
leading to a consistent interpretation: for i 4 pA (03A6 ~ 3 nm) only four AlAs layers can be
80 pA (03A6 ~ 12 nm) all the AlAs layers can be detected
observed (Tab. Ia), whereas for i
(Tab. lb).
It is necessary to remark that in the calculations only the number of BSE is taken into account,
while the exit points of the BSE trajectories are completely ignored. It means that, in order to
explain the experimental results, the relevant point is not the spatial exit distribution of the BSE,
but just the different number of BSE produced when the electron beam impinges on AlAs or
GaAs layers.
to the relation ib &#x3E;

e

is the

=

=

4. Conclusions

The observations of the semiconductor multilayers reported in this paper allow to revisit the concept of resolution achievable with BSE. In fact, it is shown that the generation volume does not
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represent in itself a limit to the resolution, which depends only on the beam size and the S/N ratio.
The collection of the BSE2 does not deteriorate the resolution but improves the S/N ratio and,
consequently, the visibility is increased.
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