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Abstract

Knowledge of the size of the electron-solid interaction volume and the sampling volume of various signals within it is important for
interpretation of images and analytical results obtained from electron microscopy. In this study we used a Monte Carlo technique to simulate
electron trajectories in order to investigate the shape and size of the interaction volume, the spatial and energy distribution of backscattered
electrons and characteristic X-rays in cement-based materials. We found that the maximum penetration depth of the electron trajectories ranges
from 0.75 to 1.5um at 10keV and from 2.5 to 5.0um at 20keV. For backscattered electrons, the maximum sampling depth is about 30% of the
interaction volume depth and its lateral dimension is close to the interaction volume depth. The sampling volume size of characteristic X-rays is a
substantial fraction of the interaction volume. For ettringite, the amount of material analysed in X-ray microanalysis is in the order of 1 to 100 um®

at conventional SEM accelerating voltages of 10 to 20keV.
© 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Electron microscopy, in particular the backscattered electron
(BSE) mode coupled with X-ray microanalysis, is an important
research tool in cement and concrete science. For many years,
electron microscopy has been used for qualitative and
quantitative studies of the microstructure and chemical compo-
sition of phases in cement-based materials. In this journal alone,
an electronic search [ 1] using the keywords electron microscopy,
SEM, EDS or EDX returned more than 500 articles within the
abstract, title or keywords field and more than 1500 articles
within the full-text field, dating from its first publication in 1971.

In the electron microscope, a high energy electron probe with a
size in the nanometre range is focussed onto a target sample. The
interactions between the incident electrons and the sample produce
various signals that can be used to form images or spectra, giving
information regarding topography, structure and chemical com-
position of the sample. However, these signals are generated
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within a finite volume in the sample that can be substantially larger
than the incident probe size. Therefore, knowledge of the shape
and dimension of this interaction volume, the distribution of
various signals within it and factors that control this, are critical for
interpretation of the resulting images or spectra.

The shape and size of the interaction volume depend on the
sample properties (chemical composition, atomic number,
density) and the operating conditions of the electron microscope
(accelerating voltage, probe diameter, surface tilt). For cement-
based materials, the shape of the interaction volume is generally
assumed to follow that of low density, low atomic number
materials, i.e. pear shaped with a small entry neck (where most
secondary and backscattered electrons originate). As electrons
penetrate deeper, the lateral spread of the electron-solid in-
teraction region increases. The lateral dimension of the inter-
action volume for cement-based materials is thought to be
around 1-2pm [2] and the volume of the material analysed by
the electron probe is approximately 1-2pum?® [3].

In this study we will use a Monte Carlo technique to simulate
the electron-solid interactions in cement-based materials. Our aim
is to investigate the shape and size of the interaction volume in
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cement-based materials under typical microscope operating
conditions. The particular focus will be the region where back-
scattered electrons and characteristic X-rays are generated when a
flat-polished sample is subjected to conventional beam energies
(10-20keV). We hope that this study will give a better
understanding of the signal formation process and the perfor-
mance and limitations of electron microscopy as an imaging and
analytical tool for cement and concrete research. This can also
assist in the selection of an optimal imaging strategy for a
particular application and facilitate interpretation of results.

2. Electron-solid interactions and Monte Carlo simulation

This section gives a brief overview on the physical processes
that occur when an electron beam interacts with a solid target
and how Monte Carlo methods can be used to simulate this. A
detailed mathematical description is beyond the scope of this
paper; however, comprehensive treatment of the subject can be
found in Refs. [4-6].

When a beam of high-energy electrons hits a solid target, the
electrons will interact with the electrical fields of the target’s
atoms and undergo elastic and inelastic scattering events. In
elastic scattering, the incident electron is deflected to a new
trajectory with no energy loss. After several elastic scattering
events, the electrons will spread out and some may escape the
sample surface as backscattered electrons. The incident electrons
will also gradually lose their energy with distance travelled via
inelastic scattering. Kinetic energy is transferred to the sample,
producing signals such as secondary electrons, auger electrons,
cathodoluminescence, and characteristic and continuum X-rays.
There are several mathematical models that describe the
probability of an electron undergoing elastic scattering, most
notably the Rutherford and Mott scattering cross-section [7]. For
inelastic scattering, the Bethe’s stopping power equation [8§]
describes the rate of energy loss with distance travelled.

Apart from low atomic number materials such as polymethyl-
methacrylate that undergoes damage during electron bombard-
ment, experimental observation of the interaction volume for
higher atomic number materials is not possible. As a result, the
Monte Carlo simulation technique has been developed over the last
four decades to study electron-solid interactions and is now an

established tool for interpretation of SEM images and X-ray
microanalysis results. Specifically, the Monte Carlo method can
simulate the angular, lateral and depth distributions of secondary,
backscattered and transmitted electrons, energy dissipation and
generation of characteristic X-rays [9—14]. These are used to
determine the spatial resolution for each signal for a particular
operating condition and sample composition. Recent applications
include studies of the resolution in semiconductor multilayers [15]
and the position of phase boundaries in composite materials [16].

In a Monte Carlo simulation, the electron trajectory is
followed in a stepwise manner from its entry point until it loses
all of its energy and is absorbed, or until the electron is back-
scattered. At each point, the probability of the electron under-
going scattering, the scattering angle, distance between
scattering events and the rate of energy loss is calculated from
appropriate physical models. The location of the electron within
the sample and its kinetic energy is constantly updated with time,
together with the generation of secondary electrons and
characteristic X-rays. Fig. 1 shows an example of a Monte
Carlo simulation of electron trajectories at 20keV accelerating
voltage in a calcium hydroxide target.

Since electron-solid interaction is essentially a stochastic
process, random numbers and weighing factors are used to
replicate the statistical distribution of scattering events, hence
the name ‘Monte Carlo’. Therefore, the accuracy of the simu-
lation depends entirely on the models and assumptions used, but
knowledge of these has been built over the years of improve-
ments to the approximations adopted to describe the elastic and
inelastic scatterings. The accuracy and limits of applicability of
Monte Carlo simulations have been established by comparison
with experimental values, for example in Refs. [12,17].

3. Experimental

For the simulation, we use CASINO (Version 2.42), which is
the acronym for monte CArlo SImulation of electroN trajectory
in sOlid, developed by Professor Dominique Drouin and his
colleagues at Universit¢ de Sherbrooke. This programme is
specifically designed for a low energy beam interaction in bulk or
thin samples, and can be used to generate backscattered electrons
and characteristic X-rays either as a point analysis or as a line-

Fig. 1. Simulation of 25 electron trajectories (left) and 2 x 10* electron trajectories (right) in calcium hydroxide at 20keV. Elastic scattering occurs where the electron
changes direction. The electron trajectory is followed until it loses all of its energy (grey lines) or is backscattered (black lines). For each trajectory, the spatial location,

energy distribution and generated X-rays are tracked.
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scan for accelerating voltages between 0.1 and 30keV. A detailed
description of the programme is available in Refs. [18—20].
Table 1 provides the major phases in cement-based materials.
To create a simulation for a particular phase, the chemical
composition, density, weight fraction and atomic fraction of each
element is first defined. Then, the microscope settings: accel-
erating voltage (5-30keV), angle of the incident beam (0°, i.e.
normal to the sample surface), probe diameter and take-off angle
of the X-ray detector (40°) are defined. The probe diameter is
calculated from the brightness and threshold equation, and
corrected for lens aberrations for a conventional tungsten filament
electron source, according to the method described by Goldstein
et al. [4]. The probe diameters are listed in Table 2. In the
calculations, we assumed that the microscope is set up to image an
atomic number contrast level C (=(1,—71)/ 1, x100) of 2.5%
with a detector collection efficiency of 0.1 and scan time of 100s
for a 1024 x 768 image; thus a probe current greater than 0.5nA
must be applied. According to the Rose visibility criterion
(AS>5N), at this imaging condition, the epoxy-filled voids,
hydrated cement paste (Aft, Afm, C-S-H), calcium hydroxide and
ferrite can be differentiated from their brightness intensity, which
is generally observed in routine BSE imaging. We note that the
uncertainties in the assumptions made in calculating brightness
and lens aberrations can lead to an error of several hundred
percent in the final effective probe diameter. However, in the
results section, we show that this does not make a significant
difference to the simulated results for most practical situations.
Finally, the physical model, number of simulated electrons
and the minimum energy to which the trajectory is followed, is
selected. We used the Mott model for elastic scattering and the
modified Bethe equation [21] to model the deceleration and
energy loss. A large number of electron trajectories must be
calculated in order to statistically replicate the physical processes
involved. We calculated 4% 10° electron trajectories for each
simulation. This value was derived from the probe current and
pixel dwell time. As arule of thumb, the estimate of relative error
is 1/+/n, where n is the number of electrons simulated. Hence,
for a simulation of 4% 10° electrons, the relative error is about
0.2%. The trajectory of each electron is followed until its energy

Table 1

Table 2

Calculated values of brightness (3), Gaussian probe diameter (dy,;,), chromatic
aberration (d..), spherical aberration (ds), aperture diffraction (d4) and effective
probe diameter () at several accelerating voltages (£)

E (keV) B(A/M* s1)  dpin (hm)  d. (nm)  dy (nm)  dg (nm) d,, (nm)
5 2.7x10% 177 20 1.3 2.1 178
10 5.4x10° 125 10 1.3 1.5 126
15 8.2x 108 102 7 1.3 1.2 102
20 1.1x10° 88 5 1.3 1.1 89
25 1.4x10° 79 4 13 1.0 79
30 1.6x10° 72 3 1.3 0.9 72

falls below 0.5keV, or until the electron has returned to the
sample surface. In the simulation, we assumed that each phase is
stoichiometric, dense, topography-free and homogeneous in
composition over the entire interaction volume.

4. Results
4.1. Verification of the Monte Carlo code

The accuracy of the Monte Carlo code was tested by
comparing the simulated backscatter coefficients (i.e. the ratio of
backscattered electrons to the total simulated trajectories) with
experimentally measured values or with calculated values. Fig. 2
shows the results for all elements between Li and Ca in the
periodic table, and for the main phases in cement-based
materials (Table 1). The experimental values were obtained
from a list compiled by Joy [22] of known experimentally
measured secondary and backscattered electron coefficients, and
electron stopping power data for elements and compounds. The
calculated backscatter coefficients were from the empirical
equation proposed by Reuter [23], which was obtained by curve-
fitting to Heinrich’s [24] experimental data at 20keV:

n=—0.0254 +0.016Z-1.86 x 10 %2> +83 x 1072> (1)
where 7 is the backscatter coefficient and Z is the atomic number.

For a compound, the mean backscatter coefficient is calculated
using Castaing’s rule [25], i.e. summation of each constituent

Major phases in cement-based materials arranged according to increasing backscatter coefficient

Phase Molecular wt.  Atomic no. ~ Mean atomic no.  Density (g/cm®)  Backscatter coefficient, Contrast, %
Epoxy (Araldite), C;oH;504 202.250 110 6.184 1.14 0.066 -
Brucite, Mg(OH), 58.326 30 9.423 2.39 0.109 39.1
Thaumasite, CaSiO;-CaS0O,4-CaCO3-15H,0 622.616 326 10.622 1.89 0.120 9.7
Ettringite, 3Ca0-Al,03-3CaS0y4-32H,0 1254.648 658 10.769 1.70 0.122 1.5
Dolomite, CaMg(CO3), 184.408 92 10.875 2.84 0.124 1.4
Quartz, SiO, 60.066 30 10.806 2.62 0.125 1.3
Monosulphate, 3Ca0-Al,05-CaSO,-12H,0 622.320 322 11.665 1.99 0.132 5.3
Calcium silicate hydrate, C; 7-S-Hy 227.460 118 12.086 2.12 0.137 35
Gypsum, CaSO4-2H,0 172.170 88 12.119 2.32 0.138 0.6
Calcite, CaCO3 100.088 50 12.563 271 0.142 2.9
Portlandite, Ca(OH), 74.076 38 14.302 2.24 0.162 12.1
Tricalcium aluminate, 3CaO-Al,O3 270.198 134 14.339 3.21 0.164 1.3
Dicalcium silicate, 2Ca0-SiO, 172.250 86 14.562 3.28 0.166 1.4
Tricalcium silicate, 3Ca0-SiO, 228.330 114 15.057 3.03 0.172 3.1
Ferrite, 4CaO-Al,05-Fe, 05 485.980 238 16.651 3.73 0.186 7.8

Atomic contrast is calculated from the backscatter coefficients of successive phases.
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Fig. 2. Testing the accuracy of the Monte Carlo simulation by comparing the simulated and experimentally measured [22] or calculated [23] BSE coefticients for A) all
elements between Li and Ca in the periodic table; and B) main phases in cement-based materials (see Table 1).

element’s backscatter coefficient, factored by the atomic weight
fraction c;:

=Y cn 2)
=1

Generally, the simulated backscatter coefficients were in
good agreement with the experimental and calculated values for
elements (Z=3—20) and for the main phases in cement-based
materials (Z=6—17). For each phase, five repeat simulations
were made to calculate the average backscatter coefficient, and
the coefficients of variation for all values were smaller than 1%.
This shows that there is no statistically significant difference
between different simulations for a given set of input parameters
because a very large number of electrons were simulated each
time. Therefore, a repeat simulation is not essential.

4.2. Effect of accelerating voltage and probe diameter

Figs. 3 and 4 show the influence of accelerating voltage and
probe diameter on the maximum penetration depth of all
electrons, i.e. the maximum depth of each trajectory from the
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Fig. 3. Effect of accelerating voltage on the maximum penetration depth of
electron trajectories in calcium hydroxide.

surface, and the surface radius of backscattered electrons, in a
calcium hydroxide target. The results show that the interaction
volume is a strong function of the electron beam energy, and this
is well known [4]. The results also show that an order of
magnitude change in the calculated probe diameter (Table 2)
does not have a significant effect on the penetration depth and
backscattered electron escape surface radius. This is because, at
10—-20keV accelerating voltages, the interaction volume for
cement-based materials is significantly larger than the probe
diameter. However, at low accelerating voltages, the probe dia-
meter becomes critical to the backscattered electron surface
radius when its dimension approaches that of the escape surface
radius.

4.3. Depth of the interaction volume

Fig. 5 shows the cumulative distribution of the penetration
depth of all electron trajectories at 10 and 20keV for ferrite
(C4AF), tricalcium silicate (C5S), calcite (CaCOs), calcium hy-
droxide (CH), calcium silicate hydrate (C-S-H), monosulphate
(Afm) and ettringite (Aft). The maximum penetration depth
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Fig. 4. Effect of probe diameter on the 90th percentile maximum penetration
depth (Z .x) of all electrons and surface radius (R psg) of backscattered
electrons for calcium hydroxide at accelerating voltages of 5, 10 and 20kV.
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Fig. 5. Cumulative distribution of penetration depth of electrons at 20 and 10keV accelerating voltage for selected phases: 1) C4AF; 2) C5S; 3) CaCOs; 4) CH; 5) C-S-

H; 6) Afm; and 7) Aft.

range is 0.75-1.5pm at 10keV and 2.5-5.0um at 20keV
accelerating voltage. At a constant beam energy, the depth
of the interaction volume generally increases with a decrease
in mean atomic number and density. The shape of the inter-
action volume for all phases follows closely that is shown
in Fig. 1 for CH, and appears to be more spherical than
pear-shaped.

4.4. Sampling volume of backscattered electrons

Fig. 6 shows the distribution of penetration depth and escape
surface radius of backscattered electrons for ferrite, calcium
hydroxide and ettringite at 10 and 20keV. These phases were
selected because they cover the range of mean atomic number in
cement-based materials. The sampling depth of backscattered
electrons at 90th percentile ranges from 0.23 to 0.46pum at
10keV and from 0.76 to 1.6 um at 20keV. This is approximately
30% of the interaction volume depth. The escape surface radius
at 90th percentile ranges from 0.43 to 0.87um at 10keV and
from 1.4 to 2.9 um at 20keV. Thus, the lateral dimension of the
BSE sampling volume is almost equivalent to the depth of the
entire interaction volume.
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The simulations show that incident electrons can penetrate the
sample and emerge at a significant distance from the electron
probe impact point, particularly for high beam energies. A large
sampling volume and lateral spreading of the backscattered
electrons reduces the sensitivity of BSE imaging to fine surface
details. However, it may be argued that not all backscattered
electrons that escape from the sample surface may generate a
response in the detector and contribute to the final image intensity
because conventional backscatter detectors are sensitive to high
energy backscattered electrons only. Since electrons that travel
deeper into the sample and escape further from the probe impact
point are likely to have lost a substantial amount of energy via
inelastic scattering, these low-energy backscattered electrons may
not have a significant contribution to the final image.

Fig. 7 shows the energy distribution of all backscattered
electrons for ferrite, calcium hydroxide and ettringite at 10 and
20keV. According to Goldstein et al. [4], the energy threshold
for a typical solid-state detector is in the range of 2 to SkeV.
Taking a conservative estimate of 5keV, we find that the amount
of ‘detected’ backscattered electrons is still a substantial fraction
of the entire population: approximately 95% at 20keV and 70%
at 10keV.
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Fig. 6. Distribution of penetration depth (Zgsg) and escape surface radius (Rpsg) of backscattered electrons at 20 and 10keV accelerating voltage for selected phases:
1) C4AF; 2) CH; and 3) Aft. The symbol (<) marks the 90th cumulative percentile.
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4.5. Sampling volume of characteristic X-rays

Ettringite may play an important role in concrete degradation
and because X-ray microanalysis is a conventional technique
used for its detection, we will give a particular attention to this
phase in this section.

Characteristic X-rays may be generated anywhere within the
interaction volume, as long as the incident electron energy
exceeds the critical excitation energy of the particular element
present. For ettringite, the critical excitation energy for Cala,
OKa, AlKa, SKa and CaKa is 0.349, 0.532, 1.560, 2.470 and
4.308keV respectively [26]. The smaller the critical excitation
energy, the larger the sampling volume of the characteristic X-
rays for that particular element since incident electrons will
progressively lose energy as they penetrate the sample. How-
ever, X-rays generated deep in the sample may not escape as a
result of photoelectric absorption. This is the process where the
entire energy of the X-ray photon is transmitted to an orbital
electron of the sample, which is subsequently ejected.

Fig. 8 shows the depth and lateral distribution of the non-
absorbed characteristic X-rays in ettringite. As with the case of
backscattered electrons, the results show a non-even distribu-
tion of X-ray intensity with distance from the probe impact
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point; the X-ray intensity is highest near the probe impact point
and decreases to zero when the electron energy falls below the
critical excitation energy. The X-ray sampling volume for each
element depends on the electron beam energy and the critical
excitation energy, and can be a substantial fraction of the in-
teraction volume. Assuming a semi-hemispherical sampling
volume, the amount of material analysed can be in the order of 1
to 100 um?.

5. Discussion

Since the size of the signal sampling volume is a strong
function of the electron beam energy, a low accelerating voltage
should be used to obtain high sensitivity to fine surface features.
However, at a low accelerating voltage, the signal-to-noise (S/
N) ratio drops significantly and this degrades spatial resolution.
For cement-based materials imaged using a conventional
electron microscope, the smallest accelerating voltage at an
acceptable S/N ratio is around 10keV. To improve the S/N ratio
at lower accelerating voltages, the probe current can be
increased by using a larger probe size, but there is a limit to
this because, as shown in the simulation results (Fig. 4), the
influence of a probe size on the sampling volume will be
significant when its dimension approaches that of the sampling
volume. The probe current can also be increased by increasing
the emission current and this is now possible with field-
emission type electron sources that can maintain high probe
brightness and current at a very fine probe size and a low
accelerating voltage.

The sampling volume of non-absorbed characteristic X-rays
is a substantial fraction of the interaction volume. For ettringite,
we showed that the volume of the material analysed is estimated
to be in the order of 1-100pum? at 10-20keV. Therefore, to
obtain an accurate quantitative X-ray microanalysis, one should
ensure that the point selected for analysis is homogeneous in
chemical composition over this volume of material. As in BSE
imaging, a low accelerating voltage is preferable. Selecting
higher beam energy may increase the total X-ray counts/s, but at
the expense of reduced sensitivity. The suitable beam energy to
be used for X-ray microanalysis depends on the characteristic

B

———20 keV
——10keV

X-ray intensity (counts/s)

3 4

Radial distance (um)

Fig. 8. Depth and lateral distribution of non-absorbed X-rays in Aft at 20keV and 10keV. Symbols: 1) CaKa; 2) SKa; 3) AlKa; 4) OKa and 5) Cala.
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X-rays of interest and the composition of the sample; typically
2-3 times that of the critical excitation energy is the optimal
value [4].

6. Conclusions

In this study, we applied a Monte Carlo technique to simulate
the electron-solid interactions in cement-based materials at
accelerating voltages used in conventional SEMs (10-20keV),
in order to study the shape and size of the interaction volume, the
spatial and energy distribution of backscattered electrons and
non-absorbed characteristic X-rays. We first verified that the
Monte Carlo code is applicable for cement-based materials by
comparing the simulated backscatter coefficients with the ex-
perimental and calculated values. Good agreement was observed
for all major phases in cement-based materials. We showed that
the size of the interaction volume and sampling volume of
backscattered electrons is a strong function of the beam energy,
but independent of the probe size. The probe diameter only
becomes critical to the backscattered electron escape surface
radius when its dimension approaches that of the surface radius
at low beam energy (<10keV).

We observed that the interaction volume in cement-based
materials is more hemispherical than pear-shaped. The maxi-
mum penetration depth of electron trajectories ranges from 0.75
to 1.5pm at 10keV and from 2.5 to 5.0um at 20keV. The
distribution of backscattered electrons and characteristic X-rays
within this interaction volume is not uniform, but is concentrated
near the probe impact point. The maximum sampling depth of
backscattered electrons is approximately 30% of the interaction
volume depth and its lateral dimension is almost equivalent to
the interaction volume depth. The sampling volume of
characteristic X-rays for each element depends on the beam
energy and the critical excitation energy, and can be a substantial
fraction of the interaction volume. For ettringite, the amount of
material analysed in X-ray microanalysis is in the order of 1—
100 um’® at 10-20keV.
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