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Abstract
The in situ growth of a deposit in electron-beam-induced deposition (EBID)
was studied by dynamic Monte Carlo simulation, showing first the
preferential growth of deposit along the incident direction of the electron
beam. The effects of electron energy, probe size, substrate thickness, and
deposit (or substrate) composition on EBID were investigated and discussed,
considering the electron scattering of not only secondary electrons but also
primary and backscattered electrons in solids. By including the depositions at
not only the top but also the bottom surfaces of the substrate, the growth
model of the deposit in EBID was modified. Concerning the resolution of
EBID, a small lateral size can be achieved on the deposit (or substrate)
containing light atoms using a high-energy electron beam with a fine probe
size.

(Some figures in this article are in colour only in the electronic version)

1. Introduction

In recent years, growing interest has been paid to the usage of
electron beams in nanotechnology due to their flexibility and
accuracy [1]. Among different technologies using fine electron
beams, electron-beam lithography (EBL) [2] and electron-
beam-induced deposition (EBID) [3] are two important ones in
the area of nanofabrication. Since EBL is performed on a mask
or resist and needs further processing like lifting and etching, it
is not suitable for three-dimensional fabrication. EBID can add
desired materials on any position of substrate directly. Thus
it was considered to be a potential method to substitute for
the traditional method of microelectronic fabrication involving
resist lithography, plasmochemical treatment, and lift-off
processes.

The process of EBID includes electron–solid interactions
among three entities, which are the electron beam, the
substrate, and the gas precursor [4]. These interactions
are so complicated that, so far, parts of them are still
unknown and need to be investigated further. Although many
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experiments have been carried out to study the mechanism of
EBID, the results obtained mainly depend on the individual
experimental conditions [5, 6]. The Monte Carlo simulation
method is a powerful theoretical tool for the evaluation
of the electron–solid interactions [7], which can specify
different experimental conditions and has been widely used
in electron probe microanalysis, electron spectroscopy, and
electron microscopy [8, 9]. However, this method has seldom
been used in EBID, and was just used to estimate the ultimate
resolution of a dot [10], which only corresponds to the very
initial stage (i.e. the nucleation stage) of EBID. In order
to fulfill the purpose of controlled fabrication with a desired
size, shape, and position [11], an understanding of the full
EBID process, including both nucleation and growth, is more
important, considering its real application in three-dimensional
nanofabrication with not only dots but also tips and wires.

In the present study, the in situ growth of a deposit
was systematically investigated by Monte Carlo simulation,
considering the effects of the electron beam and the substrate
(deposit) on EBID. The preferential growth of a bottom
deposit along the incident direction of the electron beam
was first revealed, and the role of forward-scattered electrons

0957-4484/06/153832+06$30.00 © 2006 IOP Publishing Ltd Printed in the UK 3832

http://dx.doi.org/10.1088/0957-4484/17/15/038
mailto:zhiquanliu@yahoo.com
mailto:liu.zhiquan@nims.go.jp
http://stacks.iop.org/Nano/17/3832


A dynamic Monte Carlo study of the in situ growth of a substance deposited using electron-beam-induced deposition

was discussed. These results are essential and important for
understanding not only EBID but also other electron–solid
interaction processes such as EBL, especially when a substrate
of nanometre size is used in these processes.

2. Methods

A dynamic Monte Carlo profile simulator including the
secondary electrons generated in the already-grown deposit,
as suggested first by Silvis-Cividjian et al [12], was designed
to simulate the process of EBID as described elsewhere [13].
The single scattering model using the Rutherford cross section
was employed to perform the Monte Carlo calculations, and
the fast secondary-electron model was selected to simulate the
generation of secondary electrons, as proposed by Joy [14].
After a primary electron (PE) is injected into a solid,
the trajectories of all electron species, including PE and
the generated backscattered electrons (BSE) and secondary
electrons (SE), are tracked; it is essential to include the
contributions of not only SE but also PE and BSE. The growth
of the deposit is considered to be an aggregation of 0.3×0.3×
0.3 nm3 cubes in three dimensions. When a scattered electron
escapes from the solid, depending on the electron energy, the
probability of the occurrence of a deposit (cube) is decided by
the dissociation cross section of the precursor gas.

Because experiments to measure dissociation cross section
are difficult to perform, complete data is only available for
simple gases such as H2, N2 and CO. For most of the gas
precursors used in EBID, there are not enough experimental
values, so many authors have used modified models. As we
know, carbon tetrafluoride (CF4) is widely used in plasma-
assisted material processing, and has a variety of databases
concerning electron interactions [15]. The dissociation cross
sections of CF4 and other fluoroalkanes have a threshold at 10–
50 eV and slowly decay, with a peak at around 100 keV [16].
Therefore, a plot of dissociation cross section with a peak at
around 100 eV and a threshold at 35.5 eV was adopted in this
work (the mean free path of a 35.5 eV electron is about 0.1 Å).
Within the first Born approximation, the plot has a shape of
σ = (A/E) ln(E/B), where E is the incident electron energy
and A and B are constants [16].

During simulation, a PE injects into the substrate normal
to its top surface, which corresponds to the spot mode without
movement of the electron beam. For simplicity, simulations
were carried out to deposit a material onto the same substrate,
and the already-grown deposit acts as a substrate in the
following deposition. Changes of electron energy (20, 100
and 200 keV), probe size (0, 1 and 2 nm), substrate thickness
(0.3×0.3×0.3 nm3 cube; 1, 5, 10, 50 and 100 nm-thick films),
and deposit composition (carbon and tungsten) were included
in the simulation to investigate their effects.

3. Results

3.1. Variation of electron energy

Figure 1 shows the simulated deposition of a tungsten tip
on a tungsten point substrate (0.3 × 0.3 × 0.3 nm3 cube)
using a 0 nm electron probe with different energies. The
cross-sectional profiles of tips simulated with 600 000 PEs

Figure 1. Growth of a tungsten tip on a tungsten point substrate
using 20, 100 and 200 keV primary electrons (PE) with a 0 nm probe
size. (a) Tip profiles simulated with 600 000 PEs. (b) Tip profiles
with a similar length of 40 nm. (c) Plots of tip length. (d) Plots of tip
FWHM diameter.

are shown in figure 1(a). Each tip consists of an upside
part and a downside part, and the tips simulated with 100
and 200 keV electrons have a longer downside parts. To
deposit a tip with a total length of about 40 nm, 250 thousand
20 keV electrons are needed, while the number of 100 and
200 keV electrons is six times and eight times larger, as shown
in figure 1(b). The tip lengths and FWHM (full width at
half maximum) diameters simulated with different electron
energies are plotted in figures 1(c) and (d), respectively. The
horizontal coordinate is the number of incident electrons. For
comparison, negative values are assigned to the length and
diameter (vertical coordinate) of the downside part of tips.
As shown in figure 1(c), all upside parts grow linearly while
downside parts turn to saturation for different electron energies.
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Figure 2. Deposition of a tungsten tip on a 10 nm-thick tungsten film
using 200 keV primary electrons (PEs) with probe sizes of 0, 1 and
2 nm. (a) Tip profiles simulated with 6 million PEs. (b) Tip profiles
with a similar length of 19 nm. (c) Plots of tip length. (d) Plots of tip
FWHM diameter.

However, the saturated length of the downside part and the
growth rate of the upside part vary with electron energy.
Considering the lateral size of the tip in figure 1(d), the tip
diameter also varies with the energy of the primary electrons
and turns to saturation ultimately. It is clear that the growth rate
of high-energy electrons is low. For example, the linear growth
rate of the upside part in figure 1(c) decreases from 141.14 nm
per thousand electrons for 20 keV electrons, 11.19 nm per
thousand electrons for 100 keV electrons, to 1.42 nm per
thousand electrons for 200 keV electrons. An advantage of
using high-energy electrons is achieving smaller lateral size,
as shown in figure 1(d), so as to improve the aspect ratio of
the deposit. The tip aspect ratio calculated with the whole tip
length and the projected diameter increases from 6.38 to 11.17
and 19.14 by increasing the electron energy from 20 keV to
100 keV and 200 keV in figure 1(b).

3.2. Variation of probe size

Figure 2 presents the effects of probe size on the deposition
of a tungsten tip on a 10 nm-thick tungsten film. Figure 2(a)
shows the tips simulated with 6 million 200 keV electrons
with probe sizes of 0, 1 and 2 nm, while figure 2(b) shows
tips with similar lengths (19 nm) using different probe sizes.
The plots of tip lengths and FWHM diameters are shown in
figures 2(c) and (d), respectively. Again, deposition happened
on both the top and bottom surfaces of a 10 nm-thick film
substrate to deposit both top tips and longer bottom tips. The
growth rate of the deposit decreases with an increase in probe
size. For example, the upside growth rate in figure 2(c) is
1.75 nm per thousand electrons for a 0 nm probe, 0.63 nm
per thousand electrons for a 1 nm probe, and 0.48 nm per
thousand electrons for a 2 nm probe, respectively. With the
same number of incident electrons, the length of the bottom
tip also decreases with an increase in probe size, as shown in
figure 2(c). However, the probe size will not affect the final
saturated downside length, which only depends on the electron
energy (or beam penetration depth) and substrate thickness.
Undoubtedly, the lateral size is increased by using a larger
probe size, and the aspect ratio of the tip is decreased, as shown
in figure 2(b).

3.3. Variation of substrate thickness

The profiles of tips deposited on 10, 50 and 100 nm-thick
films using 20 and 200 keV primary electrons are shown in
figures 3(a) and (b), respectively. A bottom tip was absent on
the 50 nm-thick substrate using 20 keV electrons in figure 3(a),
but was deposited using 200 keV electrons in figure 3(b). The
plots of the tip length on 0.3 nm cube, 10, 50 and 100 nm-thick
substrates are shown in figure 3(c) for 20 keV electrons, and
in figure 3(d) for 200 keV electrons. The substrate thickness
has less effect on the deposition of the upside parts, which
have similar growth rates and lateral sizes. The upside growth
rate using 20 keV electrons in figure 3(c) is in the range
113.95–141.14 nm per thousand electrons, while that using
200 keV electrons in figure 3(d) ranges from 1.42 to 1.77 nm
per thousand electrons. However, the deposition of the bottom
tip strongly depends on the substrate thickness, especially for
high-energy electrons, as shown in figures 3(b) and (d). The
thinner the substrate is, the longer the saturated downside parts
will be. If we only consider the downside part of the tip, a
higher aspect ratio can be obtained on a thinner substrate.

3.4. Comparison of carbon and tungsten deposition

Since contamination writing with carbon has the longest
history and tungsten gases (WF6, W(CO)6) are most widely
used in EBID, the deposition of these two materials was
investigated. The comparison of carbon-on-carbon and
tungsten-on-tungsten deposition on 1, 5 and 10 nm-thick films
is shown in figure 4. Figure 4(a) shows the simulated profiles
of tips using 400 thousand 20 keV primary electrons. A rigid
comparison of their growth rates is meaningless, because a
uniform dissociation cross section was adopted for both carbon
and tungsten in the simulation, which should be different
for various gas molecules in real experiments. However,
figure 4(a) qualitatively tells us that the growth of a downside
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Figure 3. Effects of substrate thickness on the deposition of a
tungsten tip using 20 and 200 keV primary electrons with 0 nm probe
size. (a) Tip profiles simulated with 400 thousand 20 keV PEs.
(b) Tip profiles simulated with 8 million 200 keV PEs. (c) Plots of tip
length using 20 keV PEs. (d) Plots of tip length using 200 keV PEs.

tip is easier for carbon than for tungsten. Considering their
lateral sizes, as shown in figure 4(b), the diameter of a carbon
tip is always smaller than that of a tungsten tip. Thus, the
carbon tip has a higher aspect ratio and is sharper than the
tungsten tip, as shown in figure 4(a).

4. Discussion

4.1. Electron–solid interactions affecting the EBID resolution
and the bottom deposition

In order to understand the different aspects of electron-beam-
induced deposition, the electron–solid interactions involved in
this process have to be considered. As we know, low-energy
secondary electrons play an important role in EBID [17].
However, the yield of secondary electrons decreases as the

Figure 4. Comparison of the deposition of carbon and tungsten tips
on their own substrates. (a) Profiles of carbon tips on a carbon
substrate and tungsten tips on a tungsten substrate, simulated with
400 thousand 20 keV PEs on 1, 5 and 10 nm-thick films. (b) Plots of
FWHM diameters of carbon and tungsten tips on their substrates.

energy of incident electrons increases, which results in a
decreasing growth rate. Moreover, by increasing the energy
of incident electrons, the lateral spread of secondary electrons
will decrease and the interaction area between electrons and
solids moves forward along the incident direction. As a
result, the lateral size of the deposit decreases and a longer
downside part was deposited using a higher electron energy,
as shown in figure 1. As the incident electrons distribute
within the size of electron probe that has a Gaussian shape,
an increase in probe size will increase the incident area of
primary electrons and decrease its incident density (the number
of PEs per unit area). Hence the lateral size increases and the
vertical growth rate of deposit decreases, as shown in figure 2.
The substrate thickness has less effect on the growth of the
upside part, as shown in figure 3. However, the growth of the
downside part depends on the substrate thickness, the threshold
of which is determined by the penetration depth of the electron
beam. A downside part will be deposited if the substrate
thickness is below the penetration depth of the electron beam.
Considering electron scattering in carbon and tungsten, carbon
has a smaller scattering angle and a longer mean free path
than tungsten, resulting in a smaller lateral energy spread and
a larger penetration depth. Therefore, the carbon tip has a
smaller lateral size and a longer downside part, as shown in
figure 4.

So far, all investigations were mainly focused on
deposition on the top surface of the substrate [18, 19].
Deposition on the bottom surface of the substrate has not
been observed experimentally before, which should be due
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to the usage of bulk substrates and low-energy electrons in
previous studies. Although a 10 nm-thick substrate and
200 keV electrons were used in a theoretical simulation, it
still shows the dominant growth of the top tip, which has
a comparable growth rate with the bottom tip at the initial
stage [12]. However, according to our investigation, the bottom
tip has a higher growth rate than the top tip at the beginning
stage. As we know, the deposition of an upside part (top
tip) depends on the backward-scattered electrons, including
BSEs and SEs, emerging from the top surface of substrate,
while the deposition of a downside part (bottom tip) relies on
the forward-scattered electrons, including PEs and SEs, that
escaping from the bottom surface. Although, for an individual
SE, it can be scattered in all directions, the emission site of an
SE is determined by the trajectories of the PE or BSE. In fact,
only a few high-energy SEs have sufficient energy to travel a
long distance in the specimen. Most low-energy SEs do not
travel, thus their locations mark out the trajectories of the PEs
and BSEs. That is to say, the distribution of SEs is convoluted
by the trajectories of PEs and BSEs. As a PE is mainly
forward-scattered after entering a solid, the distribution of
SEs also elongates along the incident direction of the electron
beam, which results in the deposition of a bottom tip. Within
the beam penetration depth, the number of forward-scattered
electrons is larger than that of backward-scattered electrons,
which results in a higher growth rate of the bottom tip. As both
the already-grown top and bottom tips act as new substrates for
further deposition, the total thickness of substrate (including
the original substrate and the top and bottom tips) will increase
to exceed the penetration depth of electron beam. At this stage,
no electrons can escape from the bottom surface anymore and
the bottom tip turns to saturation.

4.2. In situ top–bottom growth model and the role of primary
electrons

Thus the in situ growth model of the deposit, including both
top and bottom tips, can be summarized as follows: at the
initial stage, a bottom tip is preferentially deposited with a
higher growth rate and then turns to saturation, while the top
tip keeps growing linearly with a low but constant growth
rate; the growth of the top tip becomes dominant after the
saturation of the bottom tip. This modified growth model
includes the contributions of not only secondary electrons and
back-scattered electrons, but also primary electrons. It has
been reported recently that primary electrons are the dominant
species responsible for the vertical growth of deposit at the
top surface of the substrate [20]. Our work demonstrates their
role on deposition at the bottom surface of the substrate. In
principle, primary electrons contribute to the bottom deposition
in two ways: generating and restricting the distribution of
secondary electrons along the beam axis, and participating in
the deposition directly by themselves. In the fast secondary-
electron (FSE) model, the yield of FSEs (typically from 0.001
to 0.1) is quite small compared with normal SE yields (usually
between 0.1 and 1) [14]. As different electrons were defined
by their energy, and the threshold of dissociation cross section
was chosen at 35.5 eV, the contribution of primary electrons
has been highlighted here. The aim of this work is to modify
the growth model of the deposit containing both top and bottom

parts, and to investigate the effects of electron energy, probe
size, substrate thickness and composition on the EBID process.
Although high SE yield and a low threshold of dissociation
cross section can increase the contribution of secondary
electrons and hence quantitatively increase the growth rate
of deposit, their influences on our results qualitatively count
for little. Moreover, the above theoretical results have been
verified by our recent experimental depositions using 200 and
400 keV electrons, which will be summarized later.

It should be noted that, although the effects of electron
energy, probe size, substrate thickness, and deposit (substrate)
composition on the growth rate and resolution of EBID were
investigated here, other factors such as substrate temperature
and gas pressure were not studied, since they were not included
in the dynamic Monte Carlo profile simulator. As we know,
the possibility (P) of atom deposition on a surface is a
multiplication of the dissociation cross section (σ ) with the
density (or coverage, N ) of precursor molecules adsorbed
on the surface. As an estimated σ was adopted in the
simulation, its multiplication by even an accurate N is still
uncertain. For simplicity, the possibility of deposition was
only determined by σ regardless of N in this simulation
(i.e. the coverage of molecule was assumed to be 100%).
Thus the parameters of substrate temperature and gas pressure,
which determine the density of adsorbed precursor molecules
at the substrate surface, were not considered in the design
of the simulator. In fact, among electron, substrate, and
gas precursor in EBID, this work mainly focuses on the
interactions between electron/substrate and electron/precursor
but not substrate/precursor, to study the top-bottom growth
behaviour of the deposit. Although substrate temperature and
gas pressure (or inhomogeneity) can significantly influence
the growth rate of a deposit [21], they have less impact on
the profile (or shape) of the deposit, and their effects can
be subtracted during the comparison of the top and bottom
deposits. Therefore, the exclusion of substrate temperature and
gas pressure does not ruin the qualitative results presented in
this manuscript. However, for the practical application of this
program to predict and quantify the experimental procedure,
these parameters should be included in the simulator, based
on the achievement of other accurate data such as dissociation
cross section.

4.3. Outlook

Attention should be paid to the preferential growth of the
bottom deposit in the application of EBID, since the devices
(or substrates) used for fabrication are becoming smaller and
smaller now. On the other hand, due to its higher growth rate
at the initial stage, one can also intend to deposit structures
only on the bottom surface of the substrate within a very short
time. To avoid or to use the deposition of the bottom deposit, a
gas control system is necessary to supply precursor molecules
only on the top or bottom surfaces of the substrate.

5. Conclusions

In conclusion, the effects of electron energy, probe size,
substrate thickness, and deposit (substrate) composition on
EBID were studied by dynamic Monte Carlo simulation. The
preferential bottom growth of the deposit was revealed, which
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is counter-intuitive and was missed in the old models. The
new top–bottom growth model was discussed, considering the
electron scattering of primary, backscattered, and secondary
electrons with solids. Backward-scattered electrons contribute
to the growth of top deposit facing the incident beam, while
forward-scattered electrons contribute to deposition at the
bottom surface of the substrate. Primary electrons also play
an important role in the EBID process. An increase in electron
energy improves the resolution of EBID but also reduces its
productivity. By decreasing the probe size, both resolution and
productivity can be improved. The substrate thickness has less
effect on the resolution of EBID, but it influences the saturated
length of the bottom tip. Comparing the deposition of carbon
and tungsten, better resolution can be obtained for materials of
low atomic number.
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