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Abstract. The low-energy cluster beam deposition of Ge clusters on a Si surface was simulated using
classical molecular dynamics. In an effort to find a suitable energy range to construct porous Ge films,
the porosity of the resulting layers was mapped as a function of deposition energy. It was discovered that
the energies of interest to produce porosities in the range of 30% to 70% were between about 10 meV
and 500 meV per atom. Also, it became clear that the number of deposited clusters must be above 40 for
the calculated porosities to be accurate. In addition, transmission electron microscope image simulations
were performed on the deposited samples, and images of porous and non-porous layers were found to be

distinctly different.
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1 Introduction

The discovery of the strong visible photoluminescence of
porous silicon (PS) at room temperature by Canham in
1990 [1] sparked widespread interest in the fabrication and
use of porous semiconductor materials in research and in-
dustry. In addition to silicon, other porous semiconductor
surfaces such as germanium [2], Si;_,Ge, [3] and SiC [4]
have been investigated and have been reported to have
similar photoluminescent characteristics. The most widely
accepted explanation for the origin of this phenomenon is
the quantum confinement model [1,5], wherein the band
gap of the material is widened by the presence of nano-
metric dots or wires formed on the porous surfaces by
whatever process used to create them.

Porous films are usually made using anodization, stain
etching, or a similar top-down method, but some atten-
tion has also been given to bottom-up methods such as
low energy cluster beam deposition (LECBD). Random
stacking of deposited clusters has been observed and as-
certained to lead to porous films with materials of any
kind (covalent and metallic) [6]. As for semiconductors,
the photoluminescence of silicon nanocrystals has been in-
vestigated [7-10]; nanostructured silicon films have been
obtained by neutral cluster depositions [11] and their op-
tical properties have been investigated [12,13]. Numeri-
cal simulations have also been used to model the porosity
of cluster-deposited films [14,15]. The simulations have
shown that with a low enough deposition energy, clusters
deposited with a cluster beam will not compress into epi-
taxial layers, but will instead form porous layers due to
the resulting holes between the clusters [14]. Thus, it has
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become clear that LECBD deposition can produce porous
films very similar to etched films in terms of photolumi-
nescent characteristics.

It has been shown that superimposed PS layers of dif-
fering porosities, also known as porous silicon multilay-
ers, can be used to fabricate waveguide structures [16,17].
Multilayers such as these can be constructed by periodi-
cally varying the anodization parameters such as the cur-
rent density [16]. When using LECBD, the same result
should be attainable by periodically changing the depo-
sition energy, although, to our knowledge, this has not
previously been attempted. Furthermore, using a cluster
beam to form the layers makes it possible to switch be-
tween different elements during the deposition process,
thus resulting in multielemental multilayers and allowing
further tailoring of optical properties.

The purpose of this study is to investigate the for-
mation of porous semiconductor multilayers through clus-
ter deposition. As a first step, the deposition of Ge clus-
ters on a Si surface is simulated using molecular dynamics
(MD). The porosity of the resulting layers is investigated
as a function of deposition energy, and simulated trans-
mission electron microscope (TEM) images of the layers
are presented for comparison with experimental images.
This work paves the way for the experimental deposition
of porous Si and Ge multilayers.

2 Method

The LECBD of Ge clusters on Si was simulated using clas-
sical molecular dynamics. The atomic interactions were
realized using Tersoff potentials for Si and Ge [18]. The
temperature of the simulation cells was controlled at the
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bottom 3 A (corresponding to three atomic layers) of the
substrates using the Berendsen temperature control algo-
rithm [19] with a time constant of 250 fs. The bottom layer
of atoms in each cell was fixed, to simulate the effect of a
bulk substrate.

Prior to the deposition simulations, a cluster of
1018 Ge atoms (a suitable mean value for an experimen-
tal size distribution) was relaxed using multiple thermal
annealing processes and then thermalized to 77 K, cor-
responding to the experimental setup of our laboratory,
where the condensation chamber is cooled with liquid ni-
trogen. Likewise, a substrate of 27648 Si atoms (six unit
cells thick) was relaxed and thermalized to 300 K to simu-
late a sample holder kept at room temperature. Then, us-
ing the parameters mentioned above, a single cluster was
deposited on the substrate and observed for 10 ns to de-
termine the behavior of the potential energy as a function
of time, in an effort to find the minimum time step At
between consecutive clusters that would allow sufficient
relaxation of the deposited clusters. During the relaxation
process, the potential energy showed very little change af-
ter deposition and none at all after 1 ns.

With this in mind, sets of up to 40 clusters were de-
posited at different energies ranging from 0.01 eV to 1.0 eV
per atom, using a At value of 100 ps, or just enough time
for a deposited cluster to reach the surface. The porosities
of the resulting layers were calculated to determine the
area of interest for the deposition energy. In the case of
PS, it has been shown that the photoluminescence inten-
sity of a layer is a function of the layer’s porosity [5]. While
the ideal porosity is above 70%, visible photoluminescence
can still be detected from PS films with porosities well un-
der 30% [20]. Thus, the goal in this study was to find the
range of deposition energies that would result in porosi-
ties in the range of 30% to about 70%, which is close to
the maximum porosity attainable with this method when
depositing at thermal energies [13].

After this, the main simulations were initiated using
the relevant deposition energies and a At of 1 ns. These
simulations are currently running and will eventually serve
to confirm and elaborate on the results obtained with the
preliminary (low At) simulations presented here.

3 Results and discussion
3.1 Porosity

Porosity is defined as the proportion of the non-solid part
of a layer volume to the total layer volume. In this work,
the porosities P of the deposited layers were calculated
according to the equation

- Na%e
NoV'’

P=1 (1)
where N is the total number of deposited atoms, age the
lattice constant of germanium, Ny the number of atoms
in a Ge unit cell, and V the total volume of the deposited
layer. The maximum porosity P,., was obtained using
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Fig. 1. Film porosities Ppnas (circle) and P, (triangle) as a
function of deposition energy per atom for runs of 30 deposited
clusters.
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Fig. 2. Film porosities Ppnas (circle) and P, (triangle) as a
function of the number of deposited clusters for a deposition
energy of 100 meV (filled) and 1 eV (open) per atom.

the maximum volume V4., defined as the cuboid limited
by the periodic boundaries of the cell and the height of
the highest deposited atom; the minimum porosity P.in
was obtained using the minimum volume V;,,;,,, where the
volume was only integrated up to each surface atom [15].
The porosities thus calculated are presented as a function
of deposition energy in Figure 1.

Both P4 and P, clearly decrease as a function of
the deposition energy, but although P,,;, eventually goes
to zero, Py, seems to level off at around 50%. This is
because there are too few deposited clusters — because
of the way the porosities are calculated, surface rough-
ness can cause a significant erroneous increase in P, q; if
the deposited layer is too thin. However, P,,;, is always
too small for the opposite reason, since it does not take
into account open crevices on the layer surface that may
greatly contribute to a layer’s actual porosity. It has been
shown that as the volume-to-surface ratio n of a porous
layer increases, the calculated porosities converge to a sin-
gle value [15], as demonstrated in Figure 2. This means
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Fig. 3. Atomic cross-sections of deposited layers of 25 clusters with a deposition energy of (a) 10 meV, (b) 100 meV, (c) 300 meV,

(d) 500 meV, and (e) 1 eV.

Fig. 4. Simulated cross-sectional TEM images of layers de-
posited using an energy of 10 meV (left) and 1 eV (right). The
beam direction is from left to right.

that the more clusters are deposited, the closer Py, will
be to the actual porosity — in reference [15], the number
of clusters deposited ranged from 100 to 10°.

When the deposition energy is increased to 1 eV per
atom, it is clear from simple visual observation (as in Fig-
ure 3), and the fact that the porosities of Figures 1 and 2
drop to zero, that the layers are no longer porous. This
is due to the compression and deformation of the ener-
getic clusters upon impact. In this case, P4, is only an
indication of the surface roughness, the effect of which is
reduced as the volume of the deposited layer increases.

3.2 Image simulations

TEM image simulations of the deposited samples were
performed using the program EMS [21]. The simulation
parameters included a beam energy of 200 kV, an objec-
tive aperture of 2.0 nm ™1, a spherical aberration of 1.0 mm
and no defocus. The sampling was 1024 x 1024. The re-
sulting images are presented in Figure 4.

In the 10 meV image, it is possible to distinguish
columnar structures indicative of a porous layer [22]. In
the 1 eV image, however, the deposited layer is nearly uni-
form with almost no distinctive features. This is due to the
differences in atomic positions apparent in Figure 3: the

low-energy depositions leave different amounts of empty
space within the layer, widening the image contrast, while
the high-energy depositions produce a layer of uniform
density, making the deposited clusters indistinguishable
to the electron beam. Thus, it could be expected that an
increase in porosity would result in an increase in image
contrast in the deposited region.

4 Conclusion

The preliminary results indicate that the deposition en-
ergy range of interest for producing films with a porosity
between 30% and 70% is about 10 meV to 500 meV per
atom. Below 10 meV, not much increase in porosity can
be expected, as the clusters do not compress at all and any
variations are purely random; above 500 meV, the layers
become completely compressed and no holes are formed
between them. With further research, it will be possible
to define empirical parameters for a fit function to describe
layer porosity as a function of deposition energy. For this,
the simulations must run for more than 40 clusters to as-
certain that the calculated porosity values approach those
of a layer of realistic thickness. Also, a longer At must be
used to allow the deposited clusters to relax.

While the primary goal in using TEM image simu-
lations is to be able to compare simulated images with
experimental ones, the ultimate motivation is to find a
quantitative way of measuring the porosity of the samples.
Mapping image contrast as a function of layer porosity is
one way to achieve this — another might involve using
diffraction contrast imaging to find a method more sensi-
ble to slight differences in layer structure. Both methods
can be simulated and thus combined with the MD simu-
lations currently underway.

Keeping in mind several experimental limitations, we
will attempt to construct similar porous layers experimen-
tally. Instead of being able to use the monodisperse clus-
ters with the well-defined deposition energies used in this
study, the size distribution will be centered close to one
thousand atoms using a quadrupole mass filter, and the
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acceleration voltage will be tuned to find the appropriate
porosity range. A disperse size distribution might have
an additional effect on the relationship between deposi-
tion energy and layer porosity, an issue that remains to
be investigated. TEM images of and photoluminescence
measurements from the obtained samples will then serve
to confirm the quality of the porous films.
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