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Abstract

One of the key reasons why nanoscale materials behave differently from their bulk
counterparts is that a large fraction of atoms reside at surfaces or interfaces. For
instance, the melting point, hardness and even crystal structure of a nanocrystal
can be dramatically different from that of the same element or compound in its
conventional phase. Of particular interest from an ion beam modification point
of view is how much the structural transformations induced by energetic ions in
nanocrystals differ from those in the bulk phase. Using a combination of molecular
dynamics (MD) computer simulations and EXAFS (Extended X-Ray Absorption
Fine Structure) experiments, we show that the crystalline-to-amorphous transition
in Ge nanocrystals occurs at a dose which is significantly (more than an order of
magnitude) lower than that in the bulk phase. The MD simulations indicate that

this is related to the outermost part of a structured nanocrystal being subjected to
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an additional stress delivered by the amorphous surroundings. These results show
that conventional models based on irradiation of bulk materials can not be used to

estimate the susceptibility of nanocrystals to phase transitions.
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1 Introduction

Modification of semiconductor crystal materials by high dose ion-beam irra-
diation is often hindered by their amorphization. Thus, the introduction of
dopants into semiconductors renders them amorphous, which requires an ex-
tra annealing step for the recrystallization of irradiated materials [1]. At the
same time, the preamorphization of Ge surface layers has been shown to have
a positive effect allowing shallower layers of boron dopants [2,3]. This is why
knowledge of the threshold doses which crystal structure can tolerate before
collapsing into amorphous (amorphization dose) remain of high importance

for the conventional microelectronic industry.

The existence of finite-size effects requires an additional thorough insight for
the proper definition of amorphization dose for semiconductor nanocrystals
embedded into amorphous matrices. In previous studies, it has been shown
that the properties of nanocrystals may significantly vary from the properties

of the same crystals in the bulk phase. For instance, the melting point of
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crystal structure of the nanosize can be significantly higher or lower than that
of the same element or compound in its conventional phase depending on
the nature of surrounding matter [4,5,6,7,8,9,10,11]. High-dose ion irradiation
of elemental metal nanoclusters leads to the amorphization of their crystal
structure, while it is known that elemental bulk metals can not be amorphized

12].

The semiconductor nanocrystals embedded into dielectric matrices have re-
cently received an elevated interest due to the various potential applications
in nanotechnology (see, for example, [13]). The fabrication process of such
structures includes the irradiation by high energy (MeV range) ions during
the inverse Ostwald ripening at room temperatures, which is used to narrow
the space and size distribution of nanocrystals [14]. In this respect, it is es-
sential to know the difference between the susceptibility to amorphization of
the material of interest in the nanocrystal and bulk phases, to avoid the dose-
effect complications and also, from a fundamental point of view, investigate
the particular behaviour of a semiconductor crystal confined in an amorphous
surrounding. Using a combination of MD computer simulations and EXAFS
experiments, we now study the crystalline-to-amorphous transition in the el-
emental bulk and Ge nanocrystal (Ge-nc) embedded into amorphous silica

(a—SiOQ).



2 Methods

2.1 Computer simulation

By means of the PARCAS molecular dynamics (MD) code [15] we constructed
two atomic models of Ge-nc’s (spheres 2.4 and 4 nm in diameter) embedded
into an a-SiO, cubic cell with the side length bigger than the diameter of the
nc. The detailed description of the technique to create a realistic interface
between crystalline and amorphous structures is given in [16]. One of the 4

nm as-prepared Ge-nc’s is shown in Fig. 1 (a).

In our simulation the Watanabe-Samela potential [17,18] for Si-O mixed sys-
tems was applied. The Ge and Ge-Si interatomic interactions were Stillinger-
Weber-like potentials modified to give a realistic melting point [19,20]. The
Ge-O interaction was obtained by scaling the Si-O potential [17,18] to give a

realistic cohesive energy and bond length in GeOs.

Some details of the simulation of the ion irradiation process can be found in
[21]. The high energy ions during the experimental irradiation process pass
through the layer with nanocrystals. Hence it is sufficient to consider the
modification of this layer caused by the primary self-recoils. In the present
work, we simulate dose accumulation as a sequence of atom-mixing cascades
initiated by the 0.1 and 1 keV self-recoils, randomly chosen either among
nanocrystal atoms (Ge) in an isotropically random direction or among silica
atoms (Si or O) in the vicinity of the nanocrystal, but directed only towards
it. A newly coming energetic recoil initiates a cascade over the results of the

previous one. The dose (in units of energy/atom) was calculated directly from



the kinetic energies of the Ge atoms in the nanocrystal. The statistics for
cohesive energy alteration during a long-term irradiation was collected over 5

independent cases of irradiation of the samples with Ge nanocrystals.
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Figure 1. The atomistic model of Ge-nc’s (4 nm, larger grey balls in the middle
of the cells) embedded into a-SiOy (smaller grey balls stand for Si and black balls
are for O atoms) before (a) and after (b) high-dose irradiation. The dose effect was

simulated as a multiple impact initiated by 100 eV self-recoils.

To obtain a point of comparison, we also carried out simulation of 0.1 keV self-
recoil irradiation of an initially perfectly crystalline Ge (¢-Ge) cell with about
4000 atoms in it. Interestingly, test runs with no pressure control showed that
— at least in the currently used potential — when the cell size was kept constant
at the equilibrium value for the perfect crystal, the system never amorphized,
but obtained a steady state defect concentration fluctuating around roughly
10 %. The systems were then at high pressures around 50 kbar, indicating
that a high pressure state can enhance defect recombination. When the cell
was relaxed to 0 pressure between the irradiation events, it amorphized fully,

as expected (see below).

To analyze the degree of amorphization of the simulated cells, we used the

angular structure factor Py, analysis method [22] extended to also include both



the first and second-nearest neighbours when forming the list of angles. By
comparing the distribution of P, values in perfectly crystalline and quenched
fully amorphous pure Ge simulation cells, we found that with this extension it
is possible to determine with great certainty whether an atom is in a crystalline

or amorphous environment.

Moreover, this approach is well suited for comparison with the FXAFS experi-
mental method, as both depend on the degree of order in the local environment
of an atom. Thus, the P, analysis enables giving a degree of amorphization

in the Ge nanocrystals.

2.2 FExperiment

As the first step, we formed the Ge nc’s in a 2.0 pm thick SiO, layer grown on
a (100) Si wafer by wet thermal oxidation. We employed the ion implantation
of 2.0 MeV ™Ge™! ions with a fluence of 1x10'" cm~2 and at liquid nitrogen
temperature. The formation of the nanocrystals was completed by subsequent

thermal annealing at 1060 °C for 1 h under forming gas (N3 95%, Hy 5%).

Then we irradiated the nc’s at liquid nitrogen temperature with 5.0 MeV
28Si*3 jons over a fluence range of 2x10M to 2x10' ecm™2. The energy of such
ions when they reach the centre of the Ge distribution was about 2.2 MeV, as
given by SRIM2006. The electronic and nuclear energy losses at this energy
were 1.730 keV/nm and 0.045 keV/nm in SiOy and 1.900 keV/nm and 0.070
keV/nm in Ge, respectively. Additional details on the experimental setup can

be found in [23,24].

Comparing the unirradiated and irradiated samples we found no significant



redistribution of Ge in the SiOq after the irradiation of the nc’s (RBS). Also,
we observed that the possible changes in the shape of the spherical particles
or their size distribution were negligible for all the irradiation fluences. The

maximum of the distribution was at 4.0 nm and the full width at half maximum

(FWHM) was 2.0 nm ( £ 5%) (Fig. 2).

We monitored the degree of amorphization of the nc’s by analyzing the struc-
tural disorder within the Ge nc’s through the first shell EXAFS Debye-Waller
factor, which is an effective measure of the variance of the distribution of dis-
tances (or the total disorder). The EXAFS measurements were performed at
low temperature (~ 10 K) to minimize the thermal contribution to the total

disorder, assumed to be independent of the structural contribution.

Figure 2. TEM image taken at the depths around the Ge concentration peak for

samples annealed at 1060 °C, 1 h.



3 Results and discussion

Fig.1 shows the structures of Ge-nc¢/SiO with 4 nm Ge-nc before and after
amorphization due to ion irradiation. The perfect crystal structure of the Ge
nanocrystal (a) appears after irradiation fully disordered, mixing slightly with

the interface atoms of silica matrix (b).
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Figure 3. Degree of amorphization versus the irradiation dose for both Ge-nc ( 4 nm
size) and ¢-Ge.We also show the simulation results for the 2.4 nm nanocrystal for the
comparison. Here the experiment is shown as an FXA FS Debye-Waller value and the
simulation is presented as a structural factor [22] .The horizontal dash lines indicate
the Debye-Waller factors for unirradiated bulk ¢-Ge and a-Ge. The experimental
dose was recalculated to deposited energy per atom using the nuclear deposited
energy obtained from SRIM [25]. The statistical uncertainty of the simulated data

is < 2% for the nc simulations and < 7% for the bulk simulations.



Both simulated P,; and experimental EXAFS Debye-Waller factors are shown
in Fig. 3 as functions of irradiation dose. The comparison shows a clear agree-
ment between the experimental and simulated results. Despite the fact that
while simulating we took into account only the cascades initiated by the pri-
mary recoils with the same initial energy, the degree of amorphization with
increase of the dose follows very closely the one observed experimentally, es-
pecially in case of ¢-Ge. The amorphization curves for the nanocrystals do not
agree quite as well, but since the recoil spectra are different and the compar-
ison between EXAFS and structure factor analysis is not direct, it is not at
this stage clear what the source of the minor discrepancy is. Most importantly,
however, both trends show that it is clear that the evolution with irradiation
dose for the ¢-Ge and Ge-nc curves are dramatically different. In particular, we
observed in the experiment the clear amorphization of Ge-nc’s already at the
dose 0.8 eV /atom (fluence of 5 x 10'® Si em™2, cf. Fig. 3), while the bulk ¢-Ge
is hardly changed at this dose and started to be amorphized after irradiation
with 2 x 10 Si cm~2. At the same time, the difference in the amorphization
doses for both ¢-Ge and Ge-nc we estimate as an order of magnitude, which is
even greater for the smaller Ge-nc’s. The analysis of the interface between Ge-
nc and a-Si0y in the MD simulated cell shows the presence of a fair amount

of coordination defects (~ 15%) and stretched bonds.

The average potential energy of atoms in the interface is at least 0.2 eV /atom
higher compared to atoms in the rest of the cell (for the same type of atoms).
Fig. 3 clearly shows that the nc confined in the dielectric matrix is partly
amorphized already at the zero dose due to the presence of the interface. The
smaller size of the nc gives a higher starting point of the amorphization curve.

According to an analysis of the spatial distribution of potential energy per



atom, all the disturbance in the structure before ion irradiation is located in
the interface area. This is reflected in near-interface atoms being interpreted
as amorphous in the structure factor analysis, which strongly indicates that
the interface disorder is also the reason that the EXAFS amorphization level
starts from a non-zero level. Thereby, we conclude that the stress delivered
to a nanocrystal by amorphous surrounding significantly enhances the amor-
phization of the crystalline structure, which must be undoubtedly taken into
account while the ion irradiation is applied for the modification of nanocrystal

structures.

4 Conclusions

By combination of MD simulation and EXAFS analysis we studied the crystal-
to-amorphous transition due to ion irradiation in the Ge-nc + a-SiO, struc-
ture. In the present study, we created two atomistic models of Ge-nc’s of 2.4
and 4 nm in diameter surrounded by perfectly amorphous SiO,, which fit the
range of the size distribution of nanocrystals formed experimentally. As a re-
sult, the nc structures showed a higher susceptibility to the amorphization
dose compared to bulk ¢-Ge. We explain the lower amorphization dose for the
Ge-nc’s (more than an order of magnitude) by the presence of the interface
area in the nc’s, where we observe about 15% of coordination defects. The
finite-size effect increases with decreasing size of the nc, since the greater part

of atoms is involved into the formation of interface.
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