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Abstract

It has previously been noted that the implantation of argon atoms into
amorphous SiBCN materials (prepared by magnetron sputtering in various
N, + Ar mixtures) leads to variations in a number of material properties; for
example an increase in compressive stress. Little is known about the mechanism
by which Ar incorporation affects structural and mechanical properties of
these materials. Here, we report ab initio molecular dynamics simulations of
amorphous SiBCN materials. Using liquid-quench simulations, we investigate
how the presence of Ar atoms in the sample affects the liquid quench and
the final structure of the material. In the absence of Ar, we find that the
final structures are homogenous. The presence of Ar, however, leads to the
formation of Si-enriched regions in the vicinity of implanted Ar atoms. This
result provides new insight into the role of implanted Ar in the formation of
structures in amorphous SiBCN materials. It can also explain the ability of Si
to relieve stress generated by these implanted Ar atoms.

1. Introduction

In recent years, amorphous SiBCN ceramics prepared by precursor pyrolysis at elevated
temperatures [1-11] or CVD [12-14] have attracted great interest due to a number
of exceptional material properties. Depending on the elemental composition, materials
have been reported that feature one or more of high thermal stability [2—10], oxidation
resistance [3, 10, 14, 15], hardness [15], creep resistance at elevated temperatures [2, 11],
transparency and low stress [13, 15] and low thermal expansion coefficient [5]. With these
properties, SIBCN materials have many potential applications in coating technologies [12, 14],
microelectronics [1, 12] or the production of thermally stable fibres for composites [9].
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In our recent work [15], we reported the preparation of SiBCN materials by magnetron
sputtering. The advantages of the sputtering technique include its compatibility with
semiconductor processing technologies, ease of scale-up, low deposition temperatures and
reduced hydrogen content in comparison with materials prepared by chemical methods such
as polymer pyrolysis or chemical vapour deposition. Since sputtering is typically performed in
an Ar-containing atmosphere, materials prepared with this method are found to contain small
amounts of implanted Ar atoms. These atoms arise from the impact of energetic Ar atoms or
ions from the discharge or reflection from the sputtering target [16]. Implantation of Ar has
been correlated with the presence of compressive stress in the films [17, 18].

In this work, we report experimental results which suggest that compressive stress created
by implanted Ar atoms is more effectively relieved in SiBCN films with high Si content. First-
principles simulations are performed to understand these observations at an atomistic level. We
discuss the structural effects of Ar on the network and how high Si content may help relieve
compressive stress.

2. Methodology

2.1. Ab initio simulations

The simulations reported in this work use a first-principles molecular dynamics model as
implemented in the CPMD software [19]. The density functional theory (DFT) equations
are solved in the generalized gradient approximation (GGA, BLYP functional [20, 21])
using a basis of plane waves with a cut-off of 60 Ryd. Core electrons were represented
using Goedecker-type pseudopotentials [22] for Si, B, C and N and by a Troullier—Martins
pseudopotential [23] for Ar. The accuracy of this method as well as the convergence of
calculated properties with respect to plane-wave cut-off has been confirmed previously [24]
for Si, B, C and N. The ab initio molecular dynamics (MD) method integrates the classical
equations of motion for the nuclei and thereby provides insights into the time evolution of the
system. All MD runs were performed using a time step of 0.073 fs and the fictitious electron
mass (required for the classical integration of the electronic degrees of freedom) was set to
200 me.

Because the internal network structure and material properties of amorphous materials
are intensively dependent on the formation conditions (the cooling rate of the liquid quench
and the ordering processes that occur while the material solidifies from the melt), meaningful
computer simulations of this type of material must focus on the formation process. In our
simulation work, we try to capture this formation process using a liquid-quench algorithm.
This approach has been used successfully in the prediction of the local atomic structure and
material characteristics of a variety of amorphous materials, such as C [25-27], H:C [28], C
doped by N [29], (B)(AD)N [30] or H:SiC [31].

In this algorithm it is assumed that the primary impact of energetic ions creates a thermal
spike, that is, a localized region of high temperature, which is followed by exponential cooling
to the solid state. Important in this is that the cooling rates, which can be estimated from
the thermal diffusivity and the thermal spike radius [25], are short enough for ab initio MD
simulations to be feasible.

In the liquid-quench algorithm, we mix the material by melting in order to remove memory
of the initial configuration, followed by exponential cooling with a selected cooling rate down
to the deposition temperature, followed in turn by equilibration of the material at the deposition
temperature until a stable structure is established. In this protocol, ion bombardment at different
energies is simulated by changes in the cooling rate.
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MD simulation of N-containing materials such as SiIBCN may lead to the formation of N,
molecules in the simulation cell. We expect that every N, molecule formed during the synthesis
escapes from the deposited material since the thermal spike in which the molecules are formed
is always close to the material surface. The absence of N, molecules was experimentally
confirmed by thermogravimetric analysis [15], which revealed no mass loss (indicative of N,
outgassing) up to 1300°C. As the molecules are likely to diffuse out of the real material,
our simulations involve an ad hoc N, removal procedure. As we have shown in our recent
publication [24], the formation of N, molecules is most intensive in the temperature window of
3000-6000 K. In order to compensate for N atom loss and still achieve a desired N content in
the quenched material, the liquid-quench simulation has to be started with sufficient N excess.
Our calculations were started with 100 atoms of experimental composition and up to 32 excess
N atoms in a cell of experimental atomic density. In a separate publication we discuss our
detailed simulation protocol that accounts for N, formation and diffusion out of the structure
and still yields a material of desired N content [32]. This structure is then exponentially cooled
from 3000 K to the experimental substrate temperature of 650 K. Temperature control was
achieved by velocity scaling of ions when the simulation and target temperatures differed by
more than 10%. By adjusting the cooling time in this phase of the simulation, we can simulate
the effect of different ion bombardment energies as discussed in [25]. The cooling run was
followed by an equilibration run (1 ps MD at 650 K, Nose—Hoover thermostat) in order to
recover thermal equilibrium. All properties of interest were computed in a subsequent MD run
(production run) of at least 0.5 ps at 650 K.

2.2. Film preparation and characterization

SiBCN films were deposited on Si(100) substrates by reactive dc magnetron co-sputtering
of Si, B and C in N-Ar gas mixtures using a composite Si/B/C target. In this setup, the
elemental composition and structure of the films are determined by the composition of the
erosion target area, the gas mixture, the temperature of the substrate and the rf induced negative
substrate bias voltage (Uy,) which controls the energy of ion bombardment. In order to examine
compressive stress as a function of Si and Ar content, a set of 30 samples was prepared
by combining six different target compositions with five different deposition conditions (gas
composition, substrate bias and temperature). The six target compositions were Si, (B4C)go—y
with x = 0, 5, 20, 40, 60, 75. The five depositions conditions were: (1) 50% Ar + 50% N,
gas mixture and substrate temperature of 650 K with U, = —100 V; (2) the same with
U, = =500 V; (3) 75% Ar 4 25% N, gas mixture with U, = —100 V and substrate
temperature of 1000 K; (4) the same with substrate temperature of below 500 K (no ohmic
heating); and (5) discharge gas of 100% Ar with U, = —100 V and substrate temperature of
650 K. Compressive stresses and elemental compositions were measured for all 30 samples.
We note that the elemental analysis confirmed that the percentage of Si in the films increases
with the ratio of Si in the sputtered target. Full details of our experimental setup can be found
in [15].

The film thickness and compressive stress (calculated using Stoney’s equation [33]) were
measured using profilometry. The elemental concentrations of Si, B, C, N and Ar in the films
were determined by Rutherford back-scattering spectroscopy (RBS). In selected cases, the B
content was determined using neutron depth profiling. The atomic density of the films was
determined using the number of film atoms per cm? as measured by RBS divided by the film
thickness as given by profilometry. Thicknesses of deposited films were 1-7 pum at surface
atomic densities around 1.0 x 10" atoms cm™2 per 1 um of film thickness. This leads to

volume atomic densities (used in the simulations) of around 100 atoms nm .
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Figure 1. Experimental compressive stresses in SiBCN films as a function Ar and Si content. The
lines are fits from linear regression. The figure shows that the linear dependence of stress and Ar
content decreases with an increase in the Si content. Samples are prepared as described in the text.
Not shown are the results for samples with 60 and 75% Si content in the B4C target, which, like the
40% samples, did not exhibit any correlation of stress and Ar content.

Our simulations in this paper focus on samples of composition Si3»BoC¢Ns, (deposited
previously with various U, between 0 and —500 V) and Si3;BgCeNsyArg (U, = —500 V).
The stronger Ar bombardment (discharge mixture Ar/N, = 3:1 instead of 1:1) increased both
the content of implanted Ar in the second sample and its atomic density. A cooling time of
500 fs was used to simulate materials deposited with U, = —500 V, while shorter cooling
times were used to simulate the effect of lower |Uy|. Although all deposited samples contain
small amounts of hydrogen, this was not considered in the simulations.

3. Results

3.1. Experimental results

Figure 1 shows the compressive stress measured in the 30 SiBCN samples as a function of Si
and Ar content. The results show that for samples with low Si content, there exists a linear
dependence between the amount of implanted Ar and the compressive stress in the films. For
the samples with higher Si content, the correlation between Ar content and compressive stress
is less clear in the 20% Si targets and there is no observable dependence in the 40, 60 and 75%
Si targets. Collectively, the data show that an increase in Si content results in a decrease in
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Figure 2. Snapshot from the end of the liquid-quench simulation of a SiBCN material of
composition SizpBj9CeNsy with no Ar atoms in the structure. Large black circles are C, medium
grey are N, light grey are B, white circles correspond to Si, and the small black dots represent
Wannier function centres (WFCs).

the dependence of compressive stress on Ar content. These results suggest that implanted Ar
is a source of compressive stress in SiBCN films with low Si content, while in high Si content
samples, stress generation through implanted Ar appears to be inhibited.

3.2. Computer simulation results

The objectives of our simulations are to understand the experimental results shown above. In
particular we would like to understand by what mechanism high Si content leads to a more
efficient stress release when Ar is present.

We first discuss our simulations of a sample of composition Si3;B19C¢Ns, where our initial
objective is to demonstrate that this composition prefers a homogeneous distribution of atoms
in the network; i.e. this material does not segregate into locally distinct regions. Because
our simulations are run in relatively small unit cells, a demonstration of homogeneity in a
network is not straightforward. This is because we have to distinguish between genuine and
coincidental segregation; the latter describes the situation that the initial distribution of atoms
contains random inhomogeneities.

Full liquid-quench simulations were performed for this composition with exponential
cooling times of 100 and 500 fs (corresponding to bias voltages U of —100 and —500 V,
respectively). A typical snapshot of a structure obtained from these simulations is shown in
figure 2. In the upper part of the figure, we can see a region of SiN, containing no B and C
atoms.

In order to quantify the segregation we introduce two criteria. Since we have more that
50% N in our compositions, likely binary regions are SiN, or BN, or CN,. Our first criterion
to measure the presence of such regions is the percentage of N atoms bonded only to one of
Si, B or C. The number of bonds between atoms of the same kind is a second criterion, which
detects the existence of elemental regions (such as pure Si or C networks).

Figure 3 shows these criteria applied to structures prior to cooling and after cooling runs
of 50, 100, 250 and 500 fs. The data show a continuous reduction of both segregation criteria;
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Figure 3. Dependence of segregation in quenched structures of composition SizpBj9oCsNs2> on the
time taken to quench from 3000 to 650 K. Segregation was measured using two criteria. Criterion
1 shown in (a) is the percentage of N atoms bonded to only one atom type (B, C, or Si) other than
N. Criterion 2 shown in (b) is the percentage of chemical bonds between atoms of the same type.
For both criteria, higher values are indicative of a less homogenous structure. The O fs data point
measures segregation in the molten structure prior to cooling. Subsequent data points characterize
the structures just after cooling to 650 K.

thus, there is a general increase in structural homogeneity with increased cooling time. We
conclude that the initial SiN, region detected in the structure in figure 2 is the result of random
clustering in the melt.

This result suggests that the Si3»B19CgNsy composition has a thermodynamic preference
for a maximally homogenous structure. Long cooling times occur for impacts of high energy
(high |Up| such as 500 V), for which we expect materials of homogeneous structure. In
materials deposited with small |U,| such as 100 V some segregated regions such as SiN, may
survive.

We now examine the effect of implanted Ar on the SiBCN network. For this purpose six
additional Ar atoms were added into the network to form the composition Si3;B19C¢NsyArg
and simulations were performed with a cooling time of 500 fs. A typical structure from the
simulation is shown in figure 4, showing the distribution of Ar atoms. The Ar atoms are not
bonded into the network (note how the WFCs associated with Ar are non-bonding). Five of the
six Ar atoms lie close together. The non-bonding character of the Ar creates ‘cavities’ around
them.

In order to determine the effect of implanted Ar atoms on structural homogeneity, we show
in figure 5 the distributions of the distances of Si, B, C and N atoms to the nearest Ar atom.
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Figure 4. A snapshot from the end of a simulation of a structure of composition Siz» B19C¢Ns» Arg.
Large black circles are C, medium grey are N, light grey are B, white are Si, and dark grey (isolated)
circles correspond to Ar. The small black dots represent Wannier function centres (WFCs).

The distribution Si—Ar is more heavily weighted to short distances than are the distributions for
the other atom types, suggesting the formation of Si-rich regions around implanted Ar atoms.
The average composition of the part of the sample surrounding the implanted Ar atoms (within
a radius of <3.6 A) is SizgByCgNao, while the average composition of the rest of the sample
is Sip4B13C6¢Ns7. Due to the previously shown preference for a homogenous structure in the
sample without Ar, this difference can be considered significant.

An explanation of this phenomenon may be that the longer and more flexible Si bonds (in
comparison to B, C and especially N bonds) allow the Ar induced cavities to be accommodated
into the structure with minimal energy penalty including generated stress. The covalent radii
of Si, B, C and N are 1.11, 0.82, 0.77 and 0.75 A. In our structure the calculated average bond
lengths (including bonds of all orders with all species) were 1.80 for Si-containing bonds and
1.51 for all other bonds. The Ar atoms sit in cavities with distances of at least 2.2 A (lower
bound of first peaks on figure 5) separating them from other atoms in the network. The longer
bonds associated with Si allow Si-rich regions to contain natural cavities which are larger than
in Si-poor regions. Such cavities allow the incorporation of Ar with minimum energy penalty.
The flexibility of the long Si-containing bonds enables these bonds to deform to accommodate
the Ar atoms with minimal generation of stress. This explains the experimental observation
(figure 1) that compressive stress generated by implanted Ar is lowest in samples with highest
Si content.

Deeper insight into the role of Ar in determining the structure of SiBCN materials can
be gained by calculating selected statistics. Structural statistics comparing the Si3»B9C¢Ns,
and Si3;BoCeNsyArg samples, generated using cooling times of 500 fs (corresponding to the
experimental U, = —500 V), are shown in table 1.

Table 1 reveals several important features of the effects of Ar inclusion into the material.
Si tends to accumulate in the vicinity of the Ar atoms. To show this, we use a statistic applying
to the group of bonds surrounding Ar atoms. These are defined as those bonds which have a
perpendicular distance of less than 2.5 A to an Ar atom. Si is present in 96% of these bonds
whereas it is only present in 73% and 75% of all bonds in the Ar-containing and Ar-free sample,
respectively.
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Figure 5. Distributions of distances of Si, B, C and N atoms to the nearest Ar atom in the sample
Si32B19CeNsa2Arg. Data are summarized over all atoms of the respective kind and over 69 snapshots
made during the 0.5 ps production run at the end of the liquid-quench simulation. In the Si—Ar
distribution most of the distances are in the lower part of the range.

Table 1. Selected averaged statistics for simulated materials Si3oB10CgNs and Si3nB19CeNspArg.
The Si content percentages, given in brackets, are for the subset of atoms and bonds in the ‘vicinity’
of Ar. Vicinity is defined for atoms as those which are closer than 3.6 A to an Ar atom and bonds
which have an Ar atom closer than 2.5 A (perpendicular distance).

Quantity SiBCN  SiBCNAr
Volume per atom (A3) 11.0 9.0

Si content 32% 32% (36%)
Si-containing bonds 75% 73% (96%)
Fraction of all B or C containing

bonds which also include Si 9% 24% (66%)
Criterion 1 for segregation 43% 52%
Criterion 2 for segregation 9% 8%
Average length—all bonds (A) 1.70 1.72
Average length—single BN (A) 1.51 1.55
Average length—single CN (A) 1.41 1.46
Number of rings 9.0 18.6
Average ring size 5.8 6.0

The presence of Ar induces a major shift in the bonding preferences of all atom types.
To show this we use the statistic shown in row 4 of table 1. B, C and Si tend to form bonds
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Figure 6. The development of the segregation of Si around implanted Ar/He atoms during the
liquid-quench simulation of Si3»BoCeNszArg and SizpB19gCeNsaHeg structures. The y-axis shows
the Si content percentages in the subset of atoms in the vicinity of Ar or He. Atoms in the vicinity
are defined as those which are closer than 3.6 A to an Ar or 3.2 A to a He atom, respectively. The
x-axis shows the time from start of the liquid-quench simulation. The averaged stable percentage of
Si around implanted Ar/He atoms is close to the Si content in whole SiBCN sample for He, while it
is significantly higher for Ar.

with N in the absence of Ar, B exclusively whereas C and Si preferentially. This effect has
also been noted in our experimental observations [15]. In the simulated Ar-containing sample
the tendency for B and C to bond with Si is greatly increased. In the Ar-free sample, only
9% of all bonds containing B or C contain Si, whereas in the Ar-containing sample 24% of all
bonds containing B or C contain Si. In the group of bonds surrounding Ar atoms, the effect
is even more pronounced with 66% of bonds containing B or C containing Si. These changes
in bonding preference with the introduction of Ar are reflected in the increase in Criterion 1 as
shown in row 5 of table 1.

Although the Ar-containing sample is more compressed (smaller volume per atom as
shown in row 1 of table 1), it is remarkable that the averaged bond length is higher (row 7) than
that for the Ar-free sample. This is not only due to the higher total percentage of longer Si-
containing bonds, but also to the longer bonds of certain types (single BN, single CN) prevailing
in the part of the sample far from the Ar atoms (rows 8 and 9).

Adding Ar to the sample also has a major impact on the topology of the network as revealed
by the ring statistics. In the last two rows of table 1, we see that the number of rings is
doubled after addition of Ar. The numbers of the rings were calculated using the algorithm
of Franzblau [34].

Figures 6 and 7 show the effect of temperature on the segregation of Si around Ar atoms.
Segregation is not stable in the molten state and is expected to occur below some temperature
limit. The development of the percentage of Si around (up to 3.6 A) Ar atoms during the
liquid-quench simulation of the sample Si3;B90C¢NsyAre is shown in figure 6. The trendline
shows that this quantity starts to increase in the equilibration phase at the end of the cooling
and increases during the equilibration until a maximum has been reached. The maximum exists
because diffusion is limited once the solid has formed.

Figure 6 also shows the same statistic in which the Ar was replaced with He. The same
atomic density and cooling time have been used for this simulation. The first minima of the
pair correlation functions in which one of the atoms is He are around 1.9 A in comparison with
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Figure 7.  Segregation of Si around implanted Ar atoms in samples of composition
Siz2B19CeNsaArg equilibrated at various temperatures. The vertical axis refers to the percentage
of Si atoms in the group of Si, B, C and N atoms that lie in the vicinity of an Ar atom. Atoms in
the vicinity are defined as those which are closer than 3.6 A to an Ar. The data are averaged over
the stable period 0.5-1 ps from the start of equilibration. The percentage of Si around Ar reaches a
maximum for equilibration temperatures in the range 1000-1500 K.

2.2 A for the Ar case. It suggests that the envelopes around smaller cavities containing He can
be formed from all bond types rather than only from the long Si-containing bonds as in the
Ar-containing structure. Thus, there is not any observable segregation of Si around implanted
He atoms.

In order to examine the effect of equilibration temperature on segregation of Si around
Ar more closely, we performed a series of constant temperature 1 ps MD runs at temperatures
between 100 and 2000 K. These simulations used the (nearly homogenous) starting structure
of the previous equilibration at 650 K. The velocities were scaled in accordance with the new
temperature. For all temperatures, the percentage of Si around Ar atoms increased during the
first 0.5 ps of equilibration while the mean value was stable during the second 0.5 ps. Figure 7
shows averaged stable values of percentages of Si around Ar for all simulated equilibration
temperatures. This figure also shows that for equilibration temperatures between 100 and
1000 K, the segregation of Si around Ar increases with increasing temperature. We attribute this
to increasing temperature-dependent diffusion coefficients. At higher temperatures, the kinetic
energies of atoms may be comparable or larger than the energy penalty associated with having
the Ar cavities surrounded also by short and inflexible non-Si-containing bonds. This leads to
a reduction in the degree of Si segregation around the Ar. These results lead us to predict that
Si should relax the compressive stress generated in films deposited using Ar sputtering more
effectively at higher deposition temperatures provided that the temperature is below 1000 K.

4. Conclusion

We report experimental results showing the correlation of stress in SiBCN films prepared by
sputtering in Ar with the content of Ar in the film. The correlation decreases steadily with
increasing Si content.

We investigated using liquid-quench simulations the origin of the ability of Si to reduce
the stress generated in these films by Ar. The simulations show that SiBCN has a preference for
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a completely homogenous structure in the absence of Ar. When Ar atoms were included in the
simulation, we observed the segregation of a Si-rich regions around them. We propose that the
driving force for the segregation is the energy advantage gained by surrounding Ar atoms with
longer and more flexible Si-containing bonds. This explains the ability of Si to inhibit the extra
stress, otherwise generated by implanted Ar in SiBCN materials with zero or low Si content.

The incorporation of Ar in the simulations caused major changes in the bonding
preferences of all the atoms in the network. For example, all atoms showed a preference for
bonding to N in the absence of Ar, whereas they showed a general increase in bonding to Si
when Ar is present.

Based on the simulations, we make the prediction that the effectiveness of Si to relieve
stress in SiBCN films sputtered in Ar will increase with deposition temperature up to 21000 K.
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