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Abstract

We investigate structure, energy, and elastic properties of some polymer-derived nitride ceramics, amorphous silicon njNigeretSi
its ternary derivatives a-@3N-, a-SiNO, and a-SiCN. Model structures consist of 104-448 atoms. They are first generated by an empirical
network algorithm and then further computed using density functional methods including extensive ab initio molecular dynamics simulations.
Optimized structures we obtain exhibit perfect chemical order consistent with the perception of an inorganic network derived from polymer
precursors. We find a random network structure for a-SiNO, but phase segregation of BN and C sub-structurgs iy, & a-SiCN,
respectively. The phase partitioning is driven by energy and benefits from a low density of the material, since we find the segregated phase
predominantly at internal surfaces of voids and pores. Energies calculated for a-SiCN phases support a non-solubility of carkn in a-Si
or stoichiometric a-SiCN. The bulk modulus of &N, and a-SiCN is comparable to that of a&$j but at 5-10% lower density of the
material.
© 2004 Elsevier Ltd. All rights reserved.
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1. Introduction atomic level, however, is still veiled to great extend. Increas-
ing efforts are made to characterize the structure to achieve
Inrecentyears, polymer thermolysis became of increasing a better understanding and to find ways to further improve
interest for the synthesis of new inorganic materlg\on- the materials properties. The signals obtained in the experi-
oxide ceramics are one focus of investigations because ofment, broad probability distributions which carry all the in-
their covalent bonding providing mechanical reliability and formation about the manyfold of chemistry and physics of
high-temperature stability. There are numerous milestonesthe amorphous structure, can rarely be transformed back into
set by the community already out of which we refer to two individual contributions. We seek, however, the details of the
landmarks that indicate the perspectives of polymer-derived atomistic structure to understand the materials properties at
ceramics>* Further references to the literature will be given the fundamental level. The disordered state, therefore, pro-
by authors of excellent papers in this special issue of the vides fertile soil for structural modelling and computational
Journal of the European Ceramic Society. studies, not at least to further a meaningful interpretation of
The amorphous state of these materials is of great im- experimental data.
portance for their properties. Synthesized from polymers, all  Our perception of the atomistic structure of amorphous
nitride ceramics remain amorphous at least up to @0  materials is based on Zachariasen’s model of vitreous sil-
Even at higher temperatures, when phase partitioning startsica introduced some 70 years ago (§ég. 1).> We expect
and precipitation of crystalline phases occurs, the vast ma-a network composed of atoms and bonds that fulfills basic
jority of the material is featureless and amorphous. Some requirements for the local environment in terms of coordi-
materials retain a predominantly amorphous structure up tonation, bond distances, and bond angles. As to whether the
2000°C.3* The structure of these amorphous materials at the network is of random nature or whether it exhibits some par-
titioning already in the disordered state — probably depending
ok Tel: 449 241 8090066; fax: +49 241 8092288. on the synthesis strategy — is a question necessary to be con-
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Fig. 1. The model structures to illustrate Zachariasen's model of silica glass and the concept of a chemically ordered network: The tetragedrahtirran
in the structure of quartz is shown on the left side. The same motif of tetrahedra is present throughout the structure of vitreous silica, hoeeteetjcann
disordered an irregular fashion. Resolved into a model consisting of atoms and bonds, the structure comprises a network perfectly orderatiranihaltern
Siand O.

Our approach to model the amorphous structure of (MC/MD) hybrid-method. The cost function we introduce is
polymer-derived ceramics then exploits the idea of a chem- a simple Keating-type potential including additional repul-
ically ordered random network structure. We first generate sive interactions that allows for a rapid evaluation of energy
a network, introducing a well-defined local order for every and forces. Typically, we evaluate 4A.0° bonding config-
element, and then access structure, properties and structuralrations in a simulated annealing approach to explore the
evolution including a possible phase partitioning towards a phase space and to locate minimum energy configurations.
network with non-random nature at elevated temperatures.The density of the network structures can, to some extend, be
Our concept, therefore, is opposite to the approach of gener-“directed” by fixing the box dimensions for almost the entire
ating an amorphous model by quenching a melt-like liquid, generation procedure, allowing cell optimization only during
be it with empirical potential§;® semi-empirical method3, the final stage of modelling. Details of the implementation of
or ab initio molecular dynamics simulatiof$From several the algorithm are given elsewhere.
advantages, its speed and the capability of strictly defininga In a second step, we use these network models as
local bonding environment, e.g. ne-N bonds or setting the  initial configurations for an optimization and annealing
ratio sp-C:sp#-C, allow us to test different hypotheses about scheme within density functional thedfyusing pseudo-
the amorphous structure by doing multiple approaches. Inthispotentials, plane waves, and the local density approxima-
paper we will present on our most recent results foraNgi tion (LDA)13 as implemented in the Vienna Ab-initio Sim-
a-SkB3N7, a-SiNO, and a-SiCN. We will focus on structure ulation Packagé®* ™’ First, the networks are relaxed in or-
and energy, and will furthermore access the bulk modulus der to obtain optimized structural models. Then we perform
as a representative measure for the elastic properties of theab initio molecular dynamics simulations (using the time-
material. stepAt = 1fs) at constant volume at elevated temperatures

800-2600C to evaluate structural and chemical stability of

the models and to investigate the evolution of the structures.
2. Computational method For any temperature in the ab initio molecular dynamics we

ensure to have reached a “pseudo-converged” state. Thus,

Our approach to model the amorphous structure of within the next 2-5 ps no further changes in energy or struc-
polymer-derived materials consists of two steps. First we ture do happen. We increase the temperature usually only
generateontinuous random networksith well-defined lo- after having reached this requirement. Consequently, tem-
cal coordination for all atoms. The network structures exhibit peratures we refer to do not correspond to experimental tem-
a perfect chemical order, but no symmetry elements exceptperatures of a typical tempering process, since the ensemble
for the periodic boundaries of a large simulation box. Con- we calculate can never reach an equilibrium state within the
sequently, a-3N4 exhibits SN bonds only, a-3B3N7 is time-scale available of ab initio molecular dynamics simula-
built up from Si-N and B-N bonds, and there are only-H tion (some 10-100 ps). We observe, nevertheless, “melting”
and Si-O bonds in our models of a-SiNO. The perfect chem- (defined as rapid diffusion of the atoms) and very different
ical order in these three phase systems results in an alterchemical reactions depending on the temperature, that then
nating network, in which each cation is surrounded by an- may resemble the different activation energies for such pro-
ions only and vice versa, that exhibits even-membered ringscesses. After every 1 or 2 ps in the ab initio molecular dynam-
only. In models of a-SiCN with compositiongC40N40, we ics we investigate the underlying potential energy surface of
include Si-N, Si-C, C-N, and G-C bonds. These network  our models by a rapid quench, allowing for complete opti-
structures comprise both even- and odd-membered rings. Themization of positions and cell shape. For more details of the
networks are constructed with a modified bond-switching computational procedure we refer to one of our most recent
algorithm!! We used bothopologicaland geometricalre- publications'® Due to the size of the models (lattice con-
laxations, combined in a Monte Carlo/Molecular Dynamics stants are usually larger than AQthe volume always larger
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than 1000‘1\3) and the nature of first-row atoms carbon, ni- likely it is that voids will interconnect through the periodic
trogen, and oxygen, the calculation of the amorphous mode|sboundaries toforma pore. Such porous models can be utilized
are h|gh|y demanding in terms of Computing resources. For to Study Catalytic reactions in porous silicon |m|d0n|tr|d'8$
example, 1000 time steps (1 ps) ab initio molecular dynamics ~ Structural rearrangements did occur in all gh& models
of a 112-atom model of a-§N4 require about 48 cpu-hours ~ during the optimization and annealing procedure. A conse-
on a typical 1.5 GHz processor. The computation of the bulk duence of this is the presence of some topological defects.
modulus of one a-SiINO model with about 120 atoms is done Generally, the number of defects in our models are small,
through full optimizations at nine different volumes, each us- but the results we obtained from eight 112-atom models is
ing about 24 cpu-hours and approximately 1 GB of memory. further augmented by two models with 224 atoms and one
The 448-atom model of a_&u needs a memory of more model with 448 atoms. The dominating topological defectin
than 2 GB during relaxation: 20 time steps ab initio molecu- all these structures is a four-fold coordinated N atortt N
lar dynamics are done on the IBM-Regatta with 16 processorsthat is found for about 7% of all N atoms. Approximately 4%
in parallel in about 3 h. All calculations were carried out on of the N-atoms are two-fold coordinated?N We also find
Super-ComputerS, the Aachen SunFire-Cluster and the Cray.about 4% five-fold coordinated Si a.tomS[,snghe three-fold
T3E and IBM-Regatta-Cluster at the Fidlizh. coordinated Si atom, I, is a very rare species in our mod-
els generated from network. We observe it only for about 1%
of all Si atoms. Some models we received are free B51.Si

3. Results Summing up, this leads to an average connectivity for Si of
4.01 and for N of 3.01.
3.1. a-SiNy The definition of local connectivity is to some extend ar-

bitrary. While the typical bond length SN is 173 pm, we

Ofthe models of a-SN, consisting of 112 atoms each that Observed several SN bonds at 210 pm. The bonding char-
we generated using our network approach and subsequentlycter of this configuration was indicated by a pyramidal Si
optimized, annealed extensively at elevated temperatures ughvironmentwith the apex pointing to a fourth nitrogen atom.
to 2000°C and re-optimized, two representatives are shown Analysis of the charge distribution, furthermore, reveals a
in Fig. 2 Both structures exhibit a perfect chemical order; bond. The interaction of both sites is supported by the dy-
only Si-N bonds, but no SiSi or N-N bonds are present. namic evolution observed in ab initio molecular dynamics
The two structures have very different densities, 3.2g/cm at room temperature. A true three-coordinated silicon atom
which approaches the density of the crystalline phases ofin @SgN4 thus remains a rare object. With a defect con-
SizN4 (we calculatep(B-SisNa) = 3.16 g/cni) and 2.6 g/crd. centration of 1% of all Si atoms, however, we are still at the
The low density was achieved by increasing the volume of upper boundary of the experimental result. Electron Spin Res-
simulation cell already in the empirical generation scheme. onance (ESR) data supports a defect concentration'éfa0
Consequently, internal voids developed that interconnected10°° cm™3.20 o _
to form a pore in our 112-atom models. Larger sized models  |f we compare the initial structure as provided by the
(224 or 448 atoms) show a smaller tendency to form pores empirical network algorithm with the geometry finally op-
at the same density. Thus, the smaller the model, the moretimized, this resulted in a significant gain in bonding

Fig. 2. Two models of a-§N, with 112 atoms each in the simulation cell. The model on the left side has the ders&y? g/cn?, the one one the right has
p = 2.6 g/cnt. Dimensions of the simulation cell are 1A7x 10.2A x 9.6A, and 8.7A x 13.2A x 12.5A, respectively. The boxes are close to rectangular,
85° < a, B, y <94. Blue circles are Si, green circles are N atoms.
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Fig. 4. Pair correlation functiog(r) for the 448-atom model of a-§\,.
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tance peak is located at 172 pm, but is asymmetric tailing out
to longer bond distances at 210 pm and slightly beyond. Sec-
ond nearest neighbor peaks are found fef\\at 273 pm, and

Fig. 3. Model of a-SjN4 with 448 atoms in the simulation cell. Its density for Sk-Si at 295 pm (averaged value). There is a pronounced

is p = 3.1g/cnd, dimensions of the simulation cell are 183« 16.8A x structure corresponding to the third nearest neighbor peak
16.1A. The box is almost rectangular, 88 a, 8, y < 92°. Blue circles are of Si—N correlations at 345 pm and 417 pm, resembling to
Si, green circles are N atoms. some extend the SN bond distances of- and B-SizNa.

A medium-range order can be observed at even further dis-

energy. Within the available time-scale of the ab initio tances, up to 500 in the-NN pair distribution. We obtained
molecular dynamics simulation, 20-50 ps corresponding to Similar g(r) for 112-atom models from an ab initio molecu-
20.000-50.000 time steps, we found the lowest energy con-lar dynamics at room temperature. Within the scope of these
figuration of all of our models at 200@ after 10-20ps. ~ Modelsg(r) does not depend significantly on the density up
Further annealing at temperatures exceeding 2@0@sults to the limit of significant correlation distances, about 500 pm.
in a deterioration of the network structure, producingN\N Calculating the energy difference between the amorphous
and SiSi bonds, and generally yielding energetically unfa- model and the crystalline reference stateBebizN4 yields
vorable structures. To allow further comparison and valida- the free internal energAEs. AE; should neither be con-
tion, we have simulated a-$i4 also by the standard melt-  fused with the Helmholtz free energyF (or AA) nor with
quench method using ab initio molecular dynamics oaly (  the Gibbs free energ\G, the free enthalpy of a system.
models). We will soon give a detailed account on these stud- AEs is the internal energy released upon crystallization, and
ies, however, deriving a suitable model withoutNlor Si-Si besides entropy one of the major constituents to the free en-
bonds proved to be very difficult within the available simu- thalpy,AG. AE; is plotted as a function of density for several
lation time (20-50 ps). We needed to apply a delicate tem- network-derived and\l-models of a-S§Na in Fig. 5on the
perature program and to monitor the disappearence-0f N left. We note that the lowest energiEs = 0.27 eV/atom
bonds, before proceeding with the next temperature stiep. ~ ©r 180kJ/mol, is achieved within both approaches to model
models that fulfill our principle requirement of exhibiting the amorphous state of as8s. While such models have a
no homo-atomic bonds are quite dense, above 3.0/ density comparable to that @¢FSisNa, there is a trend that
models with low density all exhibitNN bonds, in some cases  low-density models have a higheE;. Since we observed
N2> molecules are found in internal voids. Furthermore, the the formation of voids and pores in such low-density models,
amount of topological defects iAl-models are on average the increase oAE; upon density decrease can be attributed
larger than in network-derived models. to the energy necessary to create such internal surfaces.
The model presented iRig. 3 comprises 448 atoms and Another quantity that depends on the density of the model
a volume of 4.6 nm. Given the computational demands to is the bulk modulusBo. By is then plotted as a function of
treat nitrogen with its deep 2p states correctly, this model density for models of a-8N4 in Fig. 5 on the right. For
of a-SgN4 comprises the current maximum size for doing high-density modelsBo approaches 70-75% & of -
ab initio molecular dynamics within the framework of den- SisN4 (247 GPa). Models with lower density exhibit an —
sity functional theory using a super computer. The model @s expected —lowdsy. Interestingly, network-derived mod-
has been annealed for 10 ps at 1600and the intermediate ~ €ls tend to slightly larger values & in comparison tcAl-
optimized structure yields the pair correlation functign), models, probably indicating the larger amount of structural
full and pair-wise, of a-SN4 in Fig. 4 The first Si-N dis- defects present in the latter ones.
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Fig. 5. Left: free internal energE; plotted as a function of density for several
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models of gNgi Right: bulk modulusB, plotted as a function of density for

several models of a-@W,. Filled circles correspond to models derived from networks. Open diamonds correspond to models generated via the melt-quench

procedure using ab initio molecular dynamics only.

Fig. 6. Two models of a-§B3N7 with 104 atoms each in the simulation cell. The model on the left side has the dershy g/cn?, the one on the right has
p = 1.8 g/cn?. Dimensions of the simulation cell are 1A5< 9.3A x 9.1A, and 11.7A x 11.6A x 11.4A, respectively. Blue circles are Si, green circles are

N, and red circles are B atoms, respectively.

3.2. a—Srj;BgN7

Two representative models of asBgN7 are shown in
Fig. 6. Very similar to our experience in the course of mod-
elling a-SgN4 we obtain a pore within models of very low
densities. Low-density structures of asB3N7, however, are
significantly easier to construct than for aiSj due to the
lower average network connectivity ofs8isN7. With 104
atoms in the simulation cell, we could generate models with
densities ranging fromp = 2.8 g/cnt to p = 1.8 g/cn? as
perfect inorganic networks. Experimental values foare
reported within the range of 1.8-2.1 g/t

As a similar trend found for a-giN4, the networks of
a-SigB3N7 also gained energy during the optimization and

annealing procedure. The overall gain, however, was less.

Furthermore, we find significantly less topological defects in
a-SiB3N7. Although our data is not as good supported by
larger scale models as for as8li, we find about 8% for de-
fects such as M and B, and about 4% for defects such
as N2, B[?l, and SP!. We usually find no $# and observe
a much smaller variation of SN bond distances than in a-
SizsN4. There is some trend for increasing defect concentra-
tion with decreasing density of the model.

Fig. 7 shows the pair correlation function for agBgN7

distance distributions that can be derived by inspecting the
individual contributions ta(r). The results correspond very
well with the analysis of neutron scattering data given by Ha-
genmayer et &l It is worthy to note that in the modelling
we are able to trace the-§N)—B distance (285 pm) of the
second coordination shell that interferes with the(Si}-N
peak at 276 pm. Our value, however, is somewhat larger than
the 274 pm used by van Wllen et al. for the fitting and in-
terpretation of their NMR dat&

g(r)

T T T T
200 300 400 500

r [pm]

600

asreceived in a ab initio molecular dynamics at roomtemper- rig. 7. pair correlation functiog(r) of a-SkBsN- calculated from an ab

ature.Table 1lists the maxima of the individual atom—atom

initio molecular dynamics at room temperature.
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Table 1 Table 2

Maxima of atom—atom correlations in as®83N7 Second neighbor coordination numbers in gf5N7

Atom-atom correlation Distance of maximum (pm)  Atom-atom correlation ~ Random statistics ~ Simulation  Experiment
B—N 144 Si—-N—Si 4.6 5.1 6.5 0.5

Si—N 173 B—N—B 2.6 2.8 4505
B—N—B 250 Si—-N—B 3.4 2.8 1.3£0.2
N—B—N 252 The values for the random statistics are computed assuming Si four-fold
N_Si_N_ 276 coordinated by N and B three-fold coordinated by N, while N is three-fold
B—N—Si 285 coordinated by Si and B. The numbers for the simulated model do not sum
SN-Si 292 up to exactly 8 or 6 for Si and B, respectively, because of four-membered
N—B—N—B 320 rings present in the model.

Si—-N—B—N 350

N—Si-N—B 370

SIN—SIN 410 the systems attempts to gain a maximum in bonding energy.
Bridging atoms are in italics. Thus, increasing the-overlap of co-planar BN bonds fa-

vors extended BN regions that resemble structural fragments

Nevertheless, the genuine trend of structural partitioning 0f h-BN. The observation that all BN-segregations are lo-
in a-Sk B3N~ established by van Wlen et al. from an exten- ~ cated at the internal surfaces, however, points out a second
sive NMR study?is found in our models as well. Toillustrate ~ driving force. A low-density model of a-gB3N7 unavoid-
this, we show a porous model of asBgN7 emphasizing the  ably contains voids and pores. Such parts of the microstruc-
BN-substructure ifFig. 8 All B atoms in this model have ag-  ture result in surface structures, locally two-dimensional. A
glomerated in just two large BN fragments, one of which can surface, however, is always associated with a typical energy
be thought of being condensed of borazine rings. And indeed,needed to create this interface. The h-BN-like structural frag-
although constructed as random networks, the structures thafnents are then the only constituents of the structure that can
we obtained after extensive ab initio molecular dynamics at minimize the local stresses that such a surface imposes.
elevated temperatures (20—40 ps at 200Pare no random This effect becomes, furthermore, visible when plotting
networks anymore. On the contrary, we observe significant the free internal energE¢ of the amorphous phase as a
deviation from random statistics in the second nearest neigh-function of the density, seeFig. 10 AE; is given with refer-

bor coordination of Si(N)-Si, Si-(N)-B, and B-(N)-B. ence to the crystal phaspsSisN4 and h-BN. Atfirst glance,
Our computational results are givenTiable 2together with ~ the dependence &E; of p is similar to that already seen for
those received in the experiment. a-SgNa in Flg 5. AEs increases with decreasing densdiy

Fortunately, the models yield some further information A quantitative comparison, however, shows that it takes less
about the BN-segregations in asBiN5. As visible inFig. 8, energy to blow up $B3N7 than a-SiN4. Furthermore, the
the BN-rich segregations in all porous models are predomi- Steady increase afE; appears to stop at~ 2.2 g/cnf, that
nantly found at the internal surfaces of a pore. Complemen- is with the appearance of larger pores. Once such alarge pore
tary, there is a significant depletion of B atoms within the is formed, the structure eventually comprises a porous SiN-
bulk-framework of the structure as illustratedFig. 9. We rich framework structure with its surfaces coated by BN-rich
found two reasons for this tendency to phase separate. For ongegregations. Further decreasing the density has no or signif-

Fig. 8. A porous model of a-gB3N7. The full structure is shown on the left, two structural fragments consisting of B and N only are repeated on the right. Si,
N, and B are blue, green, and red circles, respectively.
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Fig. 9. Two different porous models of asBgN7 (each a 2x 2 x 1 supercell) illustrating preferential BN-segregation at internal surfaces of the structure,
and BN-depletion of the bulk framework. B atoms are represented by large red balls, while Si and N atoms are small blue and green circles, respectively.
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Fig. 10. Left: free internal energXEs plotted as a function of density for several models of 8BgN;. The crystal reference is taken@sSizN4 and 3 h-BN.
Right: bulk modulusBy plotted as a function of density for several models of £BgN7.

icantly less impact on the energy of the structure, unless the3.3. a-SiNO

model is not ruptured completely.
The bulk modulusBy of the a-S3B3sN7 models is then To study the SiN—-O phase system we scanned the com-

plotted inFig. 100n the right side. We observe the obvious plete range of compositions from Si@ SiN4 modelling
trend of increasin@o with increasing densityg. The largest each three to five structures for 17 intermediate compositions.
value of By we calculated, 173 GPa, almost matciBgsof Two structural models of a-SiNO with very different compo-
a-SgN4 at 8% less density. Taking a different perspective, sitionsare shownikig. 11 Inprevious publications we noted
at a given density, By of a-SgB3N7 comes out about 20%  that we retain the perfect network structure without defects up
larger tharBg of a-SiNjg. to a composition of GhN52020 even after extended ab initio

Fig. 11. Two models of a-SiNO. The model of the left side has the compositigh §0se, a density of 2.3 g/cf and cell dimensions 118 x 11.8A x
11.6A. The model on the right side has the compositiog 8o O12, a density of 2.8 g/ch) and cell dimensions 114 x 12.1A x 10.6A. The boxes are

close to rectangular, 86 «, B,y < 93. Si, N, and O are blue, green, and red circles, respectively.
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Fig. 12. Left: free internal energpEs, of a-SiNO plotted as a function of mol%g8Bl4. Right: the excess enerd¥ey, of the a-SiNO phase if decomposed into
appropriate amounts of amorphous &iSiN>O, and SiN4. The error bar indicates the estimated uncertainty of a single point.

molecular dynamics simulations at 20GD. Therefore, the  of SiO, and SpN,O according to Vegard's rule. A devia-
a-SiNO networks we produce with the empirical generation tion from linearity becomes more pronounced, if we calcu-
scheme do relax to some extend during the optimizing and late a quantity that we call excess (internal) endegy of
annealing procedure, but they do not change their topology.the a-SiNO phasekey is calculated the same way ad;,
The energy released during the optimization corresponds tohowever, instead of the energies of the crystal phases we use
not more than an intrinsic thermal energy of 10Q0 Struc- the energies of the amorphous phases 0HbS8HN,0, and
tures with a higher content of nitrogen, thus approaching the SizN4 (—26.03eV,—43.87 eV, and-61.67 eV per formula
boundary of S§N4, show an increasing tendency for network unit, respectively; see the reported values above). Héfge,
rearrangements indicated by formation of new bonds as well becomes zero for these three compositiéiag.may then be
as bond breaking. The net result is that some atoms becomeénterpreted as an energy measure that indicates how easily
over-coordinated (81, NI, O8l) and some two-coordinated  two amorphous phases will mix with each other. The free
N atoms appear. The three-coordinated Si appeared in noneenthalpyAG of the system then includes also entropy contri-
of the models containing oxygen. We are currently in the butions of various sources. This resulting diagram is shown
progress of modelling a-SiNO for some intermediate com- in Fig. 12on the right side. We first note thgty is a small
positions using the standardelt-quenchapproach and ab  quantity in comparison taE; The actual value oEey, fur-
initio molecular dynamics only. The structures we received thermore, is affected by systematic errors of theory and mod-
so far have more defects and are less favorable in energyelling procedure as well as by statistical errors of the data.
than corresponding network models. For more details on the Nevertheless, within the estimated generous error, say 0.01
structure of a-SiNO we refer to a recent report. to 0.02 eV/atom, the graph &fig. 12supports a miscibility

The current state of our investigation of the free internal of the amorphous phases of Si@nd Sp)N2O. On the other
energy,AE;, of a-SiNO is shown irFig. 12 AE; is defined hand, it corroborates the idea of a pronounced miscibility
as the energy difference between a crystalline reference statgap between SN,O and SgN4, especially by judging the
composed of appropriate amounts of quartz-5igi;N>O, smooth appearance of the data points. Interestingly, there is
and B-Si3N4 and the amorphous phase. The reference en-a data point at 12.5 mol% $\4 corresponding to 25 wt.%
ergies for quartz-Si® SipN,O, andB-SizN4 are computed SizNg that singles out in the a-SiNO diagram. While itis well
to —26.15eV,—45.02 eV, and-63.57 eV per formula unit,  included within the estimated error, it may nevertheless lead
respectively. Note that we incorporated only one data point to some speculation that we will discuss.
for each composition, that with lowest energy we found. The ~ The bulk modulusBy of a-SiNO is plotted inFig. 13
density along the data points is interpolated approximately We have recently given a detailed account of the compress-
linearly between 2.2 g/cfrfor a-SiQ and 3.2 g/crd for a-
SizN4. For a-SiQ the calculated value of 0.04 eV/atom is 200
comparable to experimental data obtained from calorimet-
ric measurement&' For pure a-SiN,O or a-SiN4 no such o
value has been measured. Our values of about 0.23 eV/atom = PY o
and 0.27 eV/atom for the free internal energy of aNgiO and @ Py { J o
a-SgNg, respectively, reflect the different chemistry and the 5
higher connectivity of the network structure of the nitrogen- ...O
rich compounds in comparison to a-Si0O 0 o

The data provided irFig. 12 carries even more infor- {
mation. To zeroth order the diagram suggests a linear rela- J
tion of AE; for compositions intermediate between Sahd
SibN»>O, while there is a different relation betweeni$0
and SgN4. The first trend is expected from an ideal mixture  rig. 13. Bulk modulus, of a-SiNO plotted as a function of mol%3Bis.

0 20 40 60 80 100
mol% SizNy
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ibility in a-SiNO, pointing out a coincidence of-S\ bond annealing procedure are to the initial condition provided by
percolation and network softenif§ This effect happens for  the empirically generated network model. We ran two sets
about 16 mol% or 31wt.% 8N4 in a-SiNO and is visible of four simulation models each. Each model within one set
in Fig. 13 as well. When starting with a-Silthere is an is distinguished by different proportions of so-called apd
almost linear increase g with increasing SiN4-content sp? carbon, pre-configured by the empirical network. The two
until the SN bond percolation occurs. Beyond this point, sets differ by the density provided. We choose the composi-
at whichBg suddenly decreases, there is a second regime oftion of a-SkoCs0N40, the center of the ternary phase diagram.
linear relation with a slower increase up to about 80 mol% Fig. 14then shows two of the resulting eight structures of a-
SisN4. Approaching the phase boundary ofI$i gives rise Sia0Ca0Na4o.

to a steeper increase Bf again. At this point we can only summarize the basic trends we
observed for our models, a more detailed account of struc-
3.4. a-SiCN tures and their evolution during the ab initio molecular dy-

namics at elevated temperatures will be given elsewhere. As

In the previous sections we studied compounds that corre-a first result we found that the proportions ofsnd sp
spond to inorganic networks perfectly alternating in cations carbon soon converged within the four models with similar
and anions. This posed a challenge to the modelling proce-density. Thus, although pre-configured as random networks
dure, because a perfect alternation requires a network withby the empirical generation scheme with proportions of 36:4,
even-membered rings only. Odd-membered rings, hence,24:16,12:28, and 0:40 for the ratic’s@:sp?-C, the optimiza-
must be excluded at any times to omit homo-atomic bonds. tion and annealing procedure balanced out the hybridization.
The chemistry of such compounds is rather simple in such Nevertheless, two parameters determine the rafieCspp?-
a way, that only a few kinds of different bonds exist. Only C. First, it is a function of temperature used in the ab initio
Si—N bonds are present in asBls, SizBzN7 or a-SiNO com- molecular dynamics simulation. After annealing at 8G0
prise two kinds of bonds, SN and B-N bonds or SN and we found about 75% of all C as $€, while after 40 ps
Si-O, respectively. The ternary-SC—N system, on the other  ab initio molecular dynamics at 200Q this proportion was
side, comprises a much wider variety of bonds. Suppressingdecreased to merely 40%. These values, however, are for the
the homo-atomic SiSi and N-N bonds — to reflect that we  high-density models of a-§CaoNaowith o =2.8 g/cn? only.
stay behind the tieline §N4—SiC in the phase diagram —we  The low-density models, = 2.2—2.5 g/crf, exhibit signifi-
generated network models with-$l, S-C, G-N, and G-C cantly smaller amounts of 3gC. Just 50% after annealing at
bonds. An additional parameter that needs to be addresse®00°C and 25% after 40 ps ab initio molecular dynamics at
are the proportions of so-called®and sp carbon atoms.  2000°C. Therefore, the second trend we observe is the de-
Although the variety appears to be limited at a first glance, it pendence of the proportions ofssand sp on the density of
nevertheless leads to a combinatorial explosion of different the model.
bonding configurations possible in a model. The change of the ratio 3fC:sp’-C goes along with sub-

Our approach to model a-SiCN then addressed the hy-stantial reorganizations of the network. During the course
bridization of carbon and the question, how sensitive the of annealing we observe-®l bond breaking and-6C bond
optimized models that we obtain after the optimization and formation. C atoms agglomerate locally and SiN-rich regions

Fig. 14. Two models of a-$CaoN4o. The model of the left side has a density of 2.9 gicamd cell dimensions 112 x 10.5A x 10.2A. The model on the
right side has a density of 2.5 g/érrand cell dimensions 114 x 11.0A x 11.5A. The boxes are close to rectangular; 8, 8, y < 92°. Blue, green, and
black circles represent Si, N, and C atoms, respectively.
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Fig. 15. Left: free internal energy Ez, plotted as a function of density for several models of a-SiCN with compositiom&48N40. The crystal reference is
taken ag3-SizNg, B-SIC, and g-C. Right: bulk modullB&, plotted as a function of density for several models of a-SiCN with compositioao@&4N4o.

become visible, even in the models showiFig. 14 There 4. Discussion

appears to be a trend for C-segregation at internal surfaces

of voids and pores in low-density structures, but less obvi-  The combination of empirical and quantum mechanical
ous as for a-$B3N7 due to remaining C atoms in the bulk methods allows to study the amorphous structure of polymer-
framework. This partitioning of the network, to some extend derived ceramics in an efficient and accurate way. Models

similar to that already observed for asBsN7, goes along
with a steady decrease of the internal energy. We plot the
free internal energ\E; of models obtained after 40 ps ab
initio molecular dynamics at 200@ as a function of density
for models of a-SjpCaoN4p in Fig. 15 on the left side. As

generated by standard melt-quench methods using ab initio
molecular dynamics simulations only have a higher concen-
tration of structural defects and, most awkward in nitrogen
containing materials, very often exhibitiNl bonds. The net-
work approach is not only appealing by its concept — in syn-

noted in previous section, we observe the distinct trend of theses molecules and polymers form inorganic networks by
increasingAEs with decreasing density. cross-linking — but also by its speed and its capabilities: a
Most noteworthy, however, is the very different value of complete phase diagram may be derived and validated as we
AE;. With crystal phases @d-SizNg4, B-SiC, and g-C taken  did for a-SiNO or a manifold of different hypotheses may be
as reference, the lowest value &AE; is about 0.5eV/atom.  tested as seen for structures of a-SiCN. The latter technique
This is about twice the value we obtained for ah&j or can further be used for questions concerning the persistence
a-SgB3N7. We can compareAEs of a-SipCagNso with of local fragments in the amorphous state. Itis worthy to note
AE; for some boundary phase in the phase diagram, thatin this context that the employment of quantum mechanical
we obtained in a very similar way: a-SiC (0.21 eV/atom), methods proved to be mandatory for atomistic simulations
a-C (0.17 eV/atom), a-(8N4 + 3SiC) (0.40eV/atom), and  of disordered covalent materials. While the structure of sil-
a-SkN4:C (0.29 eV/atom¥® Obviously, our models of a- ica glass can be modelled using simple and fast potential
SizoCs0N40 are quite unfavorable in energy, although an- approaches, an empirical method certainly will fail in the
nealed and optimized. Further annealing at temperaturestreatment of structural defects (under- and over-coordination
exceeding 2400C resulted in deteriorated networks with of atoms) and dynamical evolution (bond rupture and for-
higher energy. We can draw a conclusion if we look at the mation as well as corresponding transition states). The latter
nature of our model of a-8N4:C presented in a previous point is one to worry about when using empirical potentials.
publication?® We inserted a graphitic strip of carbon into a All structural models of silicon nitride ceramics derived and
matrix consisting of a-gN4 and found thatAE; (per atom) published so far exhibit an extra-ordinary high proportion
did not increase significantly. Therefore, the results we ob- of under-coordinated silicon. Though this is balanced out by
tain for a-SiCN support the conclusion that the solubility of over-coordination to yield the “correct” average connectiv-
carbon in a-§iN4 or a-SiCN is suppressed. Values &E¢ ity, itis nevertheless a severe imperfection. Furthermore, such
suggest a high driving force for a partitioning of the a-SiCN models can not be used for further chemical studies, e.g. as-
network towards a stoichiometric a-SICN and graphitic-C. sessment of reactivity in the solid state or catalysis.
This driving force is significantly higher than fors&sN7 or It is interesting that the random network structure, which
SipN20O. is the underlying idea of the modelling scheme, is not sup-
The bulk moduludd, of the a-SiC4oN4o models is then ported by the final results both for as8sN7 and a-SiCN. In
plotted inFig. 150n the right side. The increase Bf with both compounds, we could detect the trend to partition quite
increasing density is, once more, obvious. The largestvalue clearly and show that it is energetically driven. The driving
of By we calculated, 168 GPa, approacti&sof a-SgNy, force for a-SiCN materials to phase separate then appears
but for a structure with 7% less density. Taking the different to be much larger than for a4H3N7. Given the values of
perspectiveBy of a-SipC40N40 comes out similar t@g of the excess energy with reference to the constituting phases
a-SgB3N7 or about 20% larger thaBy of a-SgN4 for a given in their amorphous state as well as our results of a model of
densityp. carbon segregation in asBl4, we conclude that carbon is
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not solvable in stoichiometric a-SiCN. Consequently, seeds model of a-SiN4 with 448 atoms has a volume of almost
of graphitic segregation will develop in a very early state. 5nn? and can be utilized to investigate the effect of small
Our data, however, currently does not allow for an assess-metal clusters in an amorphous matrix. Another direction is
ment of the kinetics of such systems. The results, however,the investigation of interfaces, e.g. the thin grain boundary
encouraged us to further improve our modelling scheme andfilms in sintered silicon nitride ceramics or the metal ceramic
to implement techniques to bias the network evolution during interface in thin film coatings. Current projects we pursue
the empirical generation. go into this direction: investigation of concentration profiles
The calculated free internal energy of our amorphous mod- along grain boundary films that may contain metals and the
els may be taken as a measure for the enthalpy such comehemistry of the a-SiCN/-Fe interface with trends of inter-
pounds loose during crystallization. This certainly holds for facial energy and adhesion in dependence of composition of
a-SiQ, which is a glass and can be synthesized with high the amorphous phase.
purity. Since any kind of impurity element will decrease
the energy of the amorphous structure, our results, however,
have to be taken with some care. The most predominant el-5. Summary
ement found in polymer-derived materials is, of course, hy-
drogen. Our studies on hydrogenated silicon nitride have al-  We studied structure, energy, and the bulk modulus of
ready shown that hydrogen decreases the free internal enamorphous silicon nitride, a-§\4, and its ternary derivatives
ergy significantly*! This holds for a-SiCN as well: 25at.% a-SgB3sN7, a-SiNO, and a-SiCN. Model structures consist-
H corresponding to just 3 wt.% decrease the free internal en-ing of 104—448 atoms were derived from random networks
ergy by about 50%. Thus, hydrogen will play a significant Using an empirical generation scheme and further optimized
role for the Stabmty, both kinetic and thermodynamicaL of within denSity functional theory inClUding extensive ab initio
the compound. It should not be forgotten that contributions Molecular dynamics simulations. The combination of empir-
of entropy from various sources (mixing’ structural, vibra- ical and quantum mechanical methods allowed an efficient

tional, electronical) further add to the free enthalps of ~ Study with highly accurate methods. As an outcome we ob-
the system. tain structures with perfect chemical order that comprise lo-
Such entropy terms will certainly dominate glassy stoi- cal environment of atoms consistent with the perception of
chiometric a-SiNO-phases. A rough estimate of mixing en- an inorganic network. While the defect concentration in fully
tropy yields a contribution of 0.1 eV/atom for a;8i,O at a optimized structures is low in general, the three-coordinated
temperature of 1000 K. Thus, the data we providefiin 12 silicon atom is a rare species with an abundance of about 1%
on left side, may be taken to determine the solubility of and below.
SisNy in silica glass. The existence of a;BpO itself ap- After annealing at 2000C we find that structures of a-
pears unlikely given thaAE; is larger than 0.2 eV/atom. If ~ SizBsN7 and a-SiCN exhibit phase segregation of BN and
it would exist, we would expect full miscibility of a-Sg0  C, respectively. This partitioning of the random network is

and a-SiN»O as indicated irfFig. 120n the right side. The  driven by energy, with a significantly higher driving force
data for 12.5mol% SN in this diagram, furthermore, in-  for the carbon containing material. We thus conclude that

dicates a local region of stability—if it were not for the un- carbon is not solvable in stoichiometric a-SiCN. There is,
certainty of the modelling procedure. Interestingly, this cor- furthermore, a connection between density and segregation:
responds to the composition of an a-SiNO-glass reported bylow-density models of both a-83N7 and a-SiCN exhibit
Kohn et al.2” although Gu et af® argued against such a Vvoids and pores with the internal surface coated with the
far extension of solubility. Nevertheless, the data point mo- Precipitating phase and the framework predominantly com-
tivates us to study this region further and, moreover, searchPosed of a-3N4. Structural models of a-SiNO, on the other
for possible crystalline remnants with this composition of side, show no phase partitioning and the structure is consis-
SisN2Oy. tent with a random network composed of-8i and SO

The results we obtain for the bulk modulus of the com- bonds. The dependence of energy with composition, how-
pounds follow the expectation and experimental experience.ever, indicates a miscibility gap between a-gi@nd a-
For one, elasticity scales with the density of the material. SisN4. We observe a remarkable trend for a-SINO phases:
Secondly, one of the advantages of g&gNN; and a-SiCN the onset of SiN bond percolation throughout the struc-
materials is that they exhibit similar mechanical properties ture and is accompanied by a discontinuous behavior of the
as a-SiN4 but at lower density of the material. The bulk bulk modulus and an intermediate softening of the struc-
modulus, however, is only a rough measure for the hardnessture.
of a material and there is still a necessity to investigate the ~ The results of this study show that the approach of
behavior of the amorphous phase under shear as well as itfietwork-derived models provide perspectives towards more
adhesion to a supporting material. complex problems: defects and phase separation in amor-

The capabilities of computational resources together with Phous materials, metal-ceramic interfaces, and clusters em-
the network generation scheme point towards simulations of bedded in the amorphous phase are prospects that can now
phenomena at the length scale of nanometers. The very largde tackled and that merit investigation.
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