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Abstract Based on large and relaxed grain boundary
(GB) models in alumina and intergranular glassy film
(IGF) models in polycrystalline f-SizN4, ab initio
modeling and theoretical tensile experiments were
carried out for both clean and Y-doped models. It is
shown that the increased covalent bonding between Y
and O or N through the participation of the Y-4d and
Y-3p orbitals is the mechanism by which Y ions
enhance the mechanical and elastic properties of the
Y-doped GB and IGF models. In alumina, this explains
the improved creep behavior in the presence of Y
doping. Preliminary results on the electronic structure
and bonding of a specific GB model (£37) in a-Al,O3 is
presented. For the IGF models, the distribution
patterns of Y ions in the glassy region were investi-
gated by total energy calculations. Y ions prefer to be
at the interfacial region between the IGF and bulk
crystal. Defect-like states of different origin can be
identified near the valence band and the conduction
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band edges. These theoretical predictions obtained
from the calculation of the fundamental electronic
structure of the materials can be used to derive local
strain fields of dissimilar ‘“‘particles’ that may be linked
to continuum level theories via finite element methods.

Introduction

In recent years, computational materials science has
made great strides in detailing many of the phenom-
ena present in complex materials that were previously
impossible to explain. Much of this success has been
attributed to ever increasing computational power
and improved methodologies to solve such problems
in a realistic manner. Concerning polycrystalline
structural ceramics and their interfaces, the presence
of grain boundaries (GBs) and intergranular glassy
films (IGFs) are well known because these micro-
structures dictate much of the mechanical and elec-
tronic properties of the bulk material. Their proper
understanding and control is key to their successful
application in emerging nanotechnology. Past theo-
retical studies of the microstructures in ceramics were
mostly limited to crude empirical models or were
based on simple idealized structures which rarely
dealt with interactions at the atomistic level. For
complex microstructures such as GBs and IGFs, it is
necessary to first have realistic structural models and
then to study their electronic structure, inter-atomic
bonding, and charge distributions in order to reveal
the microscopic origin of their useful properties at the
nano- or bulk scale.
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In this paper, we present some recent results from
the computational modeling of GB models in alumina
and IGF structures in f-SizN,4 based on large-scale first-
principles calculations. Within the last few years, we
have studied the structures and properties of several
GB models in a-Al,O5 including the X3 [1] and 231 [2]
models between basal planes of a-Al,O3 and a general
337 GB [3]. For the IGF structure in f-SizNy, a peri-
odic model with 798 atoms with a 10 A glassy region
sandwiched between the crystalline [0001] planes was
studied in considerable detail [4]. Both the clean
structure and Y-doped structures were investigated [5].
It is shown that these results not only explain some of
the existing experimental observations but can also
predict certain behaviors or properties that are difficult
to obtain other wise. We will highlight some of these
results as examples. More importantly, we argue that
such large-scale atomistic level calculations provide a
pathway to bridge a gap in general multi-scale
modeling by generating more reliable data for model-
ing materials at the mesoscopic or even macroscopic
continuum level.

Methodology

For realistic calculations of microstructural models in
ceramics at the ab initio level, a single computational
method is usually not effective. We use two well-tested
and extremely efficient computational methods based
on density functional theory (DFT) [6, 7] for such
calculations. The first one is a plane-wave based
pseudo-potential method as implemented in the
Vienna Ab initio Simulation Package (VASP) [8, 9]. In
the VASP calculations, the PW-91 GGA potential for
exchange-correlation potential was used with an
energy cut-off of 400 eV. Because the supercells that
represent the GB or the IGF models are fairly large, it
is sufficient to use only one general k-point in the
Brillouin zone. The structures were relaxed under the
Hellmann-Feynman force with all atoms in the model
relaxed to equilibrium positions such that the residual
force on each atom is no larger than 0.01 eV/A. It
usually takes 25-30 iterations for the structure to
converge to the desired level. These relaxed structures
were then used to calculate the electronic structure and
bonding using another ab initio method, the orthogo-
nalized linear combination of atomic orbitals (OL-
CAO) method [10]. For the theoretical tensile
“experiments”, the ‘‘samples” were deformed by
applying incremental stresses in the direction perpen-
dicular to the GB line of the IGF layer until the
samples were fully fractured. At each stress, the model
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was fully relaxed using VASP and the resulting strain
evaluated. The stress versus strain relationship for the
sample was thus obtained. The fracture energy of the
GB or the IGF could then be obtained from the
calculated total energies.

The second method, the OLCAO method, is also a
DFT method using the local density approximation
(LDA) in which the basis functions are expanded in
terms of localized atomic orbitals [10]. The OLCAO
method has been extensively used in the study of the
electronic structure, bonding, and other physical
properties of many crystalline and non-crystalline
systems [1, 2, 4, 5, 11-19]. It is especially effective for
highly complex structures where other ab initio meth-
ods may have some limitations. The use of atomic
orbitals in the basis set enables us to analyze the results
in a physically more intuitive way using the Mulliken
population analysis scheme [20]. Quantitative results
such as effective charges (Q*) on each atom, the bond-
order between any pair of atoms, charge density
distributions, and atom-resolved partial density of
states (PDOS) can be obtained. In the present 798
atom IGF model study the basis functions consist of
the atomic orbitals of: Si (1s, 2s, 3s, 2p, 3p, 3d), O (1s,
2s,2p), N (1s, 2s,2p) and Y (1s, 2s, 3s, 4s, 5s, 2p, 3p, 4p,
5p, 3d, 4d). The dimensions of the secular equations to
be diagonalized are 4,802 and 4,850 for the pure and
Y-doped cases. In the OLCAO calculation, the entire
spectrum of the energy eigenvalues and the wave
functions are obtained.

Results and discussion
The X37 grain boundary models in alumina

Grain boundaries in alumina have been extensively
studied in recent years both experimentally [21-28] and
theoretically [1, 3, 29-33]. Because of the constraint of
periodic boundary conditions on these ab initio calcu-
lations, there are two oppositely directed grain bound-
aries in each model. A sufficiently large supercell is
preferred to avoid any potential interactions between
the two. Figure 1 shows the (01 18)/[04 41]/180° (237)
grain boundary model that has been relaxed using
VASP for only 15 steps. The diffusion behavior of the
ions in both the clean and Y-doped cases was recently
studied using molecular dynamics [3]. This is a general
grain boundary model with 280 atoms in the form of an
elongated supercell with dimension of a = 41.5608 A,
b =47142 A, and ¢ = 11.7325 A. The calculated GB
formation energy from the total energy difference be-
tween the X£37 model and the reference model of a
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Fig. 1 The supercell model of the £37 GB in alumina

perfect crystal with the same number of atoms is
2.176 J/m?. Here we report the results of the electronic
structure and bonding calculated by the OLCAO
method based on this preliminary model.

The 237 model is divided into GB regions of about
2.65 A in width and the remaining bulk region as
illustrated in Fig.1. Each GB region contains 12 Al
atoms and 18 O atoms. These atoms can be further
classified into two types each. There are four Al(1)
atoms which are 5-fold bonded and eight Al(2) atoms
that are 6-fold bonded. There are 6 (12) 3-fold (4-fold)
bonded O atoms denoted as O(1) and O(2). Thus, the
main characteristic of the X237 GB is the presence of
the under-coordinated Al and O ions that result in

large open spaces as shown in Fig. 1. The bond lengths
(BL) of the GB atoms are listed in Table 1.

Figure 2 shows the calculated Mulliken effective
charges Q% for all the atoms in the ¥37 GB model.
They range from 6.83 to 7.04 electrons for the O ions
and from 1.49 to 1.77 electrons for the Al ions. In the
bulk region, there is a small range of distributions for
both cations and anions. In the GB region, the under
coordinated Al(1) ions have, as expected, a slightly
smaller Q*. This slight change in O* could also be due
to the changes in the Al-O BLs for atoms in the GB
region as listed in Table 1.

The bond order (BO) values between the ions in the
GB and the bulk region are calculated and listed in

Table 1 Calculated bond order (BO), bond length (BL) and effective charges Q* for atoms in the bulk and GB region of the ¥37 GB

model in a-AlL,O3

BO (in elec.) (BL in A) in the £37 GB model

In the GB region

Al (1)-0 (1)

Al (1)-0 (2)
(1.915)

Al (2)-0 (1)

Al (2)-0 (2)

In the bulk region (averaged values)
Al-O 0.1722 (1.906)
BO (in elec.) (BL in A) in perfect crystal a-ALO3

Al-O
Mulliken effective charges O* in the £37 GB model (electrons)
In GB region:

Al(1) 1.574 Al 1.565
Al(2) 1.549 -
0(1) 6.909 0 6.952
0(2) 6.948 -

In the bulk region (averaged)

0.1856 (1.841); 0.2231 (1.927); 0.2014 (1.839)
02064 (1.835); 0.1961 (1.951); 0.1960 (1.954); 0.1828 (1.991); 0.1743; (1.797) 0.1630

0.1469 (1.931); 0.2231 (1.927); 0.1822 (1.962)

0.1554 (1.837); 0.2124 (1.849); 0.2251 (1.842); 0.2337 (1.824); 0.1809 (1.926); 0.1400
(1.948); 0.1686 (1.982)

0.1872 (1.857), 0.1436 (1.969)

In perfect crystal a-Al,O3
Al 1.556

O 6.963
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Fig. 2 Calculated effective charges (Q*) for all the atoms in the
37 GB

Table 1 together with the BL and O* values. It can be
seen that in the GB region, there are both long and
short bonds compared to crystalline a-Al,Os. These
short Al-O bonds have relatively larger BO values and
the longer ones have weaker bonds. It has to be re-
minded that it is the weaker bonds that are responsible
for the fracture of the materials under strain [1].

Figure 3 shows the calculated total density of states
(TDOS) and partial DOS (PDOS) of Al and O atoms
as well as the PDOS of Al(1), Al(2), O(1), and O(2) in
the GB region. The PDOS of the bulk atoms are
similar to those in the «-Al,O; crystal [13]. The most
interesting features are in the PDOS of the GB atoms.
The most conspicuous features are the two sharp peaks
in the PDOS of the under coordinated O(1) near the
top of the valence band (VB) at -0.54 and -1.27 eV,
respectively. Careful analysis shows that the upper
peak originates from the bonding of O(1) to Al(1), the
under coordinated Al in the GB with a BL of 1.839 A.
The lower peak can be traced to the bonding of O(1)
with two Al(2) ions with a BL of 1.823 A. The PDOS
of O(2) is very different from O(1) and is somewhat
closer to the bulk O ions since they are all 6-fold
bonded. The main peak at —4.10 eV is slightly lower
than the same peak in the PDOS of the bulk O ions.
The rather sharp peak at -9.11 eV is the result of
strong bonding between O(2) and Al(2) with a rather
short BL of 1.810 A. The peak locations in the lower
0O-2s band below —16 eV for O(1) and O(2) basically
confirm the explanations for the structures in the
PDOS of the upper VB.

The PDOS of Al(1) and Al(2) in the GB region are
also very interesting. We focus on the states near the
conduction band (CB) edges. There are sharp peaks
near the CB edges that intrude into the gap. The lowest
ones are at 3.92 eV for Al (1) and 4.02 eV for Al(2).
These are the anti-bonding states of the sharp peaks
seen in the O(1) PDOS at the top of the VB as
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Fig. 3 Calculated total and partial DOS of the X37 GB model
using the OLCAO method

discussed above. The occurrence of the defect-like
structures at the top of the VB (mostly from the O
ions) and at the bottom of the CB (mostly from the Al
ions) has resulted in the reduction of the LDA gap to
390 eV compared to 6.31 eV for the crystalline
a-Al,O5 using the same OLCAO method [13].

The above results are preliminary since the structure
could be further relaxed which may slightly change its
electronic structure and bonding. The calculation for
the Y-doped X37 model is currently in progress and
will be reported elsewhere. We anticipate that it will be
easier for the larger Y ions to be accommodated at the
37 GB because of the larger open spaces in the GB
region. Nevertheless, similar calculations on the sim-
pler 3 model in the basal plane have been published
[1]. Data from theoretical tensile experiments on pure
o-Al,O3, an undoped X3 GB, and a Y-doped X3 GB
show that Y enhances the interatomic covalent bond-
ing through the participation of Y-4d and Y-3p orbitals
[1]. Such results can be used to provide the quantum
mechanical explanation for the so-called ““Y-effect”;
that the addition of Y to alumina can increase the
creep resistance due to the segregation of the Y ions to
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the GB region and the increased cohesiveness due to Y
addition [27, 34-38]. Similar calculations on a much
more complex X31 GB model where good experi-
mental data on creep rate using bi-crystal exist have
also been attempted [2].

IGF in ﬂ-Si3N4

Figure 4a shows an IGF model in f-SizN4 with 798
atoms and periodic boundary conditions. The model
was initially constructed using molecular dynamics
(MD) with repeated quenching from high temperature
[4]. The MD relaxed model was then further relaxed
using VASP. The difference in energy between the
MD relaxed model and the VASP relaxed model is
only 47.4 eV or less than 0.06 eV per atom. This indi-
cates that the potential used in the MD simulation is
quite accurate because it gives the structure close to
the one relaxed by the ab initio method. However,
from the stand point of the electronic structures, such
fine tuning of the atomic positions by ab initio tech-
niques is important. The calculated DOS of the IGF
model shows defect-like structures near the band edges

(a)

TR A:_'.u:
S

&6

eSi oNeoeO @Y

Fig. 4 The periodic structure model of an IGF between basal
planes of crystalline $-Si3N4: (a) without Y doping (b) with Y-
doping. The 16 Y ions are in the IGF region close to the
interfacial boundaries of the IGF and the crystal

and these defect-like structures are different in the MD
relaxed model and the VASP relaxed model, indicating
that the electronic states near the gap region are very
sensitive to minor structural modifications [4].

It has been known for a long time that the width and
the fracture toughness of the IGF depend on the rare
earth content of the IGF [38-42]. These rare earth
elements are the result of using metal oxides as sintering
aids in the high temperature processing of SizN4. To
understand the effect of Y-doping in an IGF, we
replaced 16 Si atoms by 16 Y atoms in the IGF region of
the 798 atom model with simultaneous substitutions of
the same number of N ions by O ions to maintain the
overall charge neutrality. However, the likely distribu-
tion of the Y ions within the IGF is not known. We
therefore designed four possible distribution patterns of
the 16 Y atoms in the IGF: (1) random distributions of
the Y ions across the IGF (2) a distribution with Y ions
residing predominately at the interface (3) a graded
distribution with more Y ions in the interior of the IGF
region (4) a graded distribution with more Y ions at the
interface of the IGF and the crystal planes. The four
distribution models were then relaxed by VASP. The
interface model (2) had the lowest energy and was
therefore chosen as the representative model of the
Y-doped IGF which is shown in Fig. 4b.

The electronic structure and bonding of the
Y-doped IGF were calculated using the OLCAO
method. In Fig. 5, we show the calculated DOS and the
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Fig. 5 Calculated DOS and atom-resolved PDOS of the Y-
doped IGF
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atom-resolved PDOS. The introduction of Y ions and
the redistribution of Si, O, and N in the IGF resulted in
the reduction of the band gap from 3.2 eV in the
undoped case [4] to 2.0 eV in the Y-doped case. The Y
states are more pronounced in the energy region below
—22 eV (from Y-3p) and near the conduction band
(CB) edge (mainly Y-4d). Close inspection of the DOS
near the gap region shows the presence of three defect-
like structures labeled A, B, and C. State A is an
acceptor level 0.09 eV above the VB top. B and C are
closer to the CB edge and are respectively 1.31 and
1.76 eV from the top of the VB. Analysis of the wave
functions associated with these states shows that A
originates from a group of atoms, two under-coordi-
nated Si atoms in the crystalline region near the IGF
and another Si atom in IGF close to them. One of the
Si atom in the bulk crystal bonds to three N and the
other to two N and one O. These under-coordinated Si
ions in the bulk region are the result of the initial
interphase mixing in the top three layers on the crystal
side [4]. These results clearly show that electronic
states near the band gap depend very sensitively on the
local structure at the IGF and crystalline boundaries.
States B and C originate from pairs of close Y ions
separated by 3.12 and 3.04 A, respectively. Also
contributing to these states is a near-by Si ion. The
presence of these defect-like states will have implica-
tions for the application of polycrystalline silicon
nitrides in microelectronic devices.

The mechanical and elastic properties of the Y
doped and undoped IGF models were studied by the-
oretical tensile experiments similar to the GB model
discussed above. The details of these calculations have
been reported elsewhere [S]. In short, under uni-axial
strain, the Y-doped IGF shows a very complicated
deformation behavior and the doping of Y in the IGF
has greatly enhanced the elastic and the mechanical
properties of the IGF. This enhancement can be
attributed to several factors including the increased
covalent bonding of Y which has 3d electrons in the
valence shell and 3p electrons in a semi-core level, and
the rearrangement of the inter-atomic bonds in the
interfacial region.

Connection to continuum level theory

The information obtained from the present atomic
level electronic structure calculations may be used to
further investigate fundamental issues related to the
significance of GBs and IGFs on the overall mechani-
cal behavior of materials. The results of our simula-
tions form a necessary basis for developing a better

@ Springer

definition of the relationships between atomistic scales
and microscopic scales in ceramics. For example, these
results taken together with the knowledge of ceramic
morphology and composition could be used to develop
mesoscopic scale (nano/micrometer) coarse grained
constitutive models through multi-scaling techniques
[43, 44]. Mesoscales become important for ceramics
due to their unique responses in time and length scale.
As mentioned earlier, the first-principle calculations
are extremely computationally expensive and not
practically feasible at a scale larger than about 2,000
atoms. Therefore, first principle studies may be used to
validate and improve empirical potentials used in MD
simulations. With these reliable empirical potentials,
MD based atomistic simulations can be applied to
study mechanical properties (including the desirable
temperature effects) of systems of greater scale
(210,000 atoms) with much greater efficiency. How-
ever, ab initio quantum mechanical methods or
molecular dynamics (MD) have difficulty in analyzing
multi-scalar hierarchical structures (that may have
billions of atoms) due to the limitations in terms of the
time and length scales that these methods are confined
to. Although the classical MD simulations have found
wide applications in elucidating complex physical
phenomena, the length and time scales that can be
modeled using MD are still fairly limited. In recent
years, models have been developed that implement
MD in localized regions and utilize finite elements
everywhere else. However, these models typically run
into the confounding problem of widely different
fundamental time periods in the two regions, and
consequently, have not satisfactorily addressed the
bridge between the atomistic and continuum regimes.
Therefore, multi-scale methods that incorporate coarse
grained constitutive relationships [45, 46], which links
the discrete and continuum representations, and may
be implemented into finite element or similar analysis
tools, offer a powerful simulation technique for multi-
scalar hierarchical structures such as ceramics. Simu-
lation techniques that bring together the deep insight
of first-principles atomistic simulations and the power
of continuum mechanics are expected to have wide
application in materials science and engineering.

Concluding remarks

In conclusion, we have shown that large-scale ab initio
modeling of complex microstructures in structural
ceramics is possible and can provide a wealth of
information that is otherwise impossible to obtain. We
presented the preliminary results on the electronic
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structure for the X37 GB and showed the profound
effect of under-coordinated atoms in the GB region on
the electronic structure and bonding. They introduce
defect-like structures near the band gap edges and also
reduce the gap. We show that the doping of Y to the
grain boundaries of alumina and to the IGF structures
in Si3N4 can significantly enhance their mechanical and
elastic properties. Our calculations also reveal the
atomic origin of the electronic states associated with
the defect-like structures in the IGF models. Such
results cannot be obtained from a classical type of
simulations. We further sketch the road map of how to
use the information obtained from the ab initio
modeling to link them to other simulations at larger
length scales. These efforts will be put to test in the
near future.
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