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First-principles study of the effects of halogen dopants on the properties of intergranular films
in silicon nitride ceramics
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The nanoscale intergranular films that form in the sintering of ceramics often occur as adherent glassy
phases separating the crystalline grains in the ceramic. Consequently, the properties of these films are often
equal in importance to those of the constituent grains in determining the ceramic’s properties. The measured
characteristics of the silica-rich phase separating the crystalline grains in Si3N4 and many other ceramics are so
reproducible that SiO2 has become amodelsystem for studies of intergranular films~IGF’s!. Recently, the
influence of fluorine and chlorine dopants in SiO2-rich IGF’s in silicon nitride was precisely documented by
experiment. Along with the expected similarities between the halogens, some dramatically contrasting effects
were found. But the atomic-scale mechanisms distinguishing the effects F and Cl on IGF behavior have not
been well understood. First-principles density functional calculations reported here provide a quantum-level
description ofhowthese dopant-host interactions affect the properties of IGF’s, with specific modeling of F and
Cl in the silica-rich IGF in silicon nitride. Calculations were carried out for the energetics, structural changes,
and forces on the atoms making up a model cluster fragment of an SiO2 intergranular film segment in silicon
nitride with and without dopants. Results show that both anions participate in the breaking of bonds within the
IGF, directly reducing the viscosity of the SiO2-rich film and promoting decohesion. Observed differences in
the way fluorine and chlorine affect IGF behavior become understandable in terms of the relative stabilities of
the halogens as they interact with Si atoms that have lost one if their oxygen bridges.

DOI: 10.1103/PhysRevB.65.064113 PACS number~s!: 68.55.Ln, 71.23.Cq, 73.20.2r, 81.05.Je
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I. INTRODUCTION

Ceramics are heterogeneous multiphase materials con
ing not only crystalline phases, but also phases lacking l
range order. The matrix in which the crystallites are bound
such a phase, and it often appears as an ultrathin~nanoscale!
film between counterpoised grains. Intergranular films fo
in the initial stages of sintering, e.g., in the silicon nitrid
ceramics, from melting of a native surface oxide on gr
surfaces of the starting nitride powder. The viscous in
granular film is subject to capillary forces and thins by flo
of the glass from the grain boundary volume into triple poc
ets, etc. As the vitreous IGF is compressed by mutually
tracting grains,1 repulsive back forces~steric forcesin the
model of Clarke2! originating within the film increase an
balance the forces exerted on the IGF by the opposing gra
Under conditions that allow equilibrium to be attained, t
IGF thickness reaches a characteristic value that is froze
on cooling. With such factors determining film thickness,
is clearer, though no less remarkable, that the thicknes
such films is frequently observed to be constant3 to a few
tenths of a nanometer, and thus uniform between adja
parallel grain surfaces. Only a few basic SiO2 tetrahedral
units span the thickness of such IGF’s—these are inhere
nanoscalestructures. Film properties and behavior are e
pected to reflect atomic-level interactions, such as the bo
ing characteristics of the oxygen-bridged tetrahedra, ra
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directly, and dopant effects should be readily apparent for
same reason.

Intergranular films remain an important issue in ceram
science by virtue of their widespread occurrence and str
influence on mechanical properties~e.g., toughness, strengt
and creep resistance!. For example, the use of ceramics
structural applications is always limited by their lack of du
tility and low fracture toughness. The associated failu
mechanism by brittle crack propagation4 clearly depends
strongly on bonding properties at the IGF/crystallite inte
face. Because intergranular films are most often ‘‘we
links’’ and show lower softening or melting points than th
more refractory reinforcing grains in ceramics, they have t
ditionally been viewed as a problem whose presence sh
be minimized. However, recent debonding experiments5–7

have shown that IGF’s can be used toenhancefracture
toughness,if their interfacial chemistry can be controlled an
understood. For example, sintering aids can be selecte
control the composition and growth of epitaxial phases t
directly influence the adherence between intergranular fi
and reinforcing grains.8–10This is a central issue in ‘‘debond
ing behavior’’ and has stimulated research to understand
tergranular chemistry and bonding at the IGF/crystallite
terface at the atomic level.

Efforts to characterize ceramics at the atomic scale h
faced many challenges in the past. However, refinement
processing procedures11,12 have so advanced sample repr
©2002 The American Physical Society13-1
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ducibility that experimentation previously found only in b
sic studies of laboratory specimens is now routine for
lected ceramics. With the discovery of the nanometer sc
dimensionality and great importance of IGF’s in silicon n
tride ~and other! ceramics, numerous basic experimental5,13

and theoretical studies1,14–18have now appeared.
The mechanism of introducing halogen anions into

IGF sets the basis for the conceptual framework of this st
and is briefly described here. Carbon, part of a carrier gr
along with F~or Cl!, drives a reaction in the sintering ste
but is not itself incorporated in the glass. In the case o
doping,19 F-C-F fragments formed in the thermal decomp
sition of polytetrafluoroethylene are the carrier groups. T
reduction of bridging oxygen atoms to form CO procee
with detachment of the pair of fluorine atoms. Simult
neously, each fluorine atom interacts with the near Si a
neighbor, such that a fluorine pair locate at the position of
former O bridge, consistent with valence rules. A simi
mechanism occurs in the introduction of chlorine by the
dition of hexachloroethane.20 This reaction mechanism i
then a classic example of simultaneous electrophilic and
cleophilic attack at a bridge site as carbon is oxidized and
fluorine atoms bond with the pair of under-coordinated
atoms. The reaction is clearly a critical step to all the effe
that follow, but it is a separable event and the subject
another study. In this work, modeling begins with the IGF
the stage following CO evolution, when a distribution
bridging-oxygen atoms have been replaced by pairs of h
gen ions.

Halogen interactions with silica are both common and i
portant, as illustrated by fluorine-doping for control of th
dielectric properties of silica,21 its use in the elimination of
surface hydroxyl ions,22 and the removal23 of native oxides.
By Pauling’s ordering of atoms, fluorine and chlorine a
respectively, first and third most electronegative atoms
can be used in dopant studies~oxygen is second strongest!.
Consequently, characterization of the effects of F and
doping in model Si3N4 ceramics24 has been extensive, in
cluding HRTEM ~Refs. 19,20,25! and internal friction
measurements26,27 of high-temperature mechanical prope
ties. It is observed that structural changes induced at
subnanometer scale by these anions correlate with chang
mechanical properties at the macroscopic level.24,28 While
both anions induce bond-breaking effects, differences
also found. For example, F doping is found to increase
film thickness uniformly by 0.1 nm over the 1.0 nm thic
ness of the undoped reference case. However, the effec
Cl doping are nonuniform, with some IGF’s expanded
thicknesses of 1.3 nm. Understanding the origin of these
fects clearly requires investigation at the atomic level. Sin
F and Cl display both similar and contrasting effects,25 they
are particularly interesting for first-principles study within
comparative basis.

Principal questions that surround the behavior of sim
halogen anions in silicon nitride include the following.~i!
What are the changes in bonding within the IGF caused
halogen-dopants, and how do those changes lead to a re
tion in viscosity of the IGF?~ii ! What is the mechanism
leading to increases in IGF thickness in F- and Cl-dop
06411
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films? ~iii ! Why are the effects of F and Cl similar in som
regards, while they are in marked contrast for others?
example, why is the concentration of F within the doped IG
so high, compared with that of Cl? Why is the F-induc
expansion constant, whereas the expansion produced by
variable? The experimental data that raise these ques
has been reported in a comprehensive series of re
papers.19,20,24–28Those observations will be briefly describe
later in connection with the first-principles results that a
swer the specific questions.

II. ATOMIC CLUSTER STRUCTURAL MODELS
AND THE PARTIAL-WAVE SELF-CONSISTENT

FIELD APPROACH

For vitreous materials, there is no unique unit cell
guide in constructing a cluster model of a fragment of t
IGF, in distinction to the case of crystalline solids. Howev
in silica, the integrity of the basic structural units is mai
tained~distinguishing the vitreous glass from general am
phous solids!. So SiO4 tetrahedra are taken as buildin
blocks of the cluster models used in this work, however
atoms arenot constrained to the initial positions in the sel
consistent calculations. By reducing symmetry constraint
the calculation, the absence of crystalline symmetry
readily handled—the atoms relax to stable positions acco
ing to the calculated force field. The challenge then becom
selection of a particular configuration of SiO4 tetrahedra that
can respond accurately to anisotropic stress fields in the fi

In order to address the expansion effect, first consider
array of basic tetrahedral units of SiO2 that are joined to
make up a segment of the silica network across the in
granular film. A set of possible IGF linkages makes up
nonunique distribution, with members ranging from tho
parallel to the boundary, to those that are perpendicular to
interface. These latter ‘‘normal’’ linkages make up th
shorter components of the distribution and are likely t
most effective in transmitting structural change at
O-bridge site to a change in film thickness~see IGF-spanning
cluster shown in Fig. 1!. While the silica tetrahedra can ea
ily bend over a large angular range about an O bridge~sub-
ject to the constraints of corner connectivity! bond length
changes typically require greater forces~except very close to
equilibrium!. Compressive forces acting on the low-viscos
glassy IGF should first result in angle bending about verti
of the tetrahedra, as SiO2 linkages become more aligned b
the stress field. Required variational freedom for such dis
tions is allowed in the low symmetries of the clusters used
the calculations described later~e.g.C2v as in Fig. 1!. Bonds
in each tetrahedron are free to reorient and change len
consistent with the overall symmetry and the steric co
straints of maintaining corner connectivity of the tetrahed
But the greatestforce response, either to external pressure o
to expansion effects on doping, occurs in the Si-O-Si bo
orientednormal to the IGF plane. However, the film thick
ness inundopedsystems is observed to be insensitive
adjoining grain boundary structure, suggesting that the f
tors which determine the thickness do not depend on de
of how the SiO2 linkages terminate at the grain faces. Last
3-2
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FIRST-PRINCIPLES STUDY OF THE EFFECTS OF . . . PHYSICAL REVIEW B 65 064113
this invariance to grain surface structure suggests that
thickness is predominantly determined by theinternal
character of the film itself, as well as any modifier of th
character.

The undoped fragment cluster links two facing Si3N4
grain boundaries. It is made up of coupled basic tetrahe
SiO4 units, spanning the thickness29 of the undoped IGF and
initially aligned normal to the IGF surfaces, as in Fig. 1. Th
cluster is expected to be sufficiently realistic to calculate
response of the actual IGF to changes in~a! internal forces of
chemical origin and~b! ‘‘external’’ pressure from the grains
If the calculated thickness of this host cluster is accepta
the effects of anion doping will be well represented in th
model linkage. This criterion is actually stronger than nec
sary, since the object of the study concerns adifferencebe-
tween the doped and undoped cases.

Beginning with an SiO4 unit at the silicon nitride bound
ary, terminal oxygen atoms of the IGF can form O-Si bon
with Si atoms of the grains. An orientation of the O-Si bo
normal to the grains is preferred on steric grounds (Si4
tetrahedral units are not normally observed to share edge
faces!. We then complete the linkage by inserting SiO4 tet-
rahedra to join these, forming the fragment of the IGF sho
in Fig. 1. The outermost oxygen atoms in this fragment bo

FIG. 1. Cluster model of coupled SiO4 tetrahedra spanning
glassy intergranular film~IGF!. Fragment terminates with surfac
SiN3 groups of Si3N4 grains defining IGF. In grey-scale Si atom
are shaded dark, N medium, and O light.
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with Si sites of the Si3N4 grains. Nitrogen atoms exposed
the surface of the Si3N4 grains bounding the IGF are no
favored to bond with the terminal oxygen atoms of the Si4

units. However, N atoms are included in the cluster~as part
of the nitride grain! in order to complete the chemical coo
dination of the Si atom in thegrain surfaceand provide
better boundary conditions for the cluster. The stoichiome
of the IGF-spanning cluster appearing in Fig. 1 is correc
that of SiO2, allowing a reduction factor for the outer oxyge
atoms that are shared by Si atoms outside thisactivecluster.
For a fluorine pair in the cluster, the predicted F concen
tion is also consistent with that measured experimentally@25
atom % F/~F1O! ratio#. The effect of any nitrogen in the
IGF film is ignored in this calculation. While the amoun
may be non-negligible@an N/~N1O! ratio of about 0.30
60.12 is quoted for the undoped case by Yoshiyaet al.14#,
nitrogen in the IGF can only participate as a next-near nei
bor to the O bridges, where its effect is found to be similar
that of oxygen.

Observed properties of silica-rich glassy intergranu
films reflect strong localized bonding and the lack of lon
range order. A number of different theoretical techniques
be applied in this case, each offering various advantages.30–35

The formal basis for the calculations in this work is th
local density approximation36 ~LDA ! in its spin-polarized
form, using the exchange-correlation functional of Vosk
Wilk, and Nusair.37,38 Gradient corrections39,40 that go be-
yond the LDA were also calculated to assess their imp
tance for this system. Since these additional terms did
affect any of the initial findings obtained with the simpl
LDA, the energies quoted in text were calculated witho
such corrections.

The partial-wave self-consistent field~PWSCF! atomic
cluster method35 was used to solve the LDA equations. Th
is a linear variational technique based on partial-wave exp
sions for charge densities and Coulomb potentials on
atomic sites. Orbital basis sets of unrestricted radial form
be used, such as numerical orbitals, Gaussian functions,
Gaussian basis sets of double-zeta plus polarization qual41

~including supplementary functions of higher atomicl val-
ues! were used in these calculations. This method is parti
larly well suited for low symmetry systems with strong
localized bonding, but requiring completeness and high p
cision in the self-consistent calculation of the ground st
electronic structure and associated quantities~total energy,
equilibrium structure, interatomic forces, etc.! Atom posi-
tions were allowed to change according to the calcula
force field until full relaxation was achieved~or a specific
boundary pressure was attained!.

Properties exhibit different degrees of localization, a
the property of interest dictates the cluster size needed
convergence. In pure and doped silica, the local bond c
acter and equilibrium bond lengths and angles are adequa
given by clusters of minimum size42 ~number of active at-
oms, N,10). On the other hand, to accommodate mo
long-ranged character in the strain field, and to calculate
magnitude of the film expansion directly, the larger interfac
3-3
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PAINTER, BECHER, KLEEBE, AND PEZZOTTI PHYSICAL REVIEW B65 064113
spanning cluster~Fig. 1! was used (N525,26). In this case
the pressure effects of the cluster’s environment can be
central importance.Electronic structureeffects involving
distant atoms can be safely omitted for this study; howe
an SiN3 group was included in the active cluster as part
the Si3N4 grain interface. The embedding force-field repr
sentation of more distant atoms of the crystallite was eva
ated for each of the terminal active cluster atoms. The ef
tive force values were obtained from force-separation cur
calculated for small Si-~O,N! clusters.

III. FIRST-PRINCIPLES RESULTS

The first structural model for the calculations in this wo
is geometrically similar to the point ion model introduced
Pezzottiet al.26 As in that work, it is assumed that dopan
anions are incorporated into the SiO2 network at former
bridging oxygen sites, defining an initial configuration f
calculation of the relaxed structure. The minimum size h
cluster for modeling this bridge-site reaction includes a c
tral O-bridge site and its near and next-nearest neighb
~two Si atoms and the three O atoms bonded to each
respectively!. While the potential shortcomings of modelin
large systems with small cluster fragments are well know43

bond localization is so strong in SiO2 that nearly every as
pect of doping is given adequately by these minimal-s
clusters, as judged from results for larger cluster mod
described later. Formula units for the host and F-dop
clusters are, respectively, Si2O7 and Si2F2O6 ~structurally,
O3Si-O-SiO3 and O3Si-F•••F-SiO3).

Beginning with these smaller ‘‘primitive’’ clusters, the lo
cal density equations were solved self-consistently, allow
the atoms to relax to the equilibrium structure. Calculation
the formation energyof the Si2F2O6 fragment cluster from
reactants, silica and CF2, tests the proposed mechanism
anion insertion into the former O-bridge site.26 The LDA
calculation of the formation energy indeed determines
higher stability of the reaction products~in large part due to
the highly exothermic carbon oxidation!.

A. IGF bonding and viscosity

Anion doping is observed to dramatically affect the hi
temperature mechanical properties of the silicon nitrides.
most important result of the fluorination~-O- replacement by
-F•••F-) and chlorination is a local depolymerization of th
glass network. This is observed in several ways. A signific
reduction in the softening temperature of the vitreous I
takes place, as evidenced by internal friction data acqu
using a torsion pendulum apparatus that measures the i
nal friction related to grain boundary sliding under stress.19,26

Mechanical spectroscopy measurements carried out
anion-doped samples and the ‘‘clean’’ reference materia
very high temperatures provided quantification
temperature-dependent viscosity changes in the IGF. Spe
cally, analysis of structure in the internal frictionversustem-
perature curves~see Fig. 2! shows grain-boundary relaxatio
peak shifts that correlate with anion concentration and in
cate a generalreductionin the effective viscosity of the IGF
06411
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with increasing anion concentration. The reduction in visc
ity is also associated with markedly higher creep rates.24 Ob-
served transitions from mainly transgranular to intergranu
fracture upon anion doping26 also indicate a reduction in co
hesive strength within the IGF and/or at the IGF/gra
boundary interface. These results support earlier work wh
showed the incorporation of anions significantly decrease
ceramic’s resistance to both creep and subcritical~initial
stage! crack growth.28

How do the model calculations explain these findings?
general terms, breaking oxygen bridge bonds~and reduction
of the restoring force between structural units! affects me-
chanical properties that depend on network connectivity i
straightforward and obvious way. Calculations show that a
result of the anion-doping reaction, local decohesion wit
the IGF is induced, as previously strong O-bridged fragme
of the glassy network become essentially free to move ap
i.e., network bonds are broken. Results show that as a
sequence of the strong Si-F bond that forms in F dopi
each pair of participating O-bridged tetrahedral units of
glass network are transformed into two stable, but wea
interacting, SiO3F tetrahedra. Although this structure is mo
stable than the pair of O-bridged SiO2 units, chemical dis-
placement of the bridging-oxygen atom is not comple
simply by the nucleophilic action of fluorine on Si. The tot

FIG. 2. Comparison of high temperature internal friction me
surements for~A! F-doped and~B! Cl-doped samples showing mu
tipeak structure that differentiates viscosity effects produced by
tergranular F and Cl in Si3N4. Deconvolution indicates three
separate peaks in Cl-doped material~B!; one peak appears in pos
tion of that forundopedsamples.
3-4
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FIRST-PRINCIPLES STUDY OF THE EFFECTS OF . . . PHYSICAL REVIEW B 65 064113
energy calculations show that the mechanism of jo
electrophilic-nucleophilic action is needed to break the po
meric linkage, just as in other fluorine reactions w
SiO2-rich interfaces.23 The simultaneous electrophilic attac
of C on the bridging oxygen atom is the driving mechani
that allows the reaction to proceed readily.

How do these alterations of intergranular bonding red
the viscosity? Consideration of the forces in the IGF fra
ment reveals the answer. Accurate force fields are calcul
within the PWSCF method, however, for this discuss
forces are estimated from the slope of the energy curve
structural parameter of the system. In Fig. 3, binding ene
curves are compared for increasing the distance betw
~rigid! tetrahedral units that are~a! oxygen-bridged and~b!
linked by the -F•••F- unit ~see bottom Fig. 4 for correspond
ing ball and stick drawings.! Comparison of the behavior o
restoring forces between O-bridged SiO2 units and F•••F
linked units shows that local mechanical properties dif
markedly at this scale. For purposes of shape compari
the energy curves are plotted with respect to a common
ordinate~measure of displacement of tetrahedral groups r
tive to the Si-O equilibrium bond length! and referred to
their respective energy minima~the zero of energy of the
F-doped system has been raised about 1.76 eV to place
curves closer together in Fig. 3; note also the order of m
nitude change of scale for energies of the F-doped clus!.
As the SiO3F units are displaced along the dissociation p
shown in Fig. 3, there are three principal features of note:~1!
a repulsive barrier between the SiO3F units for r
,1.0 Bohr~corresponding to F-F separations,4.0 Bohr),
~2! fragment equilibrium given by a weak energy minimum

FIG. 3. Binding energy curves calculated for cluster fragme
of: ~upper! undoped O-bridged SiO4 units and ~lower! doped
F•••F linked SiO3F tetdrahedra. Abscissa measures displacem
of one tetrahedral unit from the other relative to stable Si-O brid
bond length~3.014 Bohr!. Shallow energy minimum in doped cas
indicates weak coupling and vanishingly small restoring forces o
large region.
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corresponding to a separation between fluorine atoms
about 4.4 Bohr, and~3! vanishingly small restoring force
over the broad region forr .2.5 Bohr. Energy minima for
the O-bridged and F•••F-bridged clusters correspond to a
SiO bond length of 3.014 Bohr and an F•••F separation of
4.453 Bohr, respectively. While the O-bridged cluster sho
a sharp drop in energy to the ground state, the F-doped c
ter displays a very shallow minimum for binding of th
SiO3F tetrahedra. Molecules containing silicon and fluori
atoms are characterized by very strong Si-F bonding.44 Simi-
larly, in the IGF cluster, the strength of the nearest neigh
Si-F bonds corresponds to very stable SiO3F units ~calcula-
tions give 1.5 eV greater binding for the fluorinated un
compared with the SiO4 units!. Connectionsbetweenthese
stable structural units are quite different, however. T
O-bridged units of SiO2 are linked very strongly, as indicate
in Fig. 3, by the rapid change in energy with respect to
O-bridge bond connecting the tetrahedra. In contrast, th
•••F coupling between fluorine-doped units is extreme
weak. This is consistent with observations of a halog
induced reduction in grain boundary viscosity and decre
in creep resistance.20 Chlorine-doping also markedly reduce
the grain boundary viscosity. However, Cl shows wea
binding than Fwithin the IGF, and this leads to more com
plicated structural effects~discussed later!.

The essentially flat binding energy curve in the region
r .2.5 Bohr indicates the very weak restoring force betwe
the units. This force acts weakly to keep the linkage inta
and from Fig. 3 it rapidly vanishes as one SiO3F unit is
displaced from the other. These weakly associated com
nents indicate a local break in the connectivity of the po
meric network and thus a reduction in high temperature v
cosity, as observed experimentally. Such disrupted linka
in the solidified intergranular film form~local! regions of
reduced cohesion. As a consequence, significant weake

s

nt
-

r

FIG. 4. Charge density difference plots comparing charge re
tribution in an O-bridged fragment of SiO2 ~left! and the same
cluster with F•••F replacement of the bridging O~right!. Plot plane
includes major symmetry axis and plane of cluster; solid cont
lines denote increased density and dashed lines represent decr
density. Adjacent contours differ by a factor of 1.8.
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PAINTER, BECHER, KLEEBE, AND PEZZOTTI PHYSICAL REVIEW B65 064113
is expected in F-doped samples, and experiment confirm
shift in behavior from transgranular fracture to a mainly
tergranular mode.20 Similar behavior is obtained for Cl dop
ing, indicating halogen additions, as a class, reduce visco
of silica melts, and lead to reduced cohesion in solidifi
IGF’s. The introduction of either halogen results in a sign
cant~nearly 20-fold! decrease in viscosity of the IGF at hig
temperature.13 The mechanism of reduction is the same
each case; a bridging oxygen atom is chemically displac
and insertion of a pair of halogen atoms satisfies the b
requirements for the pair of undercoordinated Si sites. In
case of F, the Si-F bond in each SiO3F tetrahedron is strong
and weakly interacting~but internally strong! SiO3F units are
formed. Fluorine is bound and stable within the IGF un
with no driving force for diffusion of F elsewhere, e.g., to th
IGF/grain interface. Chlorine additions, as in the case
fluorine, lead to a significant reduction in viscosity and
duce the cohesive strength of the intergranular film.19 In con-
trast however, the concentration of Cl2 in the film is found to
be much lower than that of F2 ~0.86 atom % compared with
25 atom %, respectively!, and the expansion effects are n
uniform.25 This shows there is chemical sensitivity within th
IGF that distinguishes F and Cl, and this leads to beha
differences and further questions that are addressed in a
section.

While incorporation of the F•••F species at the forme
O-bridge site is calculated to be energetically favorable, c
culations show that a single F atom isnot more stable than
O. This result supports the conclusions based on vale
arguments within the earlier ionic model.26 In the latter work,
substitution of two F2 ions for the single O22- bridging ion
leads to a local expansion driven by the Coulomb repuls
between the anions. The first-principles results support
picture in general, but covalency and other subtleties app
in the results at the quantum level. While the coordinat
result appears valid, the force between tetrahedral units is
from simple Coulomb repulsion between ions of unit char
Rather there is a near-vanishing interaction between
counterpoised SiO3F units for separations beyond the regi
of core overlap repulsion, as shown in Fig. 3. The interact
between SiO3F fragments shows much less ionicity than im
plied by a point ion model. This is found in a Mullike
population analysis of the atomic orbital occupancy in
ground state one-electron orbitals. Rather, the interactio
more typical of that between nearly closed shell or bo
saturated systems. This is in turn consistent with the str
internal bonding of the SiO3F fragment.

Calculated charge density distributions are also useful
analysis of the IGF bonding, and in Fig. 4 the deformat
densityd(r ) is plotted in an plane cutting through the maj
axis of the cluster. Here the deformation~or difference! den-
sity d(r ) is defined as thechangein charge density given by
subtracting the sum ofN overlapping atomic charge densitie
r j from the total cluster charge densityP(r )

d~r !5P~r !2S(
j

N

r j~r !, ~3.1!

where
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i

M

f i uC i~r !u2 ~3.2!

and theM occupied one-electron cluster solutionsC i are
each weighted by the occupancyf i of the state. Charge con
servation requires that the integral ofd(r ) over all space is
identically zero, so the plots in Fig. 4 show therearrange-
ment in electron density in forming the two clusters. As th
rearrangement in electron density in going from free ato
to the cluster, the calculated density shifts of Fig. 4 repres
the bonddensities of the IGF. The solid and dashed lines
the figure denote constant values of increased and decre
density, respectively. It is interesting to note the similar fe
tures in the density shifts around the F•••F pair and the
bridging O in Fig. 4. Although the two cases are not grea
different in energy at equilibrium, one can easily dissoci
by bisecting the -F•••F- bond to give equivalent neutral spe
cies, whereas the other can only stretch~or dissociate asym-
metrically!. This observation reinforces the idea that the o
gin of high stability of the F-doped structure has more to
with bonding internal to each tetrahedral unit, rather tha
betweenthe units.

The breaking of the connectivity in the silica network
very clear in Fig. 4, and in Fig. 5 we compare differen
densities calculated for F and Cl dopants in the Si2O7 host
clusters. The results for Cl2 are distinctly different from
those for F doping. The Cl pair does not remain align
along the Si-Si axis as the F pair does, butrotate oppositely
off this axis. In this way each Cl ion maintains a bond wi
the nearest Si atom while reducing its overlap with t

FIG. 5. Calculated structure and local charge density shifts
the displaced O-bridge site of SiO2 IGF for ~A! Cl doping and~B!
F doping, taken from Si2O7 and Si2O6M2 clusters whereM5F and
Cl. Contour values are same as for Fig. 4.
3-6
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neighboring Cl ion. This behavior is also seen in molecu
and crystalline halides.45 However, even this energy lowe
ing action cannot achieve a stabilization energy greater t
the reference energy of the undoped case, because this
axis configuration reduces shielding between the Si sites
creasing Si-Si repulsion. As a result, the configuration co
sponds to only alocal minimum in the potential energy
surface, i.e., a metastable state, with oxygen able to disp
the two Cl2 ions.

B. Intergranular film thickness

The factors that determine the thickness of the~fluid! IGF
have been mentioned earlier as leading to a force bala
between compression from attracting grains and repuls
from compression of the atomic network within the IGF
self. The resulting thickness of this state isfrozen inat equi-
librium as the temperature decreases. This description
oversimplifies the interactions that determine IGF formati
but details of the phenomenon are described in recent pa
by French46 and Cannonet al.47

Native silica-rich IGF’s~that can form with a variety of
impurity-free ceramic starting materials48,49! show uniform
thickness values of 1.060.1 nm. Dopants generally lead t
an expansion in volume and increase in equilibrium val
for the thickness of the IGF. It has been reasoned earli25

that anions induce an expansion of the IGF due to:~a! break-
ing connections between tetrahedral units and~b! the Cou-
lomb repulsion between anions. HRTEM micrographs of
and Cl-doped samples are shown in Figs. 6 and 7, res
tively, illustrating the appearance of characteristic int
granular films at Si3N4 grain boundaries. The dilatationa
effect of F on IGF thickness and the insensitivity of the e
pansion to the surface structure of the grains bounding
intergranular film are apparent in Fig. 6. The F-doped fil
show anexpansionof 0.1 nm, which is uniform over the
different grain boundaries. HRTEM micrographs of theun-
doped reference material~not shown! appear the same a
those shown in Fig. 6, but with reduced characteristic thi
ness. These observations indicate that the effect of F do
is homogeneous and perturbative to the principal factors
termining the thickness of the undoped IGF, and that th
factors remain largely unaltered by the F doping.

Chlorine doping is also associated with an increase
thickness of the IGF. However, in contrast to the unifo
expansion found for F, the Cl-doped boundaries, shown
Fig. 7, have thicknesses that arenot uniform,19 but are sen-
sitive to the type of adjoining grain boundary. The C
induced expansion effect appears to depend upon the s
ture and/or composition of the crystallite surface forming
boundary with the intergranular layer, such that the mag
tude of the expansion varies from one region to another. T
variation is large; some boundaries retain a thickness
about 1.0 nm, characteristic of the undoped samples, w
others are dilated by 30%~0.3 nm!. Therefore, while
F-doped films display a thickness characteristic of a hom
geneous distribution of F within the SiO2 structure, the Cl-
doped films are suggestive of an inhomogeneous distribu
of Cl over the grain boundary films. The HRTEM images a
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so indicative of the type anion contained in the IGF, that IG
thickness can be taken as a characteristic of the chemist
the IGF.25

Calculated results for the small clusters give a relax
structure for the F-doped case for a Si-Si separation of 0
nm, compared with 0.32 nm for the O-bridged cluster. T
expansion~and the greatly reduced maximum restoring for
between SiO3F units! qualitatively agrees with observation
The expansion originates from the presence of a short-ran
repulsive barrier~see Fig. 3! preventing the F-doped struc
tural units from relaxing in as closely as the undoped~O-
bridged! units. Note this expansion mechanism is quali
tively different from that based on simple ionic repulsio
involving instead the overlap repulsion of the almost-full
F-valence shells. Consistent with this, it is clear from Fig
that the more compact shell of oxygen gives a repulsive b
rier in the O-bridged host that is an order of magnitude str
ger than that in the F-doped case.

The magnitude of the expansion was also calculated
the larger interface spanning cluster fragment shown in F
1. As discussed earlier, this is not a unique choice, but
that will respond to forces that affect the thickness and
structure of the IGF, whether the force is expansive~from
within! or compressive~originating outside the IGF!. The
PWSCF calculation of the relaxed structure, electronic str
ture, total energy and force field determines the lowest
ergy structure within theC2v symmetry of the IGF cluster
Applying the embedding force boundary condition to the t

FIG. 6. HRTEM micrographs of silicon nitride with F-dope
SiO2 intergranular films:~A! at triple point junction where the thre
IGF’s each have same 1.1 nm thickness and~B! higher magnifica-
tion of one of the IGF’s. SiO2-rich IGF’s are similar in appearanc
with characteristic thickness of 1.0 nm.
3-7
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minal O atoms of the cluster, equilibrium conditions requ
that these atoms assume positions such that they exper
an outward force that balances the compressive inw
force50 exerted on them by the adjacent nitride grains28 ~es-
timated to be 1.35 eV/Bohr as an upper bound!. Relaxing
positions such that the calculated force on each of the
maining ~nonterminal! atoms is zero determines the refe
ence binding energy and dimensions of the interfa
spanning host cluster shown in a bond density representa
in Fig. 8~A!. Calculated relaxations of atom positions gives
thickness, indicated by vertical lines through the bound
oxygen atoms, of 0.85 nm, which is 15% smaller than
thickness51 measured in HRTEM. Using the same embedd
force on the terminal O atoms and substituting an F pair
the oxygen connecting the tetrahedra at the cluster ce
gives the IGF fragment shown in Fig. 8~B!. The ground state
of this fully relaxed fragment is about 2.1 eV more stab
than that of the reference system. Figure 8 shows that
change in thickness is strongly localized between the
doped structural units. The chemical thickness, defined
the vertical lines in Fig. 8~B! is 0.95 nm, an expansion ove
the reference fragment thickness by 0.10 nm, in very g
agreement with the HRTEM results. As anticipated, the cl
ter model is most accurate for thechange in thickness,
whereas the absolute values of the thickness are less acc
~15% too small for each case!. This indicates the choice o
embedding force used here is probably too large, but as
cussed earlier, therelative values of main interest are no
very sensitive to the absolute force value.

FIG. 7. HRTEM micrographs of silicon nitride with Cl-dope
SiO2-rich intergranular films:~A! at a triple point showing inter-
secting IGF’s of variable thicknesses and~B! example film with 1.3
nm thickness.
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C. Contrasting effects: The FÕCl puzzle

Similarities in the effects of F and Cl are at least quali
tively understood in terms of halogen chemistry and ear
discussion in terms of the point-ion model25 of the F effect.
But explanation of thecontrastingbehavior and identifying
the mechanisms that differentiate F and Cl are more c
lenging. However, the calculated electronic structure res
give a plausible, if inconclusive, explanation of the obser
tions.

Characterization has shown distinct differences betwee
and Cl, even at the qualitative level. This is particularly i
teresting given the similarities in electronic structure of the
ions. Measurement of dopant concentration levels in the I
using electron energy loss spectroscopy~EELS! and other
TEM-based techniques~AEM, EDX! showed a high level of
F in the doped silica film25 @F/~F1O! ratio of about 25%#.
On the other hand, the level of Cl wasbelow the detection
limit for all of the analytical TEM-based techniques. An IC
analysis25 determined a Cl concentration~0.86 atom %! an
order of magnitudesmaller than that for F in the respectiv
samples. Both ion chromatography~IC! and x-ray
fluorescence19,25confirm that Cl is indeed introduced into th
samples, but the measured concentration of Cl is very lo

Yet, internal friction measurements19,25 summarized in
Fig. 2 show that Cl-doping effects a shift in the intern
friction vs temperature curve that is evengreater than that
for F doping. A high-temperature peak is also present for
Cl-doped system that coincides with that of theundopedref-
erence material. This puzzling and apparently contradict
result indicates quite different behaviors for these halog

FIG. 8. Plots of calculated charge density difference in ma
symmetry plane through fragment cluster models of~B! undoped
and~B! F-doped IGF’s in silicon nitride. In~A! reference Si6O13N6

cluster links Si3N4 grains across the amorphous intergranular fi
with bridging oxygens~O! connecting SiO4 tetrahedra~Si at tetra-
hedra centers!. In ~B! two F atoms replace O-bridging atom. Vert
cal lines in the two panels designate the chemical thickness of
film. Contour values are described in caption of Fig. 4.
3-8
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dopants in silica-rich intergranular films. Such behaviors
certainly not within scope of a simple point ion model. T
presence of multiple peak positions in the internal fricti
data can arise fromnonuniformityin the distribution of Cl at
the grain boundary/IGF interfaces. Support for this expla
tion comes from HRTEM results19 for Cl that directly show
nonuniform changes in thickness of the IGF, suggesting
chlorine appearsinhomogeneouslyacross the distribution o
crystallite grain boundaries, in contrast with the behavior
fluorine. These distinctions show that the behavior of F a
Cl as intergranular species are fundamentally different
beyond the scope of simple ionic models, which would n
distinguish F and Cl at all.

Results from calculations for the 26 atom IGF fragme
cluster containing chlorine do not change the conclusi
reached concerning Cl effects in the smaller clusters.
Cl-doped cluster achieves a local minimum energy with
cluster expansion, but the energetics are not favorable fo
reaction kinetics. Calculations yield apositive formation
energy52 of 1.43 eV, indicating the Cl pair can be displaced
oxygen is available. The limiting step in the reaction is t
energy of binding for Cl ions at the bridge site, which is on
slightly greater~by 0.1 eV! than oxygen’s. It might be pos
sible for this Cl-doped structure to persist as a long-liv
metastable state in an environment of limited oxygen, ho
ever, experimental data do not provide strong support, c
sidering the nearly vanishing amount of Cl detected in
IGF. Also, if this metastable configuration were long-live
the calculations indicate the resulting expansion of the I
would only be slightly greater than that for F. But expe
mental observations finding IGF’s in Cl-doped samples ra
ing from 1.0 to 1.360.1 nm thick~Fig. 7!, strongly suggests
that Cl and F do not follow identical reaction paths in t
film.

From these results, the conclusion is compelling that
Cl-induced expansion mechanism, in those boundaries w
it is observed, must differ from that of fluorine. The lo
concentration of Cl measured in the IGF suggests that
distribution of stable Cl-binding sites within the IGF must
very small. Indeed, first-principles calculations carried o
for a number of other possible structures for bonding of
Cl•••Cl pair have identified none of greater stability. Co
sidering other possibilities, with oxygen displaced by carb
Cl termination of one Si dangling bond could occur, leavi
a dangling bond on the other Si atom. But calculations sh
such a configuration is less stable~by about 3.2 eV! than the
O-bridged reference case, suggesting it may not be lo
lived either. Calculations also show that a single Cl atom t
is bridge bound in place of an oxygen is considerably l
stable~by about 4.5 eV!. Similar to singly-bound fluorine
this low binding is a result of valency mismatch~more pre-
cisely, an extra electron from the near neighbor Si ato
populates a cluster orbital with low binding contribution.!

So how is the observation of reduced viscosity and
hanced fracture tendency consistent with such a low con
tration of Cl in the film? The calculations suggest F and
doping is effected only because carbon oxidation is a str
driving force for the reaction in the sintering stage. Wh
Si-F bonds are relatively strong, those of Si-Cl are we
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such that Cl pairs remain only temporarily bound as the
cleophilic reagent in the removal of O bridges. In this pictu
Cl reduces the viscosity and leaves a weaker IGF, in ag
ment with observations. But the metastability of Cl mea
that any increase in pressure on the IGF~through dispersion
forces1 and stresses in cooling and solidification! reduces the
binding of the Cl, enhancing its diffusion rate to regions
more ‘‘open’’ volume.

Where then is the Cl? There is no measurable Clwithin
the Si3N4 crystallites, and theory predicts that none is e
pected in view of the absence of a chemical driving for
But if there is open volume at the IGF/Si3N4 grain boundary
interface, Cl could segregate and trap there as it diffuses
of the SiO2-rich IGF. The HRTEM measurements of IG
thickness in the Cl-doped systems suggest this possibilit
well, since as discussed earlier, Cl-doped films are no
uniform thickness, but differ from one crystallite boundary
another. There is no obvious physical basis for aninternal
expansion effect~such as that of fluorine! to be sensitive to
boundary structure. But surface structure sensitivityis sug-
gestive of another operative mechanism, such as segreg
with its dependence on available volume and degree of a
match at the film-crystallite interface. Conversely, it is dif
cult to envisionstructure sensitivityof the equilibrium film
thickness being dependent on bonding effects locali
within the IGF, but interfacial segregation is often structu
sensitive and its occurrence is well understood to affect fi
growth. Segregation to internal interfaces would affect
equilibrium film thickness53 through the ion contribution to
the electric double layer field strength.

Certainly, other factors play a role in the occurrence
different concentrations of F and Cl. For example, F and
have different carrier fragments, C2F4 and C2Cl6, respec-
tively, that initiate the reaction sequence with oxygen. T
carbon-carbon bond in the F carrier is a double bond~C5C!,
but the C-C bond in C2Cl6 is a weaker single bond. In ad
dressing the dopant incorporation stage of the reaction, it
be expected that these differences will affect the release
of the halogen, as well as the quantity released. Also, in
Cl case, the role of an extra Cl ion released with the brea
of C2Cl6 at the reaction site is at present unknown. It can
safely assumed that it can not be accommodated with
other two Cl ions, which are themselves unstable as a pa
the former O-bridge site. The Cl released from the carb
based carrier (C2Cl6 or CCl3) during the attachment of the
carrier to the O bridge in the initial stages of the CO form
tion very likely form Cl2 and diffuses out of the system. O
course, if the ‘‘extra’’ Cl is released in the high-temperatu
sintering before reaching the O-bridge reaction site, the
riers are on an equal footing (CF2 and CCl2). Entirely dif-
ferent mechanisms related to possible electric double laye53

also warrant further study.

IV. SUMMARY AND CONCLUSION

The first-principles studies of silica intergranular fra
ments and the effects of F and Cl doping give results s
porting and clarifying the principal findings from compre
3-9
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PAINTER, BECHER, KLEEBE, AND PEZZOTTI PHYSICAL REVIEW B65 064113
hensive experimental investigations. At the qualitative lev
calculated results give a vivid description of broken conn
tivity and altered bond density that lead to a reduction
viscosity and cohesion of halogen-doped IGF’s in silicon
tride. Both F and Cl are alike in this action, because b
participate in removal of O bridges in the high-temperat
melt. But other properties of the IGF~thickness! depend
upon stabilities of the respective ions in the vacated O-bri
sites as cooling occurs. In F doping, where stability is hi
the increase in film thickness is calculated with rather go
quantitative agreement with HRTEM data. The contrast
and puzzling observations from comparative experime
studies of Cl-doping reflect its relatively low stability. Ca
culated energetics show Cl is at best metastable over nu
ous possible sites within the IGF, including the O-bridge s
preferred by F. The fundamental reason behind the diffe
behaviors of Cl and F is that the Si-Cl bond is much wea
than the Si-F bond. This basic property determines how
anion will behave as a nucleophilic species, as it is carrie
the O-bridge site by the strong carbon-oxygen associa
And it governs the stability of anions within the IGF, provi
ing a plausible explanation for the observations. Althou
grain sites for increased binding of Cl have not been ide
fied, the calculations make it clear that fluorine and chlor
follow very different reaction pathways in the IGF. The s
nificance of this result is its indication of the marked sen
tivity of IGF properties to details of the interfacial bondin

In order to extend this study, it may be feasible to prep
well-characterized interfaces using single crystalb-Si3N4 on
which doped SiO2 films could be grown. The distribution o
v
p

-

,
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r
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possible binding sites for Cl could then be better charac
ized and controlled with this idealized arrangement, and c
culations could check experimental results more direc
Certainly energy band16 and molecular dynamics30 methods
that scale the dimensionality of the system could prov
very useful extensions and checks on results of the clu
model in this regard.

The agreement with experiment reported here implies t
first-principles studies should be useful in screening for s
tering additions to give desired results. The systems d
cussed in this paper entail the most strongly interacting s
cies for reaction with the silica network. Less aggress
reagents are known in the class of network modifiers, a
reagents that could yield small cluster fragments (AmBn) that
can bond at the Si-O-Si bridge site are worth exploring.
tergranular film additions that could modify local elastic r
sponse of the O bridges, without removing them, would yie
an interesting new path to the control of IGF properties.
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