PHYSICAL REVIEW B, VOLUME 65, 064113

First-principles study of the effects of halogen dopants on the properties of intergranular films
in silicon nitride ceramics

Gayle S. Paintérand Paul F. Becher
Metals and Ceramics Division, Oak Ridge National Laboratory, P.O. Box 2008, Oak Ridge, Tennessee 37831-6114

H.-J. Kleebé
University of Bayreuth, Institute of Materials Research, IMA-2, D-95440 Bayreuth, Germany

G. Pezzotti
Department of Chemistry and Materials Engineering, Kyoto Institute of Technology, Sakyo-ku, Matsugasaki, 606-8585 Kyoto, Japan
(Received 31 January 2001; published 24 January 2002

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 graingNp &id many other ceramics are so
reproducible that Si©@has become anodelsystem for studies of intergranular filntk5F's). Recently, the
influence of fluorine and chlorine dopants in $ifich 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 ohowthese 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 anii&@granular 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 Sj@ich 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.
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[. INTRODUCTION directly, and dopant effects should be readily apparent for the
same reason.

Ceramics are heterogeneous multiphase materials contain- Intergranular films remain an important issue in ceramic
ing not only crystalline phases, but also phases lacking longcience by virtue of their widespread occurrence and strong
range order. The matrix in which the crystallites are bound isnfluence on mechanical propertiésg., toughness, strength
such a phase, and it often appears as an ultrétf@inoscale  and creep resistanceFor example, the use of ceramics in
film between counterpoised grains. Intergranular films formstructural applications is always limited by their lack of duc-
in the initial stages of sintering, e.g., in the silicon nitride tility and low fracture toughness. The associated failure
ceramics, from melting of a native surface oxide on grainmechanism by brittle crack propagatfonlearly depends
surfaces of the starting nitride powder. The viscous interstrongly on bonding properties at the IGF/crystallite inter-
granular film is subject to capillary forces and thins by flow face. Because intergranular films are most often “weak
of the glass from the grain boundary volume into triple pock-links” and show lower softening or melting points than the
ets, etc. As the vitreous IGF is compressed by mutually atmore refractory reinforcing grains in ceramics, they have tra-
tracting grains, repulsive back forcegsteric forcesin the  ditionally been viewed as a problem whose presence should
model of Clarké) originating within the film increase and be minimized. However, recent debonding experintenits
balance the forces exerted on the IGF by the opposing grainhave shown that IGF’s can be used ¢ohancefracture
Under conditions that allow equilibrium to be attained, thetoughnessif their interfacial chemistry can be controlled and
IGF thickness reaches a characteristic value that is frozen ionderstood. For example, sintering aids can be selected to
on cooling. With such factors determining film thickness, it control the composition and growth of epitaxial phases that
is clearer, though no less remarkable, that the thickness dafirectly influence the adherence between intergranular films
such films is frequently observed to be constaota few  and reinforcing graing-'°This is a central issue in “debond-
tenths of a nanometer, and thus uniform between adjaceitig behavior” and has stimulated research to understand in-
parallel grain surfaces. Only a few basic Si@trahedral tergranular chemistry and bonding at the IGF/crystallite in-
units span the thickness of such IGF's—these are inherentlierface at the atomic level.
nanoscalestructures. Film properties and behavior are ex- Efforts to characterize ceramics at the atomic scale have
pected to reflect atomic-level interactions, such as the bondaced many challenges in the past. However, refinements in
ing characteristics of the oxygen-bridged tetrahedra, rathgsrocessing procedurts? have so advanced sample repro-
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ducibility that experimentation previously found only in ba- films? (iii) Why are the effects of F and ClI similar in some
sic studies of laboratory specimens is now routine for seregards, while they are in marked contrast for others? For
lected ceramics. With the discovery of the nanometer scalexample, why is the concentration of F within the doped IGF
dimensionality and great importance of IGF’s in silicon ni- SO high, compared with that of CI? Why is the F-induced
tride (and othey ceramics, numerous basic experimehtdl expansion constant, whereas the expansion produced by Cl is
and theoretical studié$*~*®have now appeared. variable? The experimental data that raise these questions
The mechanism of introducing halogen anions into the'@s befz% ngorted in a comprehensive series of recent
IGF sets the basis for the conceptual framework of this stud aper.sl. o &Il'hose_observa}tmns will be briefly described
and is briefly described here. Carbon, part of a carrier groufft€" in connection with the first-principles results that an-
along with F(or CI), drives a reaction in the sintering step, SWer the specific questions.
but is not itself incorporated in the glass. In the case of F
doping!® F-C-F fragments formed in the thermal decompo-
sition of polytetrafluoroethylene are the carrier groups. The
reduction of bridging oxygen atoms to form CO proceeds
with detachment of the pair of fluorine atoms. Simulta-
neously, each fluorine atom interacts with the near Si atom For vitreous materials, there is no unique unit cell to
neighbor, such that a fluorine pair locate at the position of theguide in constructing a cluster model of a fragment of the
former O bridge, consistent with valence rules. A similarIGF, in distinction to the case of crystalline solids. However,
mechanism occurs in the introduction of chlorine by the ad4in silica, the integrity of the basic structural units is main-
dition of hexachloroethar®. This reaction mechanism is tained(distinguishing the vitreous glass from general amor-
then a classic example of simultaneous electrophilic and nuphous solids So SiQ tetrahedra are taken as building
cleophilic attack at a bridge site as carbon is oxidized and thélocks of the cluster models used in this work, however the
fluorine atoms bond with the pair of under-coordinated Siatoms arenot constrained to the initial positions in the self-
atoms. The reaction is clearly a critical step to all the effectonsistent calculations. By reducing symmetry constraints in
that follow, but it is a separable event and the subject othe calculation, the absence of crystalline symmetry is
another study. In this work, modeling begins with the IGF inreadily handled—the atoms relax to stable positions accord-
the stage following CO evolution, when a distribution of ing to the calculated force field. The challenge then becomes
bridging-oxygen atoms have been replaced by pairs of halcselection of a particular configuration of Si@trahedra that
gen ions. can respond accurately to anisotropic stress fields in the film.
Halogen interactions with silica are both common and im-  In order to address the expansion effect, first consider an
portant, as illustrated by fluorine-doping for control of the array of basic tetrahedral units of Si@hat are joined to
dielectric properties of silic& its use in the elimination of make up a segment of the silica network across the inter-
surface hydroxyl iond? and the removaf of native oxides. granular film. A set of possible IGF linkages makes up a
By Pauling’s ordering of atoms, fluorine and chlorine are,nonunique distribution, with members ranging from those
respectively, first and third most electronegative atoms thaparallel to the boundary, to those that are perpendicular to the
can be used in dopant studiésxygen is second strongest interface. These latter “normal” linkages make up the
Consequently, characterization of the effects of F and Ckhorter components of the distribution and are likely the
doping in model SiN, ceramicé* has been extensive, in- most effective in transmitting structural change at an
cluding HRTEM (Refs. 19,20,2b and internal friction O-bridge site to a change in film thicknesee IGF-spanning
measurement$?’ of high-temperature mechanical proper- cluster shown in Fig. 1 While the silica tetrahedra can eas-
ties. It is observed that structural changes induced at thdy bend over a large angular range about an O brigysb-
subnanometer scale by these anions correlate with changesjétt to the constraints of corner connectiyityond length
mechanical properties at the macroscopic 1&¢éF. While  changes typically require greater fordescept very close to
both anions induce bond-breaking effects, differences arequilibrium). Compressive forces acting on the low-viscosity
also found. For example, F doping is found to increase thelassy IGF should first result in angle bending about vertices
film thickness uniformly by 0.1 nm over the 1.0 nm thick- of the tetrahedra, as Sjdinkages become more aligned by
ness of the undoped reference case. However, the effects thfe stress field. Required variational freedom for such distor-
Cl doping are nonuniform, with some IGF's expanded totions is allowed in the low symmetries of the clusters used in
thicknesses of 1.3 nm. Understanding the origin of these efthe calculations described later.g.C,, as in Fig. 2. Bonds
fects clearly requires investigation at the atomic level. Sincén each tetrahedron are free to reorient and change length,
F and Cl display both similar and contrasting efféctthey  consistent with the overall symmetry and the steric con-
are particularly interesting for first-principles study within a straints of maintaining corner connectivity of the tetrahedra.
comparative basis. But the greatedforce responseeither to external pressure or
Principal questions that surround the behavior of simpleéo expansion effects on doping, occurs in the Si-O-Si bonds
halogen anions in silicon nitride include the following)  orientednormalto the IGF plane. However, the film thick-
What are the changes in bonding within the IGF caused byess inundopedsystems is observed to be insensitive to
halogen-dopants, and how do those changes lead to a redwdjoining grain boundary structure, suggesting that the fac-
tion in viscosity of the IGF2(ii) What is the mechanism tors which determine the thickness do not depend on details
leading to increases in IGF thickness in F- and Cl-dopedf how the SiQ linkages terminate at the grain faces. Lastly,

II. ATOMIC CLUSTER STRUCTURAL MODELS
AND THE PARTIAL-WAVE SELF-CONSISTENT
FIELD APPROACH
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with Si sites of the SN, grains. Nitrogen atoms exposed at
the surface of the N, grains bounding the IGF are not
favored to bond with the terminal oxygen atoms of the SiO
units. However, N atoms are included in the cluges part

of the nitride grain in order to complete the chemical coor-
dination of the Si atom in thgrain surfaceand provide
better boundary conditions for the cluster. The stoichiometry
of the IGF-spanning cluster appearing in Fig. 1 is correctly
that of SiQ,, allowing a reduction factor for the outer oxygen
atoms that are shared by Si atoms outside dlis/e cluster.

For a fluorine pair in the cluster, the predicted F concentra-
tion is also consistent with that measured experimenfaly
atom % F(F+O) ratio]. The effect of any nitrogen in the
IGF film is ignored in this calculation. While the amount
may be non-negligibldan NAN+O) ratio of about 0.30
+0.12 is quoted for the undoped case by Yosteyall4],
nitrogen in the IGF can only participate as a next-near neigh-
bor to the O bridges, where its effect is found to be similar to
that of oxygen.

Observed properties of silica-rich glassy intergranular
films reflect strong localized bonding and the lack of long-
range order. A number of different theoretical techniques can
be applied in this case, each offering various advant3jés.
The formal basis for the calculations in this work is the
local density approximaticfi (LDA) in its spin-polarized
form, using the exchange-correlation functional of Vosko,
Wilk, and Nusai?”*® Gradient correctiori®* that go be-
yond the LDA were also calculated to assess their impor-
tance for this system. Since these additional terms did not
affect any of the initial findings obtained with the simpler
LDA, the energies quoted in text were calculated without
such corrections.

The partial-wave self-consistent fieldPWSCH atomic
cluster methotP was used to solve the LDA equations. This
% a linear variational technique based on partial-wave expan-
sions for charge densities and Coulomb potentials on the
atomic sites. Orbital basis sets of unrestricted radial form can

character. be used, such as numerical orbitals, Gaussian functions, etc
The undoped fragment cluster links two facing;Mbi ! . ’ o L
Cﬁaussmn basis sets of double-zeta plus polarization qtfality

grain boundaries. It is made up of coupled basic tetrahedra} udi | P ) ¢ high mhigal
Si0, units, spanning the thicknéS=f the undoped IGF and  \!N¢!UdiNg supplementary functions of higher atorhival-
ue9 were used in these calculations. This method is particu-

initially aligned normal to the IGF surfaces, as in Fig. 1. This ; _
cluster is expected to be sufficiently realistic to calculate thday well suited for low symmetry systems with strongly
response of the actual IGF to changesaninternal forces of ~ocalized bonding, but requiring completeness and high pre-
chemical origin andb) “external” pressure from the grains. Cision in the self-consistent calculation of the ground state
If the calculated thickness of this host cluster is acceptableglectronic structure and associated quantitiesal energy,
the effects of anion doping will be well represented in thisequilibrium structure, interatomic forces, ¢té\tom posi-
model linkage. This criterion is actually stronger than necestions were allowed to change according to the calculated

FIG. 1. Cluster model of coupled SjCtetrahedra spanning
glassy intergranular filn{IGF). Fragment terminates with surface
SiN; groups of SiN, grains defining IGF. In grey-scale Si atoms
are shaded dark, N medium, and O light.

this invariance to grain surface structure suggests that fil
thickness is predominantly determined by theternal
character of the film itself, as well as any modifier of that

sary, since the object of the study concerndifferencebe-
tween the doped and undoped cases.
Beginning with an SiQ unit at the silicon nitride bound-

force field until full relaxation was achieve@r a specific
boundary pressure was attained
Properties exhibit different degrees of localization, and

ary, terminal oxygen atoms of the IGF can form O-Si bondsthe property of interest dictates the cluster size needed for
with Si atoms of the grains. An orientation of the O-Si bondconvergence. In pure and doped silica, the local bond char-
normal to the grains is preferred on steric grounds (SiO acter and equilibrium bond lengths and angles are adequately
tetrahedral units are not normally observed to share edges given by clusters of minimum si2& (number of active at-
faces. We then complete the linkage by inserting itet- oms, N<10). On the other hand, to accommodate more
rahedra to join these, forming the fragment of the IGF showrlong-ranged character in the strain field, and to calculate the
in Fig. 1. The outermost oxygen atoms in this fragment bondnagnitude of the film expansion directly, the larger interface-
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spanning cluste(Fig. 1) was used l=25,26). In this case,
the pressure effects of the cluster’s environment can be of
central importance Electronic structureeffects involving
distant atoms can be safely omitted for this study; however,
an SiN; group was included in the active cluster as part of
the SgN, grain interface. The embedding force-field repre-
sentation of more distant atoms of the crystallite was evalu-
ated for each of the terminal active cluster atoms. The effec-
tive force values were obtained from force-separation curves
calculated for small S{O,N) clusters.
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The first structural model for the calculations in this work 15—
is geometrically similar to the point ion model introduced by
Pezzottiet al?® As in that work, it is assumed that dopant-
anions are incorporated into the Si@etwork at former
bridging oxygen sites, defining an initial configuration for
calculation of the relaxed structure. The minimum size host
cluster for modeling this bridge-site reaction includes a cen-
tral O-bridge site and its near and next-nearest neighbors
(two Si atoms and the three O atoms bonded to each Si,
respectively. While the potential shortcomings of modeling
large systems with small cluster fragments are well knétvn, 0 \
bond localization is so strong in SjQhat nearly every as- 1000 L14‘OO —l— 18100 '
pect of doping is given adequately by these minimal-size TEMPERATURE (°C)
clusters, as judged from results for larger cluster models
described later. Formula units for the host and F-doped FIG. 2. Comparison of high temperature internal friction mea-
clusters are, respectively, ;8); and SjF,0s (structurally, — surements fotA) F-doped andB) Cl-doped samples showing mul-
0;Si-0-Si0; and QSi-F- - - F-Si0y). tipeak structure that differentiates viscosity effects produced by in-

Beginning with these smaller “primitive” clusters, the lo- tergranular F and Cl in gN,. Deconvolution indicates three
cal density equations were solved self-consistently, allowingeparate peaks in Cl-doped matefi); one peak appears in posi-
the atoms to relax to the equilibrium structure. Calculation oftion of that forundopedsamples.
the formation energyof the SpF,Og fragment cluster from
reactants, silica and GFtests the proposed mechanism of with increasing anion concentration. The reduction in viscos-
anion insertion into the former O-bridge sffeThe LDA ity is also associated with markedly higher creep ratesb-
calculation of the formation energy indeed determines @erved transitions from mainly transgranular to intergranular
higher stability of the reaction productis large part due to  fracture upon anion dopif@also indicate a reduction in co-
the highly exothermic carbon oxidatipn hesive strength within the IGF and/or at the IGF/grain
boundary interface. These results support earlier work which
showed the incorporation of anions significantly decreases a
ceramic’s resistance to both creep and subcriti@aitial

Anion doping is observed to dramatically affect the highstage crack growtr?®
temperature mechanical properties of the silicon nitrides. The How do the model calculations explain these findings? In
most important result of the fluorinatidrO- replacement by general terms, breaking oxygen bridge boraisd reduction
-F- - -F-) and chlorination is a local depolymerization of the of the restoring force between structural unisdfects me-
glass network. This is observed in several ways. A significanchanical properties that depend on network connectivity in a
reduction in the softening temperature of the vitreous IGFstraightforward and obvious way. Calculations show that as a
takes place, as evidenced by internal friction data acquiretesult of the anion-doping reaction, local decohesion within
using a torsion pendulum apparatus that measures the intghe IGF is induced, as previously strong O-bridged fragments
nal friction related to grain boundary sliding under stfes$.  of the glassy network become essentially free to move apart,
Mechanical spectroscopy measurements carried out fdre., network bonds are broken. Results show that as a con-
anion-doped samples and the “clean” reference material asequence of the strong Si-F bond that forms in F doping,
very high temperatures provided quantification ofeach pair of participating O-bridged tetrahedral units of the
temperature-dependent viscosity changes in the IGF. Specififass network are transformed into two stable, but weakly
cally, analysis of structure in the internal frictieersustem-  interacting, SiQF tetrahedra. Although this structure is more
perature curvessee Fig. 2 shows grain-boundary relaxation stable than the pair of O-bridged Si@nits, chemical dis-
peak shifts that correlate with anion concentration and indiplacement of the bridging-oxygen atom is not completed
cate a generakductionin the effective viscosity of the IGF simply by the nucleophilic action of fluorine on Si. The total
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A. IGF bonding and viscosity
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FIG. 3. Binding energy curves calculated for cluster fragments“nes denote increased density and dashed lines represent decreased

of: (upped undoped O-bridged SiDunits and (lowen doped density. Adjacent contours differ by a factor of 1.8.
F---F linked SiGF tetdrahedra. Abscissa measures displacement
of one tetrahedral unit from the other relative to stable Si-O bridgecorresponding to a separation between fluorine atoms of
bond length(3.014 Bohy. Shallow energy minimum in doped case about 4.4 Bohr, and3) vanishingly small restoring forces
indicates_weak coupling and vanishingly small restoring forces ovegyer the broad region for>2.5 Bohr. Energy minima for
large region. the O-bridged and £ - F-bridged clusters correspond to an
SiO bond length of 3.014 Bohr and an-FF separation of
energy calculations show that the mechanism of joinyy 453 Bohr, respectively. While the O-bridged cluster shows
electrophilic-nucleophilic action is needed to break the poly- sharp drop in energy to the ground state, the F-doped clus-
meric linkage, just as in other fluorine reactions with g, displays a very shallow minimum for binding of the
SiO,-rich interfaces® The simultaneous electrophilic attack SIO4F tetrahedra. Molecules containing silicon and fluorine
of C on the bridging oxygen atom is the driving mechanismatomS are characterized by very strong Si-F bondfrgjmi-

that allows the reaction to pfoc?ed readily. . larly, in the IGF cluster, the strength of the nearest neighbor
How do these alterations of intergranular bonding reduc i-F bonds corresponds to very stable $dunits (calcula-

the viscosity? Consideration of the forces in the IGF frag-

ment reveals the answer. Accurate force fields are calculatetfnons give 1.5 eV greater binding for the fluorinated unit

within the PWSCF method, however, for this discussioncommr@d with the S_ipunits). C_onngctionsbetweenthese
forces are estimated from the slope of the energy curve vs $able structural units are quite different, however. The
structural parameter of the system. In Fig. 3, binding energ{?-Pridged units of SiQare linked very strongly, as indicated
curves are compared for increasing the distance betwedR Fig- 3, by the rapid change in energy with respect to the
(rigid) tetrahedral units that ar@) oxygen-bridged angb) ~ O-bridge bond connecting the tetrahedra. In contrast, the F
linked by the -F - - F- unit (see bottom Fig. 4 for correspond- - - -F coupling between fluorine-doped units is extremely
ing ball and stick drawings.Comparison of the behavior of weak. This is consistent with observations of a halogen-
restoring forces between O-bridged $iQnits and F--F  induced reduction in grain boundary viscosity and decrease
linked units shows that local mechanical properties differin creep resistanc®.Chlorine-doping also markedly reduces
markedly at this scale. For purposes of shape comparisothe grain boundary viscosity. However, Cl shows weaker
the energy curves are plotted with respect to a common cdinding than Fwithin the IGF, and this leads to more com-
ordinate(measure of displacement of tetrahedral groups relaplicated structural effect@iscussed later

tive to the Si-O equilibrium bond lengthand referred to The essentially flat binding energy curve in the region of
their respective energy minimghe zero of energy of the r>2.5 Bohrindicates the very weak restoring force between
F-doped system has been raised about 1.76 eV to place tliee units. This force acts weakly to keep the linkage intact,
curves closer together in Fig. 3; note also the order of magand from Fig. 3 it rapidly vanishes as one $iOunit is
nitude change of scale for energies of the F-doped clusterdisplaced from the other. These weakly associated compo-
As the SiQF units are displaced along the dissociation pathnents indicate a local break in the connectivity of the poly-
shown in Fig. 3, there are three principal features of ndie: meric network and thus a reduction in high temperature vis-
a repulsive barrier between the SO units for r cosity, as observed experimentally. Such disrupted linkages
<1.0 Bohr(corresponding to F-F separatioast.0 Bohr), in the solidified intergranular film forn{local) regions of

(2) fragment equilibrium given by a weak energy minimum, reduced cohesion. As a consequence, significant weakening

Increment of Bridge -Bond Length,Bohr
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is expected in F-doped samples, and experiment confirms a
shift in behavior from transgranular fracture to a mainly in-
tergranular modé&° Similar behavior is obtained for CI dop-
ing, indicating halogen additions, as a class, reduce viscosity
of silica melts, and lead to reduced cohesion in solidified
IGF’s. The introduction of either halogen results in a signifi-
cant(nearly 20-fold decrease in viscosity of the IGF at high
temperaturé® The mechanism of reduction is the same in
each case; a bridging oxygen atom is chemically displaced,
and insertion of a pair of halogen atoms satisfies the bond
requirements for the pair of undercoordinated Si sites. In the
case of F, the Si-F bond in each SFtetrahedron is strong,
and weakly interactingout internally strongSiO;F units are
formed. Fluorine is bound and stable within the IGF units
with no driving force for diffusion of F elsewhere, e.g., to the
IGF/grain interface. Chlorine additions, as in the case of
fluorine, lead to a significant reduction in viscosity and re-
duce the cohesive strength of the intergranular ffiim con-
trast however, the concentration of Gh the film is found to

be much lower than that of F(0.86 atom % compared with

25 atom %, respectivelyand the expansion effects are not
uniform 2 This shows there is chemical sensitivity within the
IGF that distinguishes F and Cl, and this leads to behavior
differences and further questions that are addressed in a later
section.

While incorporation of the F -F species at the former
O-bridge site is calculated to be energetically favorable, cal
culations show that a single F atomrist more stable than
O. This result supports the conclusions based on valency "
arguments within the earlier ionic mod&lin the latter work, 2
substitution of two F ions for the single O~ - bridging ion P(r)=§i: filwi(r)]
leads to a local expansion driven by the Coulomb repulsion
between the anions. The first-principles results support thiand theM occupied one-electron cluster solutiods are
picture in general, but covalency and other subtleties appeafach weighted by the occupantyof the state. Charge con-
in the results at the quantum level. While the COOI'dinationservation requires that the integra| Mr) over all space is
result appears valid, the force between tetrahedral units is fagentically zero, so the plots in Fig. 4 show thearrange-
from simple Coulomb repulsion between ions of unit chargementin electron density in forming the two clusters. As the
Rather there is a near-vanishing interaction between thgearrangement in electron density in going from free atoms
counterpoised SigF units for separations beyond the region to the cluster, the calculated density shifts of Fig. 4 represent
of core overlap repulsion, as shown in Fig. 3. The interactionhe bond densities of the IGF. The solid and dashed lines in
between SiQF fragments shows much less ionicity than im- the figure denote constant values of increased and decreased
plied by a point ion model. This is found in a Mulliken density, respectively. It is interesting to note the similar fea-
population analysis of the atomic orbital occupancy in thetures in the density shifts around the -FF pair and the
ground state one-electron orbitals. Rather, the interaction |§r|dg|ng Oin F|g 4. A|though the two cases are not grea’[]y
more typical of that between nearly closed shell or bonddifferent in energy at equilibrium, one can easily dissociate
saturated systems. This is in turn consistent with the strongy bisecting the -F- - F- bond to give equivalent neutral spe-
internal bonding of the SigF fragment. cies, whereas the other can only stretohdissociate asym-

Calculated charge density distributions are also useful fometrically). This observation reinforces the idea that the ori-
analysis of the IGF bonding, and in Fig. 4 the deformationgin of high stability of the F-doped structure has more to do
density5(r) is plotted in an plane cutting through the major with bondinginternal to each tetrahedral unit, rather than
axis of the cluster. Here the deformatitr difference den-  petweerthe units.
sity o(r) is defined as thehangein charge density given by~ The breaking of the connectivity in the silica network is
subtracting the sum dfl overlapping atomic charge densities very clear in Fig. 4, and in Fig. 5 we compare difference
p; from the total cluster charge densi(r) densities calculated for F and Cl dopants in thgO8ihost

N clusters. The results for Clare distinctly different from
those for F doping. The CI pair does not remain aligned
(r)= P(r)—E? pi(r), (3D along the Si-Si axis as the F pair does, mtate oppositely
off this axis. In this way each CI ion maintains a bond with
where the nearest Si atom while reducing its overlap with the

FIG. 5. Calculated structure and local charge density shifts at
the displaced O-bridge site of SJOGF for (A) Cl doping and(B)
IF doping, taken from $0; and SyOgM, clusters wherdl =F and
Cl. Contour values are same as for Fig. 4.

(3.2
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neighboring ClI ion. This behavior is also seen in molecular
and crystalline halide® However, even this energy lower-
ing action cannot achieve a stabilization energy greater than
the reference energy of the undoped case, because this off-
axis configuration reduces shielding between the Si sites, in-
creasing Si-Si repulsion. As a result, the configuration corre-
sponds to only alocal minimumin the potential energy
surface, i.e., a metastable state, with oxygen able to displace
the two CI' ions.

B. Intergranular film thickness

The factors that determine the thickness of (thaid) IGF
have been mentioned earlier as leading to a force balance
between compression from attracting grains and repulsion
from compression of the atomic network within the IGF it-
self. The resulting thickness of this statefriszen inat equi-
librium as the temperature decreases. This description far
oversimplifies the interactions that determine IGF formation;
but details of the phenomenon are described in recent papers
by French® and Cannoret al*’

Native silica-rich IGF's(that can form with a variety of
impurity-free ceramic starting materi&fé9 show uniform
thickness values of 1:00.1 nm. Dopants generally lead to
an expansion in volume and increase in equilibrium values
for the thickness of the IGF. It has been reasoned e&tlier FIG. 6. HRTEM micrographs of silicon nitride with F-doped
that anions induce an expansion of the IGF duddpbreak- SiO, intergranular films(A) at triple point junction where the three
ing connections between tetrahedral units fodthe Cou-  IGF’'s each have same 1.1 nm thickness @phigher magnifica-
lomb repulsion between anions. HRTEM micrographs of F-tion of one of the IGF's. Si@rich IGF's are similar in appearance
and Cl-doped samples are shown in Figs. 6 and 7, respetth characteristic thickness of 1.0 nm.
tively, illustrating the appearance of characteristic inter-
granular films at SN, grain boundaries. The dilatational so indicative of the type anion contained in the IGF, that IGF
effect of F on IGF thickness and the insensitivity of the ex-thickness can be taken as a characteristic of the chemistry of
pansion to the surface structure of the grains bounding ththe IGF?®
intergranular film are apparent in Fig. 6. The F-doped films Calculated results for the small clusters give a relaxed
show anexpansionof 0.1 nm, which is uniform over the structure for the F-doped case for a Si-Si separation of 0.55
different grain boundaries. HRTEM micrographs of tim&  nm, compared with 0.32 nm for the O-bridged cluster. This
dopedreference materialnot shown appear the same as expansionand the greatly reduced maximum restoring force
those shown in Fig. 6, but with reduced characteristic thickbetween Si@F unit9 qualitatively agrees with observations.
ness. These observations indicate that the effect of F dopinghe expansion originates from the presence of a short-ranged
is homogeneous and perturbative to the principal factors deepulsive barriersee Fig. 3 preventing the F-doped struc-
termining the thickness of the undoped IGF, and that thes&ural units from relaxing in as closely as the undopé€d
factors remain largely unaltered by the F doping. bridged units. Note this expansion mechanism is qualita-

Chlorine doping is also associated with an increase inively different from that based on simple ionic repulsion,
thickness of the IGF. However, in contrast to the uniforminvolving instead the overlap repulsion of the almost-fulled
expansion found for F, the Cl-doped boundaries, shown irfF-valence shells. Consistent with this, it is clear from Fig. 3
Fig. 7, have thicknesses that aret uniform!® but are sen- that the more compact shell of oxygen gives a repulsive bar-
sitive to the type of adjoining grain boundary. The CI- rierin the O-bridged host that is an order of magnitude stron-
induced expansion effect appears to depend upon the struger than that in the F-doped case.
ture and/or composition of the crystallite surface forming the The magnitude of the expansion was also calculated for
boundary with the intergranular layer, such that the magnithe larger interface spanning cluster fragment shown in Fig.
tude of the expansion varies from one region to another. Thig. As discussed earlier, this is not a unique choice, but one
variation is large; some boundaries retain a thickness athat will respond to forces that affect the thickness and/or
about 1.0 nm, characteristic of the undoped samples, whilstructure of the IGF, whether the force is expansifrem
others are dilated by 30%0.3 nm). Therefore, while within) or compressiveoriginating outside the IGF The
F-doped films display a thickness characteristic of a homoPWSCF calculation of the relaxed structure, electronic struc-
geneous distribution of F within the SjGtructure, the CI- ture, total energy and force field determines the lowest en-
doped films are suggestive of an inhomogeneous distributioargy structure within theC,, symmetry of the IGF cluster.
of Cl over the grain boundary films. The HRTEM images areApplying the embedding force boundary condition to the ter-
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Cl-doped

S

%

FIG. 8. Plots of calculated charge density difference in major
symmetry plane through fragment cluster modelg®f undoped
and(B) F-doped IGF’s in silicon nitride. IfA) reference Si0;3Ng
cluster links SjN, grains across the amorphous intergranular film
with bridging oxygengO) connecting SiQ tetrahedraSi at tetra-

FIG. 7. HRTEM micrographs of silicon nitride with Cl-doped Nhedra centeisin (B) two F atoms replace O-bridging atom. Verti-
SiO,-fich intergranular filmsi(A) at a triple point showing inter- c_al lines in the two panels deglgnat_e the (_:hemlca.I thickness of the
secting IGF’s of variable thicknesses ai8) example film with 1.3 film. Contour values are described in caption of Fig. 4.
nm thickness.

C. Contrasting effects: The HCI puzzle

minal O atoms of the cluster, equilibrium conditions require  Similarities in the effects of F and Cl are at least qualita-
that these atoms assume positions such that they experientieely understood in terms of halogen chemistry and earlier
an outward force that balances the compressive inwardiscussion in terms of the point-ion moéfebf the F effect.
force®® exerted on them by the adjacent nitride gr&iies-  But explanation of theontrastingbehavior and identifying
timated to be 1.35 eV/Bohr as an upper bourifelaxing the mechanisms that differentiate F and Cl are more chal-
positions such that the calculated force on each of the rdenging. However, the calculated electronic structure results
maining (nonterminal atoms is zero determines the refer- give a plausible, if inconclusive, explanation of the observa-
ence binding energy and dimensions of the interfacetions.

spanning host cluster shown in a bond density representation Characterization has shown distinct differences between F
in Fig. 8(A). Calculated relaxations of atom positions gives aand Cl, even at the qualitative level. This is particularly in-
thickness, indicated by vertical lines through the boundaryteresting given the similarities in electronic structure of these
oxygen atoms, of 0.85 nm, which is 15% smaller than théons. Measurement of dopant concentration levels in the IGF
thickness! measured in HRTEM. Using the same embeddingusing electron energy loss spectroscdfELS) and other
force on the terminal O atoms and substituting an F pair folTEM-based techniqgud\EM, EDX) showed a high level of
the oxygen connecting the tetrahedra at the cluster centét in the doped silica filf* [F/(F+O) ratio of about 25%
gives the IGF fragment shown in Fig(B. The ground state On the other hand, the level of Cl waglowthe detection

of this fully relaxed fragment is about 2.1 eV more stablelimit for all of the analytical TEM-based techniques. An ICP
than that of the reference system. Figure 8 shows that thanalysig® determined a Cl concentratid.86 atom % an
change in thickness is strongly localized between the twmrder of magnitudesmallerthan that for F in the respective
doped structural units. The chemical thickness, defined bgamples. Both ion chromatographylC) and x-ray
the vertical lines in Fig. ) is 0.95 nm, an expansion over fluorescencE'?°confirm that Cl is indeed introduced into the
the reference fragment thickness by 0.10 nm, in very goodamples, but the measured concentration of Cl is very low.
agreement with the HRTEM results. As anticipated, the clus- Yet, internal friction measuremen?s® summarized in

ter model is most accurate for thehangein thickness, Fig. 2 show that Cl-doping effects a shift in the internal
whereas the absolute values of the thickness are less accurdtietion vs temperature curve that is evgreaterthan that
(15% too small for each cageThis indicates the choice of for F doping. A high-temperature peak is also present for the
embedding force used here is probably too large, but as di€l-doped system that coincides with that of thedopedref-
cussed earlier, theelative values of main interest are not erence material. This puzzling and apparently contradictory
very sensitive to the absolute force value. result indicates quite different behaviors for these halogen
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dopants in silica-rich intergranular films. Such behaviors aresuch that Cl pairs remain only temporarily bound as the nu-
certainly not within scope of a simple point ion model. The cleophilic reagent in the removal of O bridges. In this picture
presence of multiple peak positions in the internal frictionCl reduces the viscosity and leaves a weaker IGF, in agree-
data can arise fromonuniformityin the distribution of Clat ment with observations. But the metastability of CI means
the grain boundary/IGF interfaces. Support for this explanathat any increase in pressure on the I@#ough dispersion
tion comes from HRTEM resuft& for Cl that directly show forces and stresses in cooling and solidificatioaduces the
nonuniform changes in thickness of the IGF, suggesting thainding of the Cl, enhancing its diffusion rate to regions of
chlorine appearinhomogeneouslgcross the distribution of More “open” volume. _ .
crystallite grain boundaries, in contrast with the behavior of ~Where then is the CI? There is no measurablemhin
fluorine. These distinctions show that the behavior of F andne StN. crystallites, and theory predicts that none is ex-
Cl as intergranular species are fundamentally different an@€ctéd in view of the absence of a chemical driving force.
beyond the scope of simple ionic models, which would notBut if there is open volume at the IGF48I, grain boundary
distinguish F and Cl at all. mterface., Cl _could segregate and trap there as it diffuses out

Results from calculations for the 26 atom IGF fragmentOf the SiQ-rich IGF. The HRTEM measurements of IGF
cluster containing chlorine do not change the conclusionéhickness in the Cl-doped systems suggest this possibility as
reached concerning Cl effects in the smaller clusters. Th#ell, since as discussed earlier, Cl-doped films are not of
Cl-doped cluster achieves a local minimum energy with guniform thlcknesfs, butdn‘fgr from one cwsta_lhte b_oundary to
cluster expansion, but the energetics are not favorable for th@nother. There is no obvious physical basis forireernal
reaction kinetics. Calculations yield positive formation ~ expansion effectsuch as that of fluorineto be sensitive to
energy? of 1.43 eV, indicating the Cl pair can be displaced if boundary structure. But surface structure sensitiistgpug-
oxygen is available. The limiting step in the reaction is thedestive of another operative mechanism, such as segregation
energy of binding for Cl ions at the bridge site, which is only With its dependence on available volume and degree of atom
slightly greater(by 0.1 e\j than oxygen’s. It might be pos- match at the. film-crystallite m';e;rface. Convergely, itis diffi-
sible for this Cl-doped structure to persist as a Iong-livedCL{“ to envisionstructure sensitivityof thg equilibrium f|Im_
metastable state in an environment of limited oxygen, howihickness being dependent on bonding effects localized
ever, experimental data do not provide strong support, Corwlthln_the IGF_, but |nterfaC|aI_ segregation is often structure
sidering the nearly vanishing amount of CI detected in thes€nsitive and its occurrence is W_eII understood to affect film
IGF. Also, if this metastable configuration were long-lived, 9rowth. Segregation to internal interfaces would affect the
the calculations indicate the resulting expansion of the IGFequilibrium film thicknes®’ through the ion contribution to
would only be slightly greater than that for F. But experi- the electric double layer field strength.
mental observations finding IGF’s in Cl-doped samples rang- Certainly, other factors play a role in the occurrence of
ing from 1.0 to 1.3:0.1 nm thick(Fig. 7), strongly suggests dlfferen.t concentra’qons of F and Cl. For example, F and CI
that Cl and F do not follow identical reaction paths in thehave different carrier fragments,,k, and GClg, respec-
film. tively, that initiate the reaction sequence with oxygen. The

From these results, the conclusion is compelling that th&arbon-carbon bond in the F carrier is a double b C),
Cl-induced expansion mechanism, in those boundaries wheR4!t the C-C bond in ¢Clg is a weaker single bond. In ad-
it is observed, must differ from that of fluorine. The low dressing the dopant incorporation stage of the reaction, it can
concentration of Cl measured in the IGF suggests that thBe expected that these differences will affect the release rate
distribution of stable Cl-binding sites within the IGF must be Of the halogen, as well as the quantity released. Also, in the
very small. Indeed, first-principles calculations carried outC! case, the role of an extra Cl ion released with the breakup
for a number of other possible structures for bonding of the?f C-Clg at the reaction site is at present unknown. It can be
Cl- - -Cl pair have identified none of greater stability. Con- Safely assumed that it can not be accommodated with the
sidering other possibilities, with oxygen displaced by carbonOther two Cl ions, which are themselves unstable as a pair at
Cl termination of one Si dangling bond could occur, leavingthe former O-bridge site. The Cl released from the carbon-
a dangling bond on the other Si atom. But calculations shovpased carrier (§Clg or CCk) during the attachment of the
such a configuration is less stalfly about 3.2 eYthan the ~ carrier to the O bridge in the initial stages of the CO forma-
O-bridged reference case, suggesting it may not be londion very likely form Ch and diffuses out of the system. Of
lived either. Calculations also show that a single Cl atom thagourse, if the “extra” Cl is released in the high-temperature
is b“dge bound in p|ace of an oxygen is Considerab|y |es§intering before reaChing the O-bridge reaction site, the car-
stable (by about 4.5 eV, Similar to singly-bound fluorine, riers are on an equal footing (gfand CC}). Entirely dif-
this low binding is a result of valency mismat¢more pre- ferent mechanisms related to possible electric double I2/ers
cisely, an extra electron from the near neighbor Si atom&Iiso warrant further study.
populates a cluster orbital with low binding contributipn.

So how is the observation of reduced viscosity and en-
hanced fracture tendency consistent with such a low concen- V. SUMMARY AND CONCLUSION
tration of Cl in the film? The calculations suggest F and Cl
doping is effected only because carbon oxidation is a strong The first-principles studies of silica intergranular frag-
driving force for the reaction in the sintering stage. While ments and the effects of F and Cl doping give results sup-
Si-F bonds are relatively strong, those of Si-Cl are weakporting and clarifying the principal findings from compre-
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hensive experimental investigations. At the qualitative levelpossible binding sites for Cl could then be better character-
calculated results give a vivid description of broken connecized and controlled with this idealized arrangement, and cal-
tivity and altered bond density that lead to a reduction inculations could check experimental results more directly.
viscosity and cohesion of halogen-doped IGF’s in silicon ni-Certainly energy barl and molecular dynamié$methods
tride. Both F and Cl are alike in this action, because botthat scale the dimensionality of the system could provide
participate in removal of O bridges in the high-temperatureVery us_eful_extensmns and checks on results of the cluster
melt. But other properties of the IGRhickness depend Model in this regard. _ o
upon stabilities of the respective ions in the vacated O-bridge "€ agreement with experiment reported here implies that
sites as cooling occurs. In F doping, where stability is high/Irst-principles studies should be useful in screening for sin-
the increase in film thickness is calculated with rather goo&erlng a_ddmgns to give Qeswed resuls. Th? systems dis-
guantitative agreement with HRTEM data. The contrastingc,ussed n th|s.pape_r entail ”?‘? most strongly interacting spe-
and puzzling observations from comparative experimentaf'€S for reaction with the silica network. Less aggressive
studies of Cl-doping reflect its relatively low stability. Cal- reagents are known_ln the class of network modifiers, and
culated energetics show Cl is at best metastable over numeig29ents that could yield small cluster fragmemts,) that
ous possible sites within the IGF, including the O-bridge sitecn bond at the Si-O-Si bridge site are worth exploring. In-
preferred by F. The fundamental reason behind the differerfrgranular film ad_dmons that could qu|fy local elastic re-
behaviors of Cl and F is that the Si-Cl bond is much weakerPCNS€ of t.he O bridges, without removing them, wou_ld yield
than the Si-F bond. This basic property determines how th@" interesting new path to the control of IGF properties.
anion will behave as a nucleophilic species, as it is carried to
the O-bridge site by the strong carbon-oxygen association.
And it governs the stability of anions within the IGF, provid-  We thank lan Anderson, C.-L. Fu and M. J. Hoffmann for
ing a plausible explanation for the observations. Althoughtheir helpful reviews of the manuscript. ORNL work spon-
grain sites for increased binding of Cl have not been identisored by the Division of Materials Sciences, Office of Basic
fied, the calculations make it clear that fluorine and chlorineEnergy Sciences, U.S. Department of Enef@OE). Oak
follow very different reaction pathways in the IGF. The sig- Ridge National LaboratorfORNL) is operated by UT- Bat-
nificance of this result is its indication of the marked sensi-telle, LLC, for the U.S. DOE under Contract No. DE-AC05-
tivity of IGF properties to details of the interfacial bonding. 000R22725. Bayreuth/Kyoto work supported by NEDO In-
In order to extend this study, it may be feasible to preparaernational Joint Research Grant Program for the year 2000
well-characterized interfaces using single cryg@ebi;N, on  under the research project “Quantum-Structure and Micro-
which doped SiQ films could be grown. The distribution of mechanics of Ceramic Grain Boundaries.”
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