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The thermodynamic origin of disordered intergranular films commonly found in covalent ceram
materials is studied by molecular-dynamics simulation. Our studies show that all high-energy g
boundaries in a model covalent material, silicon, exhibit a universal amorphous structure, whereas
energy boundaries are crystalline. This allows the identification of a thermodynamic criterion for
existence of stable disordered intergranular films based on the relative energies of the atoms in the
boundaries and in the bulk amorphous phase. [S0031-9007(96)01285-9]

PACS numbers: 61.43.Dq, 61.72.Mm
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The frequently observed existence of thin intergranu
disordered films typically of nanometer thickness rep
sents one of the most intriguing features in the atom
structures of grain boundaries (GBs) in mostly covale
ceramic materials. For example, Si3N4-based ceramics
prepared by liquid-phase sintering usually contain a
proximately 1 nm thick silicate-based glassy intergran
lar layers. The presence of such films provides a p
for rapid diffusion and hence controls high-temperatu
properties, such as the strength of the material and
creep and oxidation resistance. Because such disorde
impurity-based intergranular films are usually formed du
ing high-temperature (liquid-phase) sintering of the c
ramic, at first sight their presence at room temperat
appears to be a strictly kinetic, nonequilibrium phenom
non. However, various experimental observations ra
the intriguing possibility that these films may be in
state of thermodynamic equilibrium. Most importantly
Clarke’s early experimental observations (summarized
Ref. [1]) showed that the thickness of these disorde
films is apparently constant independent of grain miso
entation. Furthermore, recent high-resolution-microsco
observations in Si3N4 ceramics [2–4] demonstrated tha
the uniform thickness of intergranular films varies sy
tematically with the overall chemical composition of th
sample. It was also found that some special low-ene
boundaries in Si3N4 do not contain disordered films a
all. These experimental observations suggest that b
thermodynamic concepts, such as the GB energy, m
control the existence, structure, and properties of such
tergranular films. In this paper, using molecular-dynam
(MD) simulations, we elucidate the thermodynamic orig
of these films and address the question of whether t
can exist even in the absence of impurities.

In order to investigate the thermodynamic nature
these films, it is desirable to eliminate any impurity
related effects as well as to avoid any (kinetics-
thermodynamics-based) effects of interfacial chemist
0031-9007y96y77(14)y2965(4)$10.00
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In experiments even the purest ceramic materials
evitably contain identifiable levels of impurities. B
contrast, computer simulations can be performed in
complete absence of impurities, and any role of interfa
chemistry can be eliminated by studying aone-componen
covalent model material, such as silicon. Our simulatio
reveal that high-energy GBs disorder and broaden u
high-temperature equilibration, whereas low-energy G
remain crystalline. Furthermore, this disordering is driv
by a lowering of the GB energy and the structures of
disordered intergranular films thus obtained are shown
be the same for all high-energy GBs and very similar
that of bulk amorphous Si. This demonstrates that,
principle, (a) amorphous grain-boundary films can be
result of purely thermodynamic rather than kinetic facto
and (b) their formation does not necessarily require
presence of impurities.

For several reasons silicon represents an ideal ch
of a one-component model material for this study. Fir
a well-tested interatomic potential due to Stillinger a
Weber (SW) [5] is available for Si which provides not on
a good description of the diamond and amorphous pha
but also of the melting temperature (of1690 6 20 K [6],
remarkably similar to the experimental value 1683 K) a
the six-coordinated structure of the liquid [5,6]. Secon
the structure and excess energy of the bulk amorph
phase are well reproduced by the SW potential [7
Third, a significant amount of information is also availab
on GBs, crystalyliquid, and crystalyamorphous interface
[9–11]. We believe this combination of relevant pha
information reproduced at least semiquantitatively by
SW potential makes Si an ideal model material for t
simulation study.

In our search for disordered GB films we study sy
metrical twist boundaries which usually have higher e
ergies than symmetricaltilt boundaries [12] and are thu
more likely to lower their energy by disordering. Th
simulation cell is depicted in Fig. 1(a). It contains tw
© 1996 The American Physical Society 2965
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FIG. 1. (a) Three-dimensionally periodic simulation cell co
taining two grains. GB1 and GB2 are twist boundaries obtaine
by a rotation of two symmetrically aligned semicrystals ab
the common GB-plane normaln̂ k z. (b) Average energy pe
atom in (100) slices of thickness0.25a0 as a function ofz for
the s100d f ­ 43.60± sS29d twist GB in Si. The dashed line
indicates the cohesive energy of bulk amorphous Si.

grains misoriented with respect to each other by a tw
angle,f, about the common GB-plane normal (direct
along thez direction). Because of the periodic bord
conditions in all three dimensions, the simulation cell co
tains two crystallographically identical twist boundarie
labeled GB1 and GB2. The distance between the two GB
was chosen to be close to5a0 (a0 ­ 5.43 Å is the zero-
temperature lattice parameter of Si), which is sufficien
large for their interaction to be negligible. Their fully re
laxed zero-temperature starting structures were obta
by iterative energy minimization. To enable the unit-c
volume to respond to the internal pressure, during all
MD simulations a constant-stress algorithm was applie
the z direction. To mimic the effect of embedding the G
between semi-infinitebulk crystals, the dimensions of th
simulation cell in the GB (x-y) plane were kept fixed a
the previously determined perfect-crystal lattice cons
at the simulation temperature.

To find a lower-energy grain-boundary structure,
material in GB1 [unshaded region in Fig. 1(a)] wa
subjected to two distinct high-temperature treatme
whereas the atoms in GB2 [shaded region in Fig. 1(a)
were kept fixed. In the first treatment GB1 was melted
at 3000 K. The temperature was then lowered be
the melting point to 1350 K and a new grain bounda
was allowed to form in the GB1 region on crystalliza-
tion from the planar seeds provided by GB2. Crystal-
lization requires typically about 15 000 MD time ste
sDt ­ 2.76 3 10215 sd after which the system is kept a
that temperature for an additional10 000 Dt. The final
structure was then obtained by cooling the system do
2966
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to zero temperature at a rate of 1 K per50 Dt, i.e., at a
cooling rate of7.25 3 1012 Kys (which is rather “slow”
on an MD time scale but many orders of magnitude hig
than experimental cooling rates).

In the second treatment GB1 was simply annealed a
T ­ 1500 K (180 K belowTm) for 20 000 Dt and then
also cooled down to zero temperature. In all cases th
two treatments yielded structures for GB1 with practi-
cally the same overall characteristics (radial and bo
angle distribution functions at the GB and energy profile
although the detailed atomic structures and GB ener
were not completely identical. To verify that structur
thus obtained were, indeed, fully equilibrated they we
reheated up to 1500 K, kept at this temperature for an
ditional 20 000 Dt, and then again cooled down, revealin
no changes in these structural characteristics.

We first present in some detail results for thes100d f ­
43.60± sS29d twist GB which has a relatively high zero
temperature relaxed energy of 1464 ergsycm2 [9].
(Although this value represents the lowest-energy rig
body translation of this particular GB, we found that
is rather insensitive to such translations.) Profiles of
plane-by-plane average energy per atom are show
Fig. 1(b). While the energy profile of this GB2 structure
is rather narrow with a maximum value of23.87 eV,
the profile of GB1 is broader but its peak value is on
24.05 eV. (For later reference, the cohesive ener
of bulk amorphous silicon prepared by slow cooling
the liquid phase [9] is24.15 eV; as indicated by the
dashed line in Fig. 1, this value is 0.185 eV above
perfect-crystal cohesive energy of24.335 eV.) Despite
the GB1 energy profile being broader, the related G
energy of 1300–1340 ergsycm2, given by the integral
under the peak, is approximately 10% lower than
energy of GB2 (1464 ergsycm2). This demonstrates tha
high-temperature relaxation lowers the energy, sugges
a thermodynamic origin for this restructuring.

The lowering of the energy is accompanied by dis
dering of the GB structure as revealed in Figs. 2(a) a
2(b) showing projections of the atom positions onto t
x-z plane for GB1 and GB2. Whereas GB2 [Fig. 2(a)] ex-
hibits a clearly identifiable planar structure even right
the GB, individual atomic planes cannot be clearly defin
in the center of GB1 [Fig. 2(b)].

The loss of crystalline order in GB1 is also evident from
the relatedlocal radial distribution function for the atom
in the most disordered part of GB1 and the local bond-angle
distribution function [Figs. 3(a) and 3(b)]. They reve
only short-range order and are strikingly similar to t
corresponding distributions obtained for bulk amorpho
Si (also shown). Furthermore, consistent with results
bulk amorphous Si using the same potential [8], in t
disordered region of GB1 only about 1.5% of the atom
are threefold coordinated (i.e., atoms with dangling bond
while 83.5% are fourfold and 15% are fivefold coordinate
By comparison the GB2 structure is considerably less we
coordinated, with 6% of the atoms having dangling bon



VOLUME 77, NUMBER 14 P H Y S I C A L R E V I E W L E T T E R S 30 SEPTEMBER1996

B

i
r

a
M
e
t

s

n

-

i
s

r-

film
By
GB
the
r.
ed

en
the
B
ous

the
als

ual

.
igh-
s”

ed
es:

that
FIG. 2. Positions of the atoms projected onto thex-z plane
for the S29 boundary in Si; (a) zero-temperature-relaxed G2
region and (b) high-temperature-relaxed GB1 region.

For the following reasons we believe that the amo
phous film at this particular GB, indeed, represents
lowest-energy structure. First, two fundamentally diffe
ent high-temperature treatments (growth from the melt a
high-temperature anneal) yield practically the same am
phous GB structures. Second, subjected to further
nealing these structures were found to be stable on a
time scale. Third, these amorphous GB films are far b
ter coordinated than the corresponding zero-tempera
relaxed GBs.

The origin of the driving force for the GB disordering i
apparent from Fig. 1(b). The peak energy of23.87 eVy
atom for the GB2 structure far exceeds the average e
ergy for bulk amorphous Si of24.15 eV (dashed line). By
contrast, in the most disordered plane of GB1 the average
energy is only of24.05 eVyatom, much closer to the co
hesive energy of amorphous Si. More importantly, the G
energy (i.e., the integral under the peak) is lowered dur
disordering despite a broadening of the GB. These ob
vations allow us to identify a criterion for the existenc
of an equilibrium disordered GB film: If atoms in an o
dered GB have energies higher than the atoms in the b
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FIG. 3. (a) Radial distribution functionGsrd for the most
disordered plane in the GB1 region of theS29 GB and for bulk
amorphous Si. (b) Angular distribution functionsPscosud (in
arbitrary units) for the same structures as in (a).

amorphous phase, the introduction of an amorphous
into the crystalline interface is energetically favorable.
contrast, as we show later, if the atoms in an ordered
have energies similar to, or lower than, the energies of
atoms in the amorphous phase, the GB will not disorde

Although the structure of the intergranular disorder
film is very similar to that ofbulk amorphous silicon (see
Fig. 3), the film is nevertheless highly confined betwe
the two crystalline grains. Because of this confinement,
energy of the atoms in the most disordered plane of G1

does not decrease all the way down to the bulk amorph
value [see Fig. 1(b)]. Moreover, detailed analysis of
related plane-by-plane structure factor (not shown) reve
the presence of a small—but stable—signal of resid
crystallinity in the most disordered planes of GB1, which
is not surprising given the adjacent crystalline material

Based on these insights, one might expect that all h
energy GBs should have similar, “confined-amorphou
structures. To test this prediction we investigat
three other high-angle, high-energy twist boundari
s100d f ­ 61.93± sS17d, s110d f ­ 44.00± sS57d, and
s112d f ­ 35.26± sS35d with qualitatively different
zero-temperature relaxed structures. We found
2967
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high-temperature relaxation lowers the energies of
these GBs to values in the range of 1300–1370 ergsycm2.
Moreover, despite being sandwiched between differ
crystallographic surfaces, all GBs were found to be dis
dered and very similar to each other, as is also appa
from the related energy profiles in Fig. 4. As in the ca
of the s100d S29 GB the local radial and bond-angl
distribution functions for all GBs (not shown) are ver
similar to those of amorphous Si.

By contrast with these disordered structures for hig
energy GBs, one might expect that a low-energy GB sho
not lower its energy upon high-temperature equilibrati
and hence should not disorder. To confirm this predicti
we studied the (111),f ­ 42.10± sS31d twist GB, also
a high-angleGB; however, on the most widely space
(and hence, lowest-energy [12]) plane in the diamo
structure, with a zero-temperature relaxed GB energy
only 638 ergsycm2 [9]. Indeed, as expected, neither it
structure nor its energy change during high-temperat
annealing and the GB remains crystalline right up to t
GB plane.

It is interesting to note that tight-binding calculations fo
Si also indicate the possibility of GB disordering in th
the energies of atoms in GBs are typically larger than t
cohesive energy of the amorphous phase. These calc
tions yield GB energies that are typically about (30–50)
higher [13,17] than those obtained from the SW potent
while the energy of the amorphous phase is only about 2
higher [14]. This implies that GB disordering is even mo
likely for Si described by tight-binding calculations tha
for Si described by the (empirical) SW potential. Cons
tent with this, fully quantum-mechanical calculations fo
the s100d f ­ 36.87± sS5d twist boundary in germanium
yielded a disordered structure remarkably similar to that
amorphous Ge [15].

An obvious question we have to address is why su
amorphous GB films have not been observed experim
tally in Si. While we can only speculate, one reason mig
be associated with the rather similar densities of the am

FIG. 4. Energy profiles along thez direction for four different
high-energy, large-angle GBs.
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phous phase and the perfect crystal, rendering it diffic
to identify a thin, perhaps less than 1 nm thick amorpho
film by electron-microscopy techniques which, in essen
probe the electron density. Another reason might ar
from the fact that most GB studies in Si and Ge, partic
larly those involving high-resolution microscopy (see, f
example, Ref. [16]) have dealt withtilt boundaries, which
are known to have a generally lower energy than tw
boundaries. Nevertheless, based on the fact that the ex
mentally determined excess energy of 0.13–0.16 eVyatom
[17] for amorphous Si is even lower than that calculated
the SW potential (0.185 eVyatom), it seems possible tha
disordered GB films could, in fact, exist in Si, although
more conclusive assessment of this possibility requires
perimental values for the GB energy.

The generic similarity of the simulated behavior of
grain boundaries to the observed behavior of the impur
based films usually present in covalent ceramics sugg
that such GB films do not require impurities for their st
bilization and that their existence in high-energy boun
aries as an equilibrium “constrained-amorphous GB pha
of uniform thickness may be attributable to thermodyna
ics alone.
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