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Dopant Segregation at Semiconductor Grain Boundaries through Cooperativ
Chemical Rebonding
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Recent theoretical work found that isolated As impurities in Ge grain boundaries exhibit min
binding, leading to the suggestion that the observed segregation is likely to occur at defect
steps. We reportab initio calculations for As in Si and show that segregation is possible at def
free boundaries through the cooperative incorporation of As inthreefold-coordinatedconfigurations:
As dimers, orordered chainsof either As atoms or As dimers along the grain boundary dislocat
cores. Finally, we find that As segregation may drive structural transformations of certain
boundaries. [S0031-9007(96)00811-3]

PACS numbers: 61.72.Mm, 68.35.Dv, 68.55.Ln, 71.15.Pd
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Polycrystalline semiconductors are used in microe
tronics. Dopants, which control the electrical propert
of these materials, are known to segregate in grain bo
aries in electrically inactive configurations [1–4]. T
fraction of dopants in the grain boundaries is governed
thesegregation energy,i.e., the energy difference betwe
a dopant atom in the grain boundary and a dopant ato
the bulk crystal. For the specific case of As segrega
in Si and Ge grain boundaries, experimental values of
segregation energies range from 0.41 to 0.65 eV [1–4

Clearly it would be very important for technologists
know if the large segregation energy is an intrinsic prope
of a defect-free grain boundary or is caused by def
that could, in principle, be avoided. The origin of t
segregation energy has not, however, been accounte
so far. Experiment [5] and theory [6,7] have establish
that tilt grain boundaries in undoped Si and Ge reb
so that all host atoms are fourfold coordinated. T
only first-principles theoretical study of segregation w
reported recently by Arias and Joannopoulos [8]. Th
authors examined the segregation energies of isolate
atoms placed at different substitutional sites in a Ge g
boundary and found values only of order 0.1 eV. Th
proposed that the observed segregation energies are
to arise from As atoms bound to steps or other defects.
calculations were pursued to explore such possibilities

The motivation for the present work was the recog
tion that the observed large segregation energies may o
in defect-free grain boundaries because As atoms ach
their preferred threefold coordination, as they are kno
to do in amorphous Si and Ge [9]. Simple bond count
suggests that if a single As atom were to achieve th
fold coordination in a Si or Ge grain boundary, at le
one Si (Ge) atom would have to have odd coordina
(3 or 5), which is energetically costly. Clearly threefo
coordinated As atoms would be far more likely if th
were incorporated in a grain boundary in acooperative
manner, at least two at a time. The simplest possib
would be two As atoms at nearest-neighbor sites. We h
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performed systematic first-principles calculations for su
possibilities in Si, which is technologically more impo
tant, and found that As dimers do form in grain boun
aries with segregation energies up to 0.2 eV per As ato
Dimer binding occurs throughrepulsion: The two As
atoms repel each other seeking to achieve threefold coo
nation (Fig. 1); the energy gain from thischemical rebond-
ing is larger than the elastic energy cost from backbo
distortions. Furthermore, we find that larger segregat
energies (0.3–0.5 eV per As atom) are achieved thro
the formation of chains of As dimers or fully ordere
chains of threefold-coordinated As atoms. Finally, we fi
that the formation of such chains may induce a structu
transformation of certain grain boundaries.

Calculations were performed for aS ­ 5h310j k001l
symmetric tilt boundary in Si. This grain boundary
parallel to theh310j plane of the original crystalline lat-
tice. It has a minimum periodicity of one convention
lattice parametersa ­ 5.431 Åd in thek001l direction and
a periodicity of a

p
5y2 ­ 8.587 Å in the direction per-

pendicular to thek001l axis. In the discussion below
we follow the convention that thex axis is perpendicu-
lar to the grain boundary plane, thez axis is parallel to
the k001l axis of the original crystalline lattice, and th
y axis runs parallel to the grain boundary plane in a
rection perpendicular to thez axis. We used periodic su
percells that contain two oppositely orientedS ­ 5 grain
boundaries. In a supercell withN planes of atoms along
n

-
t
n

y
e

FIG. 1. Schematic showing how the member atoms of
As dimer placed substitutionally in neighboring Si sites wou
move away from each other into threefold coordination, a
thus lower energy.
© 1996 The American Physical Society
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the x direction, the grain boundaries are separated
Ny2 planes. The actual supercells used in the calc
tions will be discussed later.

The calculations were based on density functional t
ory [10] with local exchange-correlation energy as p
rametrized by Perdew and Zunger [11]. The atomic co
are represented by nonlocal, norm-conserving pseud
tentials of the Kerker type [12] in a separable Kleinman
Bylander form [13], and defined on a real-space grid [1
The calculations were performed using the codeCETEP

[15], which was run on 128 processors of the Intel Para
XP/S 35 at Oak Ridge National Laboratory. The in
gration over the Brillouin zone was performed using t
specialk points chosen according to the Monkhorst-Pa
scheme [16]. The electronic wave functions were
panded in a plane wave basis set with an energy
off of 150 eV, verified to yield accurate lattice consta
and bulk modulus for the pure crystal. For each geom
try the electronic wave functions were first relaxed
the conjugate gradient scheme of Payneet al. [17] until
they reached a local minimum (the Born-Oppenheim
surface). The ions were then moved according to
Hellman-Feynman forces until the largest force on any
in any direction was less than0.08 eVyÅ. Energy changes
due to changes in supercell dimensions, known to be s
[8], were neglected.

Calculations were performed withN ­ 30 and
40 planes of atoms, with the corresponding superc
containing, respectively, 60 and 80 atoms for the m
mum periodicity in the grain boundary plane. Compu
segregation energies changed by less than 0.02 eV,
cating that the two grain boundaries in the supercell
adequately isolated from each other. In order to iso
the As dimers from each other in the grain bound
plane, calculations were performed with double the pri
tive cell andN ­ 30. Most calculations were performe
using only the primitive cell in the grain boundary pla
andN ­ 40, resulting in chains of interacting dimers.

The calculations for the undopedS ­ 5 grain boundary
yielded a fully relaxed structure, which we label GB
that is the same as described in Ref. [8] for Ge.
found, however, a second low-energy structure, wh
we label GB2, with a total energy that is higher by on
0.15 eV per periodic segment of the grain boundary pla
Figures 2 and 3 displayxy projections of the structures
The two structures differ in the relativez shift of the
two grains forming the boundary, byay8 ­ 0.68 Å, and
also in the nature of the dislocation cores comprising
boundaries. The cores of GB1, formed by terminat
planes coming from the same grain, are of the pure e
type sb ­

a
2 k100ld. The cores of GB2 are formed b

terminating planes coming from different grains, have
Burger’s vector at 45± to the z direction sb ­

a
2 k101ld,

and therefore have mixed screw and edge character.
We studied segregation of As atoms in both GB1 a

GB2 because the two structures contain different di
cation cores that are components of many different g
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FIG. 2. 2D projection (normal to the tilt axis) of an atomicall
relaxed structure of theS ­ 5h310j k001l symmetric grain
boundary of Si in its ground state (GB1). In the actual 3
structure, the atoms in the bulk lie on four different planes. T
letters a–g denote various sites at which segregation of isola
As atoms and As dimers are investigated. The dislocation co
comprising this grain boundary are of the pure edge type.

boundaries. Figures 1 and 2 show labels for the si
where As atoms were placed: [a] through [e] are sites
the GB1 grain boundary, whereas [f] and [g] are sites
the bulk; [a′] through [f′] denote corresponding sites fo
GB2. Symmetry has been used to reduce the numbe
possible distinct As sites and site pairs. Thus using
symbol “,” to indicate symmetry equivalence, we hav
for GB1: a , c and d , e. It follows that for GB1
the possible distinct sites for atom segregation are
([c]), [b], and [d] ([e]). The distinct site pairs for dime
segregation are [a, c], [a, d], [b, c], and [d, e]. In additio
we have also studied the dimer [f, g] where two atom
are placed at nearest-neighbor sites in the bulk crys
For GB2 we have the equivalenceb0 , c0 , e0. The
resulting distinct site pairs are [a′, d′], [d′, e′], [b′, c′], and
[a′, c′].

The results for isolated As substitutionals are shown
the top halves of Tables I and II. We find that all site
except [a] ([c]) on GB1 and [a′] on GB2 have a binding
energy of,0.1 eV, the same value obtained for isolate
e
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FIG. 3. Grain boundary of Fig. 2 in a metastable state (GB
in the same projection view. The letters a′–f ′ denote various
sites at which segregation of isolated As atoms and As dim
are investigated. The dislocation cores comprising this gr
boundary have mixed screw and edge characters.
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TABLE I. Segregation energies (normalized per As atom) for isolated As atoms an
dimers placed at various sites on GB1. The equilibrium As-As distance for the dimers is
indicated. The sites are described in Fig. 2.

Segregation energy As-As distancesÅd As-As* distancesÅd
As site(s) eVyAs atom (dimer geometries) (dimer geometries

[f ] 0.00
[a], [c] 0.03

[b] 0.11
[d], [e] 0.11
[f, g] 20.01 2.71 4.59
[a, d] 0.10 2.71 5.20
[d, e] 0.19 2.79 4.70
[a, c] 0.20 2.89 3.76
[b, c] 0.32 3.43 3.43
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As atoms in a similar boundary in Ge [8]. The smal
binding of [a] can be explained from thesimilarity of
its environment, characterized by the surrounding bo
length and bond-angle distribution, to that of a bulk s
[f ] or [g], while an opposite effect occurs for [a′]. In all
cases of isolated As substitutionals, the lattice is foun
undergo only a very small relaxation, in agreement w
the results of Ref. [8].

We now turn to the dimer configurations. As w
noted earlier, we performed calculations with both m
mal and double periodicity in the grain-boundary pla
corresponding to dimer chains and isolated dimers,
spectively. The latter calculations are extremely ti
consuming even on the Paragon supercomputer
were therefore performed only for selected pairs of si
We found that dimer formation in the grain boundary
energetically favored. If two As atoms are placed at ne
boring substitutional sites in the bulk crystal, they re
each other seeking to achieve threefold coordina
(pair [f, g] in Table I). The equilibrium As-As distanc
is 2.71 Å compared to a Si-Si bond length of 2.35
The overall energy goes up by a tiny amount (0.01
per As atom) as compared with isolated substitutio
atoms because of the elastic energy cost. In cont
As dimers in the grain boundary lead to an ove
lowering of the energy. The selected calculations
performed for the isolated dimers yielded net binding
order0.05 0.2 eVyatom, indicating that the elastic ener
cost in the grain boundary can be smaller than in
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bulk. Dimer formation in the grain boundary is the res
of repulsion between neighboring As atoms and occu
because this repulsion can be accommodated easier i
grain boundary than in the bulk crystal.

The results for chains of As dimers are even mo
dramatic and are displayed in detail in Tables I and II
the two grain-boundary structures, respectively. We
that segregation energies range from 0.1 to0.5 eVyatom,
the latter being in agreement with the measured val
[1–3]. In Tables I and II, the third column contains th
As-As distance in the dimer, which is to be compar
with the normal Si-Si distance of 2.35 Å. The four
column contains the As-As* distance between As ato
of neighboring dimers (dimers in neighboring supercell

We note three classes of results: (i) Cases where
As-As* distance is significantly larger than the As-A
distance, suggesting that the dimers in the chain are fa
well separated. The segregation energy is small, less
0.2 eVyatom, comparable to that of truly isolated dime
that we discussed earlier. (ii) Cases where the As-As
As-As* distances are comparable but different (e.g., [a
in GB1 and [a′, c′] in GB2) where the segregation energ
ranges from 0.2 to0.5 eVyatom. (iii) A case where the
As-As and As-As* distances are identical ([b, c] in GB1
corresponding to a fully ordered chain of As atom
with an intermediate segregation energy of0.32 eVyatom.
Figure 4 displays the electronic charge density in a s
passing through the plane containing the As atoms in
[b, c] geometry of GB1. There is no significant char
).

)

TABLE II. Segregation energies and As-As distance at various sites on GB2 (Fig. 3

Segregation energy As-As distancesÅd As-As* distancesÅd
As site(s) eVyAs atom (dimer geometries) (dimer geometries

ff 0g 0.00
fb0g, fc0g, fe0g 0.12

fd0g 0.13
fa0g 0.22

fa0, d0g 0.08 2.43 5.25
fd0, e0g 0.09 2.72 4.84
fb0, c0g 0.11 2.42 4.29
fa0, c0g 0.52 2.76 3.54



VOLUME 77, NUMBER 7 P H Y S I C A L R E V I E W L E T T E R S 12 AUGUST 1996

a
he
e

the
of
e

lo-
o

hic

ty
ce
ge
os
t
ion
es
of
cu

e
ge
or-
n-
in
ith
d
in

rts

the
tion
a-
s.
hift
ove
cost
c-

ins
ch

nals.
with
As

ps or
ion
ility
tion

ci-
his

En-
05-

Y.

. I.

ngs

v.

ys.

d

FIG. 4(color). A 2D plot of the electronic charge density on
slice passing through the perfect As chain [b, c] in GB1. T
As atoms are magenta and Si atoms gray. The color schem
red! yellow ! green! light blue! deep blue for maximum
to minimum charge density.

in the region between two neighboring As atoms in
chain, proving conclusively the threefold coordination
each As atom. The charge density for all other dim
configurations is qualitatively similar.

An examination of the local three-dimensional topo
gies corresponding to Fig. 2 and 3 suggests that the m
stable dimer geometries in a chain are the ones in w
one or both of the component As atoms can relaxinto
the dislocation cores, where the average atomic densi
lower than the crystalline bulk. Such relaxation redu
the strain in the Si backbonds, thereby yielding a lar
segregation energy. It is interesting to note that the m
stable chain of dimersfa0, c0g in GB2 has its componen
atoms on two different dislocation cores, a configurat
possible only in relatively large-angle grain boundari
while the chain of dimers [b, c] on GB1 has only one
its atoms (c) lying on a dislocation core, and could oc
in any dislocation core of the perfect edge type.

Finally, it is particularly interesting to note that th
highest segregation energy in GB2 is significantly lar
than in GB1 and might actually drive a structural transf
mation. In other words, the injection of a high conce
tration of As into polycrystalline Si may convert a gra
boundary with perfect edge dislocations into one w
mixed dislocations. Similar solute-induced grain boun
ary transformations have long been known to occur
metals [18], but we are not aware of any prior repo
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in semiconductors. From the relative total energies of
two grain boundaries we estimate that the transforma
from GB1 to GB2 would require a critical As concentr
tion of ,19% in the column of the favored dimer site
However, such a transformation involves a relative s
(sliding) of the two grains at the boundary, and the ab
estimate does not take into account any elastic energy
that may be required to maintain integrity at triple jun
tions during the sliding process.

In summary, cooperative phenomena involving cha
of threefold-coordinated As atoms or dimers result in mu
larger segregation energies than isolated As substitutio
Segregation energies thus obtained are in agreement
experimental values. This provides a mechanism for
segregation that does not require the presence of ste
other defects. Chains of As dimers in mixed dislocat
cores have lower energies, raising the intriguing possib
that As segregation may drive a structural transforma
in grain boundaries containing pure edge dislocations.
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