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Electronic structure of defects and impurities in III-V nitrides.
II. Be, Mg, and Si in cubic boron nitride
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The electronic structure of beryllium~Be!, magnesium~Mg!, and silicon~Si! impurities in zinc-blende boron
nitride (c-BN) were studied by using the tight-binding linearized muffin-tin-orbitals technique. Calculations
were performed using 64-atom supercells centered on either a boron~B! or a nitrogen~N! lattice site. While Be
and Mg impurities were substituted only to the B sublattice, substitutions for both B and N were considered in
the case of the Si impurity. In each case, total-energy minimization was used to examine lattice relaxation near
the impurity site, and the nature of chemical bonding between the impurity and the neighboring atoms of the
host crystal was examined in detail. We find that Be and Mg substituted for B each create delocalized levels
merged to the states at the valence-band edge. These partially occupied levels can result inp-type conductivity
such as that which has been observed experimentally. In contrast to the behavior of isolated Be and Mg
impurities inc-BN, we find that Si substituted at a B site induces delocalized impurity states that overlap with
the conduction-band edge of the host. These levels can contribute to then-type conductivity of Si-dopedc-BN.
Si substituted to the anion sublattice induces sharp, partially occupied, and highly localized levels within the
forbidden gap~‘‘deep acceptor levels’’!. The experimentally observed mixture ofn- and p-type c-BN can
therefore be accounted for by the presence of impurities of each type. The relaxation of the host lattice near the
Be and Mg impurities is outward, as is the relaxation near the Si impurity substituted at a N site. Inward
relaxation is predicted in the case of Si substituted for B. The total, orbital, and shell-projected densities of
states for the impurity and up to six coordinational shells nearest the impurity are analyzed in detail. Charge-
density plots relevant to the impurities are also presented.
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I. INTRODUCTION

It has been recognized for more than two decades tha
development of radiation-resistant high-power and hi
temperature microelectronic devices may well be possible
using ‘‘wide-gap semiconductors,’’ such as diamond~C!, cu-
bic silicon carbide (c-SiC! and III-V nitrides. These crystals
have forbidden gaps ranging from 2.3 eV inc-SiC, to 6.4 eV
in boron nitride ~BN!.1,2 Combined with their remarkable
thermomechanical properties, these materials provide e
ing opportunities for fabricating devices with operating ch
acteristics superior to those made of pure Si and german

Two factors have inhibited the practical use of these m
terials in microelectronics, however:~1! the absence of reli-
able, well-controlled thin-film-deposition techniques for pr
viding stable single-phase epitaxial layers
‘‘semiconductor purity’’ and good adhesion to a variety
substrates, and~2! the need for reliable methods for selecti
doping. Substantial progress has recently been made in
film-deposition techniques for BN, with the demonstrati
that even under extreme conditions a metastable zinc-ble
BN (c-BN! phase can be formed3–5 on several substrate
relevant to microelectronics applications, particula
Si~001!.6,7 Furthermore,c-BN has been shown to be easi
doped with bothn- and p-type impurities. Mishimaet al.,8

used Si to obtainn-type semiconducting materials, while Be
560163-1829/97/56~20!/13077~10!/$10.00
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doped samples have demonstratedp-type behavior. In each
case, the ionization energies were found to be very low. N
room temperature, activation of impurity-related carriers
the continuum has been readily observed. Diodes fabrica
from these materials demonstrated a broad emission s
trum of ultraviolet and visible radiations.9 Active research
with such systems is under way in several laboratories.5,7,10

While these developments are encouraging, ma
materials-science issues remain to be understood. Impo
physics relevant to improved device operation and future
velopments for electronic materials are still needed. Wha
the microscopic origin of then- andp-type conductivities in
doped systems, for example? How are electronic states
fected by charge transfer or by the chemical bonding
doped crystals? What are the effects of lattice relaxation n
impurity sites on the doping effectiveness? Understand
these basic questions is especially important forc-BN, for
which presently available experimental information focus
exclusively on deposition techniques and techniques
chemical and structural characterization.~See, for example,
Refs. 11 and 12.! Extensive theoretical modeling of the ele
tronic structure has been limited mainly to ideal, stoich
metric c-BN crystals.13–15

This paper is a continuation of our efforts to apply t
supercell band-structure technique to the investigation
electronic structure and chemical bonding inc-BN crystals
13 077 © 1997 The American Physical Society
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containing defects and impurities. In the first paper of t
series,16 we studied boron~B! and nitrogen~N! vacancies in
nonstoichiometricc-BN. We now examine the electroni
structure ofn- andp-dopedc-BN. The paper is organized a
follows: In Sec. II, the theoretical model and technical deta
of the calculations are reviewed briefly. The results of sup
cell calculations forp-type beryllium ~Be! and magnesium
~Mg! impurities inc-BN are presented in Sec. III. In Sec. IV
we discuss the electronic structure of Si-dopedc-BN for both
cation- and anion-type substitutional impurities. The calcu
tions and results are summarized in Sec. V.

II. MODEL AND CALCULATIONAL TECHNIQUE

The electronic structures of Be-, Mg-, and Si-dopedc-BN
were calculated by using the same supercell model as
scribed previously16 to investigate B and N vacancies
c-BN. Thec-BN lattice parameter is taken to be 3.615 Å.17

As discussed previously, we used the tight-binding line
ized muffin-tin-orbitals technique without empty spher
~TB-LMTO-no-ES! within the local-density approximation
~LDA ! for calculating the properties of nonstoichiometr
and dopedc-BN. To validate the use of this model, benc
mark calculations were performed for stoichiometricc-BN
crystals to compare results obtained using the full-poten
linearized augmented plane-wave~FPLAPW! technique18

and the full-potential linearized muffin-tin-orbital
~FPLMTO! technique19 with those obtained from the compu
tationally more efficient TB-LMTO-no-ES technique. Sen
tivity of the results to a number of input parameters~muffin-
tin and atomic-sphere radii, the introduction of emp
spheres into the LMTO-based models, etc. was caref
analyzed.16 These comparisons showed that the FPLAP
FPLMTO, and TB-LMTO-no-ES~Ref. 20! techniques pro-
vide consistent and practically identical predictions of t
electronic structure of stoichiometricc-BN, except for en-
ergy regions far above the conduction-band edge, wh
higher-energy conduction-band states are sensitive to th
put parameters and the particular computational techniq
used.16 The 4.4-eV predicted band gap between occupied
empty levels is significantly smaller than the experimenta
observed value of 6.0–6.4 eV, this underestimate being w
known and common to all of the LDA calculations. Th
calculated band gap can, of course, be significantly impro
by using the computationally intensiveGW method,21 or
even by using simple parametrized approaches, as sugg
by Bernstedt and Del Sole.22 GW and similar techniques
however, become prohibitively time consuming when th
are applied to complex systems such as the supercells
must be used to describe isolated vacancies and impur
In the present paper, therefore, we have limited ourselve
LDA-type calculations.

To ensure that the LMTO-TB-no-ES technique yields
liable results when it is applied to impurity supercells, w
reproduce in Fig. 1 the total and partial densities of sta
~DOS! for ideal c-BN, which are in agreement with the re
sults of FPLAPW calculations shown in Ref. 16. Seve
features of Fig. 1 should be noted. The lowest portion of
valence band is composed mainly of N 2s states, with some
covalent admixtures of B 2p states, and an even small
contribution due to B 2s states. This part of the valence ban
s
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is split off from the upper part of the valence band by
energy difference of about 3 eV, due to the effect of t
strong N ion potential on its owns-like states. The high
ionicity of the N atom also affects thes- andp-like states of
the B atom. The upper portion of the valence band cons
predominantly of N 2p states, with significant contribution
of B 2s and B 2p states. These are the typical features of
more ionic III-V compounds. The states at the valence-ba
edge originate completely from N 2p states. The low-energy
conduction bands are mixtures of comparable contributi
from all antibonding B 2s states with a somewhat large
contribution of B 2p states at the conduction-band edge.

To model an isolated impurity inc-BN, we used a mode
similar to that used previously to represent isolated B and
vacancies: a primitive cubic supercell consisting of eight
bic cells in the zinc-blende structure. In each case, the im
rity atom was substituted at the center of the 64-atom su
cell, yielding an effective impurity concentration of 1.56%

The band-structure calculations were performed in the
sis of thes, p, andd states of the B, N, and impurity atoms
The Hedin-Lundqvist exchange-correlation potential23 was
used. Ten specialk-space points in the irreducible part of th
Brillouin zone were used in the calculations. The ratios
the atomic sphere radii for B, N, and impurity atoms we
chosen from the construction of overlapping atomic Hart
potentials for the doped crystals. The calculated energy
els and densities of states were found to be rather insens
to variation~in the range of 10–15 %! about the sphere radi
that were used in the calculations, however. Though
charge localized inside the atomic spheres did, indeed, v
as the atomic-sphere radii were changed, the qualitative

FIG. 1. Total and partial densities of states for an idealc-BN
crystal.
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56 13 079ELECTRONIC STRUCTURE OF . . . . II. . . .
tures of charge transfer~the direction of charge transfer, an
the impurity perturbations relative to undoped crystals! were
unchanged by adjusting the ratios of atomic-sphere radii.
calculations were performed on a CRAY C-90 using t
computer code developed by van Schilfgaardeet al.24

To evaluate the delocalization of the impurity states,
allowed the atoms in each of the coordinational shells s
rounding the impurity site to adjust their eigenstates and c
responding charge distributions. By independently vary
the charge distribution and potential for each coordinatio
shell ~the atoms nearest the impurity forming the first she
the second-nearest neighbors constituting the second s
and so forth!, the extent of delocalization was determined
inspecting the local DOS corresponding to each shell~the
‘‘shell-projected’’ DOS!.

Because the ‘‘sizes’’ of the impurity atoms differ from
those of the host crystal, such substitutional impurities
introduce localized distortions to the host lattice. We inv
tigated such distortions by allowing the first shell of atoms
relax with respect to the impurity site, while maintaining t
tetragonal symmetry of the zinc-blende structure. The to
energy calculations were performed for various positions
the atoms nearest to the impurity site, and the equilibri
bond lengths were determined from the minimum of the to
energy. No attempts were made to consider asymmetric
tortions of the neighboring atoms. Furthermore, due to
large number of atoms in the supercell, force calculatio
necessary to estimate the relaxation of more distant at
are prohibitive within our available resources, and we
therefore not performed.

III. Be AND Mg IMPURITIES IN c-BN

The electronic structures of Be- and Mg-dopedc-BN
were calculated by using 64-atom supercells with the cen
B atom replaced by an impurity atom. In Fig. 2, we pres
the total-energy variation ofc-BN:Be and c-BN:Mg as a
function of the bond length between the impurity and
nearest-neighbor N atoms. It is convenient to describe
bond-length change in terms of the quantityb, defined as the
ratio of the distance between the impurity atom and its ne
est neighbors to the lattice constant of the zinc-blende st
ture. In each case, introducing the impurity results in a s
nificant outward relaxation relative to the nominal value ob

FIG. 2. Total energy of dopedc-BN supercells as a function o
the bond-length parameter,b. ~a! Be impurity at a B site.~b! Mg
impurity at a B site.~c! Si at a B site.~d! Si at a N site.
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in the undistorted lattice: 0.25. The predicted equilibriu
value ofb is 0.278 in the case of the Be impurity, and 0.2
for Mg. These values correspond to an increase of the B
and Mg-N bond lengths to 1.74 and 1.79 Å, respectively,
compared with the 1.57-Å value between B and N atoms
the c-BN host crystal. This large outward relaxation cann
be accounted for on the simple basis of ‘‘size,’’ as a Be at
has a smaller atomic radius than that of the B atom for wh
it substitutes.

Because the Be atom has one less valence electron
the B atom, the Be-N bonds are not as strong as the N-a
bonds with their neighboring B atoms. The reduction of th
bond strength may therefore account for the predicted o
ward relaxation. A similar mechanism should apply to t
Mg impurity. In addition, the Mg atom is larger than the
atom, so that an additional outward relaxation may be
pected in this case, consistent with the observed predicti

The total and shell-projected DOS for atoms up to t
fourth-nearest neighbors of the Be atom is shown in Fig
The upper panel shows the total DOS for the impurity ato
Both Be 2s and Be 2p states overlap the entire valence ba
of the host crystal, the distribution being rather uniform, w
relatively stronger contributions being made near
valence-band edge. The most important feature of the D

FIG. 3. Total and shell-projected densities of states for a
impurity at a B site in BN.
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FIG. 4. p andd orbital-projected densities of states for~a! relaxed and~b! unrelaxed configurations of the lattice surrounding the
impurity, and~c! relaxed and~d! unrelaxed configurations of the lattice surrounding the Mg impurity.
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for thec-BN:Be system is, indeed, the position of the Fer
level. With one fewer electron in Be than in the B atom
replaces, the Fermi level falls within the valence band,
resulting empty states being responsible for the experim
tally observedp-type conductivity.8 The traditional model of
localized, shallow acceptor levels split off from the valenc
band edge does not appear to be applicable to the Be im
rity in c-BN. Unlike idealc-BN, both B and N atoms as fa
as the third coordinational shells contribute significantly
the valence-band DOS. The impurity increases the bond
of these atoms at the same time that bonding to the impu
site is reduced. This is the origin of the outward relaxat
discussed above.

The hole states induced by the Be impurity at the valen
band edge have substantial contributions from the impu
atom and its neighbors. The hole states are therefore hi
delocalized in the crystal, and may therefore contribute hi
mobility p-type carriers.

Figure 4 shows the structure of the Be states near
Fermi level. As expected, the major contribution to the ba
edge DOS is from the Be 2p states. The relaxation of th
crystal lattice near the impurity significantly reduces the
2p contributions to the states of the valence-band edge@Fig.
4~a!#, as compared with the unrelaxed configuration@Fig.
4~b!#. The DOS at the Fermi level~Table I! decreases from
8.96 states/~eV cell! to 8.62 states/~eV cell! for the relaxed
configuration, with a corresponding lowering of the Fer
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level by 0.02 eV with respect to the value of the unrelax
case of22.80 eV.

Figure 5 shows charge-density plots in the~110! plane for
states with energies near the Fermi level~Fig. 3!, and the
total charge densities in the~110! and ~100! planes@Figs.
5~b! and 5~c!# containing the Be atom. Even with the neare
neighbor atoms relaxed, there is not much charge at the
atom, as shown in the total charge-density maps. Aqualita-
tive picture for the hole states can be obtained from Fig. 5~a!.

TABLE I. The densities of states at the Fermi level, N(EF), and
Fermi energies in dopedc-BN crystals: LMTO-TB calculation re-
sults for Be0.015B0.985N~I!, Mg0.015B0.985N~II !, Si0.015B0.985N~III !,
and Si0.015BN0.985~IV !.

Parameter

Be
at B site

~I!

Mg
at B site

~II !

Si
at B site

~III !

Si
at N site

~IV !

Fermi energy~eV!:
unrelaxed crystal 22.80 22.68 2.41 1.01
relaxed crystal 22.82 22.57 2.42 0.81

DOS atEF :
~states/eV cell!
unrelaxed crystal 8.96 11.6 2.80 38.0
relaxed crystal 8.62 10.7 2.80 40.0
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The charge densities associated with the hole states
highly delocalized over many coordinational spheres, w
dominant contributions from the states of the N atoms.
relatively larger contribution is made by the Be states th
by the states of the B atoms.

The charge transfer between the Be atom and its ne
boring atoms can be estimated from the values of the cha
within the atomic spheres. These show that the Be impu
loses considerably more electronic charge than the B ato
so its effective ionic charge is larger than that of the B atom
The electronic charge lost by the Be atom is transfer
mostly to the nearest N atoms. Such charge transfer is
limited to the atoms of the first N shell, however. The cha
densities within the atomic spheres of up to the third B and
shells are affected. These are the so-called ‘‘back bond
Our calculations suggest that the 64-atom supercell is s
ciently large as to ensure the effective isolation of the
impurity.

FIG. 5. Charge-density maps for a crystal with an isolated
impurity substituted at a B site.~a! ~110!-plane charge density fo
hybridized states near the Fermi level.~b! ~110!-plane total valence
charge density.~c! ~100!-plane total valence charge density.
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The TB-LMTO-no-ES calculations discussed above s
gest that Be substitutional impurities can readily create h
states near the top of the valence band, which can resu
p-type conductivity inc-BN:Be. This result agrees with ex
perimental observations.8 In contrast to the traditional impu
rity doping model, the impurity-related states are stron
delocalized, and cannot be described as narrow ‘‘impu
acceptor levels’’ located at the top of the valence band of
ideal crystal.

The other candidate frequently considered for creat
p-type conductivity in III-V nitrides is Mg.1,2 The results of
calculations performed for this impurity are presented
Figs. 6 and 7 and Table I. Unless noted otherwise, the res
pertain to the configuration in which the nearest neighbor
the impurity have been radially relaxed to their equilibriu
position, as determined by minimizing total energy with r
spect to the radial coordinate.

The total DOS obtained for thec-BN:Mg system~Fig. 6!
is rather similar to thec-BN:Be case. Mg 3s and 3p states
make prominent contributions to the entire valence band~we
also include thed states of Mg in the calculations!. Their
distribution, however, is much less uniform than in the ca
of the Be impurity~Fig. 3!. The atomic energy of the 3p
states for the Mg atom is significantly higher than that of t

e

FIG. 6. Total and shell-projected densities of states for a
impurity at a B site inc-BN.
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Be 2p states. Consequently, Mg 3p states appear near th
valence-band edge~the upper panel in Fig. 6! with a narrow,
sharp peak showing their strong localization. As in the c
of the Be impurity, the Fermi level passes through the up
part of the sharp peak. Empty states appear in the vale
band, andp-type conductivity appears to be possible
c-BN:Mg. The shell-projected DOS~not shown! indicates a
strong interaction between the Mg 3p states and the 2p
states of the neighboring N atoms~the first N shell!. The
features of the Mg impurity are more localized than the c
responding features of the Be impurity, with the domina
peaks in the Mg and first-N-shell partial DOS twice the a
plitude of those that appear in the case of the Be-impu
partial DOS. The DOS at the Fermi level, N(EF), for Mg-
dopedc-BN is larger than for thec-BN:Be system~Table I!.
Lattice relaxation near the impurity site decreases N(EF)
from 11.6 states/~eV cell! in the unrelaxed calculations t
10.7 states/~eV cell! in the relaxed case, with a correspon
ing downshift of EF by 0.1 eV.

In Figs. 4~c! and 4~d!, we expand the DOS near the Ferm
level for the relaxed@Fig. 4~c!# and unrelaxed@Fig. 4~d!# host
crystal. As in the case of the Be-doped crystal, the Mgp
states dominate the band structure near the Fermi level.
participation of the Mgs states is virtually negligible in com
parison. In contrast to the case of the Be impurity, the str
relaxation of the atoms neighboring the Mg impurity and t
corresponding distortion of the electronic charge-density
tribution near the Mg atom may very well require the intr
duction of the Mgd orbitals in order to obtain an accura
description of the states near the top of the valence ban
c-BN:Mg.

FIG. 7. Charge-density maps for ac-BN crystal with an isolated
Mg impurity at a B site.~a! ~110!-plane charge density in hybrid
ized states near the Fermi level.~b! ~110!-plane total valence-band
charge density.
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Examining the charge transfer between atomic sphere
was found that the Mg atom is much more easily ioniz
than the Be atom. About one electron is depleted from
Mg atomic sphere. It is transferred mainly to the atoms of
first N shell, and, to a lesser extent, to the atoms of the fi
B shell. This effect is also evident in the~110!-plane distri-
bution of charges in an energy band near the Fermi le
shown in Fig. 7~a!, and in the total-charge-density distribu
tion shown in Fig. 7~b!. The ionic bonding between the im
purity and its neighboring N atoms is clearly shown in F
7~a!, with the charges being localized about the impurity a
its nearest neighbors. The strongp-like character of the
states is clearly manifested at the N atoms of the first co
dinational shell. The states that remain associated with
Mg atom show a distorteds-like character~mixed with
d-type characteristics!, and contribute to states near th
Fermi level. The presence of the Mg impurity, however, s
nificantly deforms the distribution of charges near the Fe
level that are associated with the atoms of the first N shell
is evident by comparing the charge-density contours for
upper chain~which includes the impurity! to those of the
lower chain~which has no impurity! in Fig. 7~b!. The role of
the Mg impurity in forming the hole state in the valence ba
appears to be more localized, mainly by distortingsp3-type
states of the first-N-shell atoms away from the impurity si
This is in contrast to the results observed for the Be-impu
calculations, in which states near the Fermi level were fou
to be rather delocalized and to participate with N 2p states in
hole-state formation.

The TB-LMTO supercell calculations show that both B
and Mg impurities in thec-BN crystal behave as acceptorlik
impurities, and induce hole states at the valence-band e
which can result inp-type conductivity. Our results are con
sistent with experimental observations that Be-dopedc-BN
exhibits p-type transport properties.8 The impurity valence
states overlap strongly with the host valence band. T
model of a narrow, isolated acceptor impurity level split o
from the valence-band edge is not applicable. On the o
hand, the character of the hole states for the two impuri
are rather different from one another. In contrast to the m
localized states induced by the Mg impurity, the Be ato
forms highly delocalized hole states in the vicinity of th
Fermi level, which may explain the high mobility of hole
that has been shown in experimental data.

IV. Si IMPURITIES IN c-BN

BN has been successfully doped with Si, exhibiti
n-type conductivity.8,9 The experimental data available fo
Si-doped BN, however, are very scarce.

We applied the TB-LMTO-no-ES technique to investiga
the electronic properties of isolated Si impurities replac
either a cation or an anion inc-BN. As was done for the Be-
and Mg-impurity calculations, the atoms nearest the impu
were relaxed by minimizing total energy with respect to t
radial distance from the impurity site. An inward relaxatio
is predicted when a Si atom replaces B, with the minimum
total energy occurring at theb-parameter coordinate of 0.23
The corresponding length of the Si-N bonds is 1.44 Å. In
case of a Si atom substituted at a N site, outward relaxation
was predicted. In this case, the total-energy minimum
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56 13 083ELECTRONIC STRUCTURE OF . . . . II. . . .
curred at a value ofb equal to 0.29, corresponding to
1.82-Å Si-B bond length.

The latter case can be viewed similarly to those of Be a
Mg substitutions for B: Si has one less electron than the
atom it replaces, and its bonding with the nearest B atom
certainly weaker than an unperturbed B-N bond. The o
ward relaxation is also consistent with the large size of the
atom, compared with the N atom for which it is substitute
The cause of the inward relaxation in the case of Si sub
tuted for B is more subtle, however, and will be discuss
later when we consider the charge distributions near the
purity site.

Figure 8 presents the total and shell-projected DOS for
to the fourth coordinational shell surrounding the Si imp
rity. A well-localized 0.33-eV-wide band occurs 1.29 eV b
low the conduction-band edge, with the Fermi level be
found 0.96 eV below the conduction-band edge. These
purity states are hybridized with the 2p states of the neares
B atoms~the first B shell in Fig. 8!, and, to a much smalle
extent, with the 2p states of the N atoms of the next coord
national sphere~the first N shell!. Negligible mixing occurs
between the impurity level and atoms in more distant ato
shells. As is shown in Fig. 9, the impurity contribution

FIG. 8. Total and shell-projected DOS for an isolated Si imp
rity at a N site inc-BN: Si impurity, second N shell, first N shell
second B shell, first B shell, and total DOS.
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dominated by the 3p states of Si, with only a smalld-state
contribution being evident. The large 3.33-eV energy se
ration between the partially filled impurity band and the t
of the valence band makes the transfer of electrons from
valence band impossible. It may be easier to excite an e
tron from the impurity band to the conduction band, ev
after accounting for the LDA underestimation of the ba
gap. The minimum-energy separation of twice the 0.96-
Fermi-level separation to the conduction-band edge is
smaller than the 3.33-eV energy required to activate a h
This large may account for the deepn-type level observed8,25

in Si-dopedc-BN, for which a 1.1-eV activation energy wa
measured,25 the difference from the predicted values bei
attributable to the symmetric relaxation of the atoms nea
the impurity.

The strong localization of the impurity states is evident
Fig. 10~a!, which shows the distribution of charges in th
energy range from 0.5 eV to the Fermi level. The tot
charge-density distribution in the~110! plane is shown in
Fig. 10~b!, where some covalency is evident in the Si
bonding. The charge redistribution for Si replacing a N atom
in c-BN are qualitatively similar to those shown previous
for the c-BN:Mg system.

Although the N-substitutional Si impurities may introduc

-

FIG. 9. s, p, andd orbital-projected densities of states for a
isolated Si impurity at~a! a N site, and~b! a B site inc-BN. The
total DOS is shown for comparison.~The s-type DOS for a Si
impurity at a B site is an order of magnitude less thanp- andd-type
DOS’s, and is not shown.!
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only deep,n-type activation centers inc-BN, a completely
different situation is predicted for Si substituted to the
sublattice. Our results for this type of impurity are presen
in Figs. 11 and 12 and Table I. Figure 11 presents the t
and shell-projected DOS for the lattice-relaxed 64-atom
percell with a Si atom substituted to the central B site. T
configuration can contribute carriers to the conduction b
of the host crystal, and exhibits a DOS of 2.80 stat
~eV cell! at the Fermi level. There are two distinct featur
for this type of Si impurity:~i! the impurity doesnot form a
sharp, localized donor level within the forbidden gap, and~ii !
the states associated with the impurity itself hybridize ext
sively with the entire valence band of the host crystal, w
somewhat greater contributions to the lower parts ofs-type
and p-type valence subbands~top panel, Fig. 11! than near
the top of the valence band. The strong hybridization of
B-substitutional Si impurity is very much like the accepto
type Be impurity considered in Sec. III. But the Si impuri
has two electrons more than the Be atom. One of them
the valence-band states, and the other contributes to
states in the conduction band, providing then-type conduc-
tivity observed experimentally.9

As shown in Fig. 4~c!, the main contributions of the im
purity states to the conduction-band edge are from 3p orbit-
als of Si, with nearly as great a contribution being made
Si 3d states, due to relaxation. As in the case of thep-type
doping associated with the Be impurity inc-BN, our calcu-
lations suggest that the traditional model of a localized do
impurity is not applicable for then-type Si impurity states in
c-BN.

Examination of the charges associated with the ato

FIG. 10. Charge-density maps forc-BN with an isolated Si
impurity at a N site.~a! ~110!-plane charge density for the impurity
induced level.~b! ~110!-plane total valence-band charge density
d
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spheres of atoms in different coordinational shells surrou
ing each impurity indicates that a greater accumulation
charge at the B-substitutional Si impurity than at t
N-substitutional impurity. In the former case, most of t
charge is shifted to the impurity from neighboring N atom
so that they become less negative than in the ideal cry
Due to the delocalized nature of the impurity states, ho
ever, the perturbation of the B-substitutional impurity is e
dent as far as the sixth coordinational shell. The~110!-plane
charge-density map shown in Fig. 12 shows that the che
cal bonding between the Si impurity and its neighbors
predominantly ionic, with the charge distributions of the
atoms in the first coordinational shell being strongly d
torted toward the impurity. The effect of the inward rela
ation of the first-N-shell atoms is clearly evident by comp
ing the charge-density distributions of the two atomic cha
shown in Fig. 12~a!. Figure 12~b! shows the correspondin
charge-density contours for occupied impurity states in
conduction band having energies within 1.5 eV of the Fer
level. With appreciable charge density extending from
impurity to the second-nearest neighbors, the band-e
charge distribution clearly shows the highly delocaliz
character of the impurity-band carriers, particularly wh

FIG. 11. Total and shell-projected DOS for an isolated Si imp
rity at a B site inc-BN: Si impurity, second B shell, first B shell
second N shell, first N shell, and total DOS.
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compared with the corresponding N-substitutional-Si char
density distribution shown in Fig. 10. The B-substitutional
impurity tends to form metallic-type Si-B bonds with th
atoms of the second coordinational sphere~first B shell!.
This illustrates that the isolated Si impurity, in substituti
for a B atom inc-BN, acts as an efficientn-type donor,
contributing highly delocalized electron states to t
conduction-band edge.

V. SUMMARY

We have performed self-consistent TB-LMTO electron
structure calculations for isolated Be, Mg, and Si impurit
in zinc-blende BN. Using 64-atom supercells centered on
impurity site, we have investigated Be, Mg, and Si sub
tuted to the B sublattice, and Si substituted to the N sub

FIG. 12. Charge-density maps forc-BN with an isolated Si
impurity substituted to the B sublattice.~a! ~110!-plane charge den
sity for occupied donor states in the conduction band.~b! ~110!-
plane total valence-band charge density.
o
ri,
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tice. For each of the impurities except Si substituted for
the conventional model of pointlike impurities inducing na
row levels within the band gap was found to be inapplicab
The hole states of Be and Mg were merged to the valen
band edge, while the donor states of Si substituted fo
overlapped with the conduction band of thec-BN host. A
large outward relaxation was predicted for the atoms nei
boring the Be and Mg impurities, as well as for the atom
nearest the N-substitutional Si impurity. A small inward r
laxation was predicted in the vicinity of B-substitutional S

Both the Be and Mg impurities induce hole states at
valence-band edge. These states are responsible for
p-type conductivity in crystals doped with these impuritie
Be-induced hole states appear to be strongly delocaliz
consistent with the production of mobilep-type carriers in
c-BN:Be. Mg-induced impurity states are significantly mo
localized, and appear to be less effective forp-type doping
than Be-induced states.

A Si impurity substituted to the N sublattice forms na
row, localized, and partially occupied levels within the ba
gap, about 3.3 eV above the valence-band edge and 1.0
below the conduction-band edge. Electrons occupying th
states may provide then-type activated behavior in Si-dope
c-BN crystals, for which a 1.1-eV activation energy has be
measured.25

In contrast, a Si impurity substituted for a B atom inc-BN
creates highly delocalized states that overlap the conduct
band edge. The extra electron of Si becomes efficiently
localized over many atomic shells, and may result inn-type
conductivity. Metallic Si-B bonds are formed, and can
clearly seen from charge-density maps. Participation of
3d states in the donorlike levels is noticeable due to
relaxation of the atoms nearest the impurity. These res
explain then-type conductivity exhibited in Si-doped BN
crystals.26

The shell- and orbital-projected DOS and correspond
charge-density distributions provide detailed data regard
the electronic properties of isolated Be, Mg, and Si impu
ties inc-BN. The effectiven- andp-type behavior shown in
experiments can therefore be understood for the dopedc-BN
crystals.
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