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Electronic structure of defects and impurities in IlI-V nitrides.
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The electronic structure of berylliuBe), magnesiuniMg), 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 {@®ron a nitrogenN) 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 petyyiéioonductivity
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 a B site induces delocalized impurity states that overlap with
the conduction-band edge of the host. These levels can contributerietype conductivity of Si-doped-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 of 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 substittt@d\asite. 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.
[S0163-182607)01244-1

I. INTRODUCTION doped samples have demonstrapetype behavior. In each
case, the ionization energies were found to be very low. Near
It has been recognized for more than two decades that thmom temperature, activation of impurity-related carriers to
development of radiation-resistant high-power and highthe continuum has been readily observed. Diodes fabricated
temperature microelectronic devices may well be possible bjfom these materials demonstrated a broad emission spec-
using “wide-gap semiconductors,” such as diamd@, cu-  trum of ultraviolet and visible radiatior’sActive research
bic silicon carbide ¢-SiC) and I1I-V nitrides. These crystals with such systems is under way in several laboratotie.
have forbidden gaps ranging from 2.3 eVaf8IC, to 6.4 eV While these developments are encouraging, many
in boron nitride (BN).> Combined with their remarkable materials-science issues remain to be understood. Important
thermomechanical properties, these materials provide exciphysics relevant to improved device operation and future de-
ing opportunities for fabricating devices with operating char-velopments for electronic materials are still needed. What is
acteristics superior to those made of pure Si and germaniunthe microscopic origin of tha- andp-type conductivities in
Two factors have inhibited the practical use of these madoped systems, for example? How are electronic states af-
terials in microelectronics, howevet) the absence of reli- fected by charge transfer or by the chemical bonding in
able, well-controlled thin-film-deposition techniques for pro- doped crystals? What are the effects of lattice relaxation near
viding stable single-phase epitaxial layers of impurity sites on the doping effectiveness? Understanding
“*semiconductor purity” and good adhesion to a variety of these basic questions is especially importantdasN, for
substrates, an@®) the need for reliable methods for selective which presently available experimental information focuses
doping. Substantial progress has recently been made in thiexclusively on deposition techniques and techniques for
film-deposition techniques for BN, with the demonstrationchemical and structural characterizatig8ee, for example,
that even under extreme conditions a metastable zinc-blendRefs. 11 and 12 Extensive theoretical modeling of the elec-
BN (c-BN) phase can be form@&d on several substrates tronic structure has been limited mainly to ideal, stoichio-
relevant to microelectronics applications, particularly metric c-BN crystalst3~1°
Si(001).%7 Furthermorec-BN has been shown to be easily  This paper is a continuation of our efforts to apply the
doped with bothn- and p-type impurities. Mishimaet al.®  supercell band-structure technique to the investigation of
used Si to obtaim-type semiconducting materials, while Be- electronic structure and chemical bondingc#BN crystals
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containing defects and impurities. In the first paper of this [BN in the Zinc Blende Structure]

seriest® we studied bororfB) and nitrogenN) vacancies in — -
nonstoichiometricc-BN. We now examine the electronic 8:2:(31) ,
structure ofn- andp-dopedc-BN. The paper is organized as 04l
follows: In Sec. Il, the theoretical model and technical details Tt
of the calculations are reviewed briefly. The results of super- 0.2¢
cell calculations forp-type beryllium (Be) and magnesium 0.0 (b)‘
(Mg) impurities inc-BN are presented in Sec. lll. In Sec. IV, 06!
we discuss the electronic structure of Si-dope8N for both = 04}
cation- and anion-type substitutional impurities. The calcula- 8 ozl
tions and results are summarized in Sec. V. NG 0'0 -
% 0.2 ©
IIl. MODEL AND CALCULATIONAL TECHNIQUE g 0.0 ' J\,\
The electronic structures of Be-, Mg-, and Si-dopeBN g (d)

. 0 06}
were calculated by using the same supercell model as de- o
scribed previousR? to investigate B and N vacancies in a 04y
c-BN. Thec-BN lattice parameter is taken to be 3.615A. 0.2$ /\/\

As discussed previously, we used the tight-binding linear- 0.0 /\ A

ized muffin-tin-orbitals technique without empty spheres L (e)
(TB-LMTO-no-ES within the local-density approximation 2.07
(LDA) for calculating the properties of nonstoichiometric 10i
and doped:-BN. To validate the use of this model, bench- ) /J\
mark calculations were performed for stoichiometriBN ool L7 .
crystals to compare results obtained using the full-potential -20 -10 0 10
linearized augmented plane-wa\EPLAPW) techniqué® Energy (eV)

and the full-potential linearized muffin-tin-orbitals
(FPLMTO) techniqué® with those obtained from the compu- FIG. 1. Total and partial densities of states for an ide&N
tationally more efficient TB-LMTO-no-ES technique. Sensi- crystal.
tivity of the results to a number of input parametéraiffin-
tin and atomic-sphere radii, the introduction of emptyis split off from the upper part of the valence band by an
spheres into the LMTO-based models, etc. was carefullgnergy difference of about 3 eV, due to the effect of the
analyzed® These comparisons showed that the FPLAPW strong N ion potential on its owss-like states. The high
FPLMTO, and TB-LMTO-no-ESRef. 20 techniques pro- ionicity of the N atom also affects thee andp-like states of
vide consistent and practically identical predictions of thethe B atom. The upper portion of the valence band consists
electronic structure of stoichiometri-BN, except for en- predominantly of N P states, with significant contributions
ergy regions far above the conduction-band edge, wheref B 2s and B 2p states. These are the typical features of the
higher-energy conduction-band states are sensitive to the imore ionic 11l-V compounds. The states at the valence-band
put parameters and the particular computational techniquesdge originate completely from Np2states. The low-energy
used® The 4.4-eV predicted band gap between occupied andonduction bands are mixtures of comparable contributions
empty levels is significantly smaller than the experimentallyfrom all antibonding B 2 states with a somewhat larger
observed value of 6.0-6.4 eV, this underestimate being weltontribution of B 2 states at the conduction-band edge.
known and common to all of the LDA calculations. The = To model an isolated impurity in-BN, we used a model
calculated band gap can, of course, be significantly improvedimilar to that used previously to represent isolated B and N
by using the computationally intensiv6W method?* or  vacancies: a primitive cubic supercell consisting of eight cu-
even by using simple parametrized approaches, as suggestegid cells in the zinc-blende structure. In each case, the impu-
by Bernstedt and Del Sofé. GW and similar techniques, rity atom was substituted at the center of the 64-atom super-
however, become prohibitively time consuming when theycell, yielding an effective impurity concentration of 1.56%.
are applied to complex systems such as the supercells that The band-structure calculations were performed in the ba-
must be used to describe isolated vacancies and impuritiesis of thes, p, andd states of the B, N, and impurity atoms.
In the present paper, therefore, we have limited ourselves tohe Hedin-Lundqvist exchange-correlation poteftialas
LDA-type calculations. used. Ten speci&-space points in the irreducible part of the
To ensure that the LMTO-TB-no-ES technique yields re-Brillouin zone were used in the calculations. The ratios of
liable results when it is applied to impurity supercells, wethe atomic sphere radii for B, N, and impurity atoms were
reproduce in Fig. 1 the total and partial densities of stategshosen from the construction of overlapping atomic Hartree
(DOYS) for ideal c-BN, which are in agreement with the re- potentials for the doped crystals. The calculated energy lev-
sults of FPLAPW calculations shown in Ref. 16. Severalels and densities of states were found to be rather insensitive
features of Fig. 1 should be noted. The lowest portion of theo variation(in the range of 10—15 %about the sphere radii
valence band is composed mainly of ¥ &tates, with some that were used in the calculations, however. Though the
covalent admixtures of B |2 states, and an even smaller charge localized inside the atomic spheres did, indeed, vary
contribution due to B & states. This part of the valence band as the atomic-sphere radii were changed, the qualitative fea-
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tures of charge transféthe direction of charge transfer, and 8 8 :
the impurity perturbations relative to undoped crystalsre i '
unchanged by adjusting the ratios of atomic-sphere radii. The [A)M
calculations were performed on a CRAY C-90 using the 8 ' ' f '

computer code developed by van Schilfgaaetial >

To evaluate the delocalization of the impurity states, we
allowed the atoms in each of the coordinational shells sur- 2
rounding the impurity site to adjust their eigenstates and cor-
responding charge distributions. By independently varying l
the charge distribution and potential for each coordinational
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shell (the atoms nearest the impurity forming the first shell, 40 - Total ‘
the second-nearest neighbors constituting the second shell, | !
and so forth, the extent of delocalization was determined by /MM f/\).&/‘
inspecting the local DOS corresponding to each stthk 0 1 | l l I
“shell-projected” DOS. -20 10 0 10
Because the “sizes” of the impurity atoms differ from Energy (eV)

those of the host crystal, such substitutional impurities can

introduce localized distortions to the host lattice. We inves- FIG. 3. Total and shell-projected densities of states for a Be
tigated such distortions by allowing the first shell of atoms to'MPurity & a B site in BN.

relax with respect to the impurity site, while maintaining the

tetragonal symmetry of the zinc-blende structure. The totalin the undistorted lattice: 0.25. The predicted equilibrium

energy calculations were performed for various positions of/alue ofb is 0.278 in the case of the Be impurity, and 0.286

the atoms nearest to the impurity site, and the equilibriunfor Mg. These values correspond to an increase of the Be-N
bond lengths were determined from the minimum of the totand Mg-N bond lengths to 1.74 and 1.79 A, respectively, as
energy. No attempts were made to consider asymmetric disompared with the 1.57-A value between B and N atoms in
tortions of the neighboring atoms. Furthermore, due to théhe c-BN host crystal. This large outward relaxation cannot

large number of atoms in the supercell, force calculationde accounted for on the simple basis of “size,” as a Be atom
necessary to estimate the relaxation of more distant atontsas a smaller atomic radius than that of the B atom for which
are prohibitive within our available resources, and weret substitutes.

therefore not performed. Because the Be atom has one less valence electron than
the B atom, the Be-N bonds are not as strong as the N-atom
IIl. Be AND Mg IMPURITIES IN  c-BN bonds with their neighboring B atoms. The reduction of this

bond strength may therefore account for the predicted out-
The electronic structures of Be- and Mg-dopeeBN  ward relaxation. A similar mechanism should apply to the
were calculated by using 64-atom supercells with the centrallg impurity. In addition, the Mg atom is larger than the B
B atom replaced by an impurity atom. In Fig. 2, we presentatom, so that an additional outward relaxation may be ex-
the total-energy variation of-BN:Be andc-BN:Mg as a  pected in this case, consistent with the observed predictions.
function of the bond length between the impurity and its The total and shell-projected DOS for atoms up to the
nearest-neighbor N atoms. It is convenient to describe th&urth-nearest neighbors of the Be atom is shown in Fig. 3.
bond-length change in terms of the quanbtydefined as the The upper panel shows the total DOS for the impurity atom.
ratio of the distance between the impurity atom and its nearBoth Be X and Be 2 states overlap the entire valence band
est neighbors to the lattice constant of the zinc-blende strumf the host crystal, the distribution being rather uniform, with
ture. In each case, introducing the impurity results in a sigtelatively stronger contributions being made near the
nificant outward relaxation relative to the nominal valuéof valence-band edge. The most important feature of the DOS
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FIG. 4. p andd orbital-projected densities of states f@ relaxed andb) unrelaxed configurations of the lattice surrounding the Be
impurity, and(c) relaxed andd) unrelaxed configurations of the lattice surrounding the Mg impurity.

for the c-BN:Be system is, indeed, the position of the Fermilevel by 0.02 eV with respect to the value of the unrelaxed
level. With one fewer electron in Be than in the B atom it case of—2.80 eV.
replaces, the Fermi level falls within the valence band, the Figure 5 shows charge-density plots in {1&€0 plane for
resulting empty states being responsible for the experimerstates with energies near the Fermi ley€lg. 3), and the
tally observedp-type conductivity? The traditional model of total charge densities in thel10) and (100 planes[Figs.
localized, shallow acceptor levels split off from the valence-5(b) and §c)] containing the Be atom. Even with the nearest-
band edge does not appear to be applicable to the Be impueighbor atoms relaxed, there is not much charge at the Be
rity in c-BN. Unlike idealc-BN, both B and N atoms as far atom, as shown in the total charge-density mapsuaAlita-
as the third coordinational shells contribute significantly totive picture for the hole states can be obtained from Fig).5
the valence-band DOS. The impurity increases the bonding
of these atoms at the same time that bonding to the impurity TABLE I. The densities of states at the Fermi level BJ, and
site is reduced. This is the origin of the outward I'E|axati0nFermi energies in doped-BN crystals: LMTO-TB calculation re-
discussed above. sults for Be g1d80.08gN(1), Mg 01B0.08N(1), Sk 018B0.08N(I),

The hole states induced by the Be impurity at the valenceand Sj ;BN ggd1V).
band edge have substantial contributions from the impurity

atom and its neighbors. The hole states are therefore highly Be Mg Si Si

delocalized in the crystal, and may therefore contribute high- at B site at B site at B site at N site

mobility p-type carriers. Parameter 0] (I () (V)
Figure 4 shows the structure of the Be states near thEermi energy(eV):

Fermi Ievel._As expected, the major contribution to the band'unrelaxed crystal  —2.80  —2.68 241 101
edge DOS is from the Be® states. The relaxation of the

crystal lattice near the impurity significantly reduces the Berelaxed crystal —282 — 257 2.42 0.81
2p contributions to the states of the valence-band d€ig =~ DOS atE¢:

4(a)], as compared with the unrelaxed configurat{éig. (states/eV cell

4(b)]. The DOS at the Fermi levéllable |) decreases from unrelaxed crystal 8.96 11.6 2.80 38.0
8.96 stategeV cell) to 8.62 stateseV cell) for the relaxed relaxed crystal 8.62 10.7 2.80 40.0

configuration, with a corresponding lowering of the Fermi
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FIG. 6. Total and shell-projected densities of states for a Mg
impurity a a B site inc-BN.
N J The TB-LMTO-no-ES calculations discussed above sug-

gest that Be substitutional impurities can readily create hole
FIG. 5. Charge-density maps for a crystal with an isolated Bestates near the top of the valence band, which can result in
impurity substituted &a B site.(a) (110-plane charge density for p-type conductivity inc-BN:Be. This result agrees with ex-
hybridized states near the Fermi levd) (110-plane total valence perimental observatiorfsin contrast to the traditional impu-
charge density(c) (100)-plane total valence charge density. rity doping model, the impurity-related states are strongly

The charge densities associated with the hole states a(rjeelocahzed, and cannot be described as narrow “impurity

highly delocalized over many coordinational spheres, Withacceptor levels” located at the top of the valence band of the

dominant contributions from the states of the N atoms. AIdeal crystal.

relatively larger contribution is made by the Be states than 'N€ other candidate frequently consggered for creating
by the states of the B atoms. p-type conductivity in Ill-V nitrides is Mg1 The results of -
The charge transfer between the Be atom and its neigtfalculations performed for this impurity are presented in
boring atoms can be estimated from the values of the chargddds. 6 and 7 and Table I. Unless noted otherwise, the results
within the atomic spheres. These show that the Be impurityertain to the configuration in which the nearest neighbors to
loses considerably more electronic charge than the B atom#)e impurity have been radially relaxed to their equilibrium
so its effective ionic charge is larger than that of the B atomsposition, as determined by minimizing total energy with re-
The electronic charge lost by the Be atom is transferregpect to the radial coordinate.
mostly to the nearest N atoms. Such charge transfer is not The total DOS obtained for the-BN:Mg system(Fig. 6)
limited to the atoms of the first N shell, however. The charges rather similar to the-BN:Be case. Mg 8 and 3 states
densities within the atomic spheres of up to the third B and Nmake prominent contributions to the entire valence bavel
shells are affected. These are the so-called “back bonds.&lso include thed states of Mg in the calculationsTheir
Our calculations suggest that the 64-atom supercell is suffidistribution, however, is much less uniform than in the case
ciently large as to ensure the effective isolation of the Beof the Be impurity (Fig. 3). The atomic energy of the8
impurity. states for the Mg atom is significantly higher than that of the
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@) Examining the charge transfer between atomic spheres, it
was found that the Mg atom is much more easily ionized
than the Be atom. About one electron is depleted from the
Mg atomic sphere. It is transferred mainly to the atoms of the
first N shell, and, to a lesser extent, to the atoms of the first
B shell. This effect is also evident in tH&@10-plane distri-
bution of charges in an energy band near the Fermi level,
shown in Fig. Ta), and in the total-charge-density distribu-
tion shown in Fig. ). The ionic bonding between the im-
purity and its neighboring N atoms is clearly shown in Fig.
7(a), with the charges being localized about the impurity and
its nearest neighbors. The stroqglike character of the
states is clearly manifested at the N atoms of the first coor-
dinational shell. The states that remain associated with the
Mg atom show a distorted-like character(mixed with
d-type characteristigs and contribute to states near the
Fermi level. The presence of the Mg impurity, however, sig-
nificantly deforms the distribution of charges near the Fermi
level that are associated with the atoms of the first N shell, as
is evident by comparing the charge-density contours for the
upper chain(which includes the impurifyto those of the
lower chain(which has no impurityin Fig. 7(b). The role of
the Mg impurity in forming the hole state in the valence band
appears to be more localized, mainly by distortsyj-type
states of the first-N-shell atoms away from the impurity site.
This is in contrast to the results observed for the Be-impurity
FIG. 7. Charge-density maps forcaBN crystal with an isolated  ca|culations, in which states near the Fermi level were found
Mg impurity & a B site.(a) (110-plane charge density in hybrid- 5 e rather delocalized and to participate with plstates in
ized states near the Fermi levéb) (110)-plane total valence-band hole-state formation.

charge density. The TB-LMTO supercell calculations show that both Be
Be 2p states. Consequenﬂy' Mgp3states appear near the and Mg impurities in the-BN CryStaI behave as acceptorlike
valence-band edqehe upper pane| in F|g)6N|th a narrow, impurities, and induce hole states at the valence-band edge,
sharp peak showing their strong localization. As in the casavhich can result irp-type conductivity. Our results are con-
of the Be impurity, the Fermi level passes through the uppepistent with experimental observations that Be-dopesiN
part of the sharp peak. Empty states appear in the valen@xhibits p-type transport properti€sThe impurity valence
band, andp-type conductivity appears to be possible instates overlap strongly with the host valence band. The
c-BN:Mg. The shell-projected DOgot shown indicates a model of a narrow, isolated acceptor impurity level split off
strong interaction between the Mgp3states and the ;g from the valence-band edge is not applicable. On the other
states of the neighboring N atontthe first N shell. The  hand, the character of the hole states for the two impurities
features of the Mg impurity are more localized than the cor-2re rather different from one another. In contrast to the more
responding features of the Be impurity, with the dominantlocalized states induced by the Mg impurity, the Be atom
peaks in the Mg and first-N-shell partia| DOS twice the am_forms hlghly delocalized hole states in the V|C|n|ty of the
plitude of those that appear in the case of the Be-impurity=€rmi level, which may explain the high mobility of holes
partial DOS. The DOS at the Fermi level, BY), for Mg-  that has been shown in experimental data.
dopedc-BN is larger than for the-BN:Be system(Table ).
Lattice relaxation near the impurity site decrease€MN(
from 11.6 state$éV cel) in the unrelaxed calculations to
10.7 stategeV cell) in the relaxed case, with a correspond- BN has been successfully doped with Si, exhibiting
ing dowrshift of E; by 0.1 eV. n-type conductivit?® The experimental data available for
In Figs. 4c) and 4d), we expand the DOS near the Fermi Si-doped BN, however, are very scarce.
level for the relaxedlFig. 4(c)] and unrelaxedFig. 4(d)] host We applied the TB-LMTO-no-ES technique to investigate
crystal. As in the case of the Be-doped crystal, the Mg the electronic properties of isolated Si impurities replacing
states dominate the band structure near the Fermi level. Thather a cation or an anion mxBN. As was done for the Be-
participation of the Mg states is virtually negligible in com- and Mg-impurity calculations, the atoms nearest the impurity
parison. In contrast to the case of the Be impurity, the strongvere relaxed by minimizing total energy with respect to the
relaxation of the atoms neighboring the Mg impurity and theradial distance from the impurity site. An inward relaxation
corresponding distortion of the electronic charge-density disis predicted when a Si atom replaces B, with the minimum of
tribution near the Mg atom may very well require the intro- total energy occurring at the-parameter coordinate of 0.23.
duction of the Mgd orbitals in order to obtain an accurate The corresponding length of the Si-N bonds is 1.44 A. In the
description of the states near the top of the valence band icase of a Si atom substitutetiaN site, outward relaxation
c-BN:Mg. was predicted. In this case, the total-energy minimum oc-
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IV. Si IMPURITIES IN c-BN
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FIG. 8. Total and shell-projected DOS for an isolated Si impu-
rity at a N site inc-BN: Si impurity, second N shell, first N shell,

second B shell, first B shell, and total DOS. ) o
dominated by the B8 states of Si, with only a smafl-state

curred at a value ob equal to 0.29, corresponding to a contribution being evident. The large 3.33-eV energy sepa-
1.82-A Si-B bond length. ration between the partially filled impurity band and the top
The latter case can be viewed similarly to those of Be anaf the valence band makes the transfer of electrons from the
Mg substitutions for B: Si has one less electron than the Nvalence band impossible. It may be easier to excite an elec-
atom it replaces, and its bonding with the nearest B atoms ion from the impurity band to the conduction band, even
certainly weaker than an unperturbed B-N bond. The outafter accounting for the LDA underestimation of the band
ward relaxation is also consistent with the large size of the Sgap. The minimum-energy separation of twice the 0.96-eV
atom, compared with the N atom for which it is substituted.Fermi-level separation to the conduction-band edge is still
The cause of the inward relaxation in the case of Si substismaller than the 3.33-eV energy required to activate a hole.
tuted for B is more subtle, however, and will be discussedThis large may account for the deegype level observetf®
later when we consider the charge distributions near the imin Si-dopedc-BN, for which a 1.1-eV activation energy was
purity site. measured? the difference from the predicted values being
Figure 8 presents the total and shell-projected DOS for ugttributable to the symmetric relaxation of the atoms nearest
to the fourth coordinational shell surrounding the Si impu-the impurity.
rity. A well-localized 0.33-eV-wide band occurs 1.29 eV be-  The strong localization of the impurity states is evident in
low the conduction-band edge, with the Fermi level beingFig. 10@, which shows the distribution of charges in the
found 0.96 eV below the conduction-band edge. These imenergy range from 0.5 eV to the Fermi level. The total-
purity states are hybridized with thepXtates of the nearest charge-density distribution in th€l10) plane is shown in
B atoms(the first B shell in Fig. 8 and, to a much smaller Fig. 10b), where some covalency is evident in the Si-B
extent, with the p states of the N atoms of the next coordi- bonding. The charge redistribution for Si replagm N atom
national spheréthe first N shell. Negligible mixing occurs in c-BN are qualitatively similar to those shown previously
between the impurity level and atoms in more distant atomidor the c-BN:Mg system.
shells. As is shown in Fig. 9, the impurity contribution is  Although the N-substitutional Si impurities may introduce
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FIG. 10. Charge-density maps ferBN with an isolated Si 48 | ' NW'MM“
impurity a a N site.(a) (110-plane charge density for the impurity- Total
induced level(b) (110-plane total valence-band charge density. 0 : /\/J)\M
only deep,n-type activation centers in-BN, a completely 0 : | : . l
different situation is predicted for Si substituted to the B 20 10 0
sublattice. Our results for this type of impurity are presented Energy (eV)

in Figs. 11 and 12 and Table I. Figure 11 presents the total

and shell-projected DOS for the lattice-relaxed 64-atom su- FIG. 11. Total and shell-projected DOS for an isolated Si impu-
percell with a Si atom substituted to the central B site. Thigity at a B site inc-BN: Si impurity, second B shell, first B shell,
configuration can contribute carriers to the conduction bangecond N shell, first N shell, and total DOS.

of the host crystal, and exhibits a DOS of 2.80 states/

(eV cell at the Fermi level. There are two distinct featuresspheres of atoms in different coordinational shells surround-
for this type of Si impurity:(i) the impurity doesiotform a  ing each impurity indicates that a greater accumulation of
sharp, localized donor level within the forbidden gap, 6hd  charge at the B-substitutional Si impurity than at the
the states associated with the impurity itself hybridize extenN-substitutional impurity. In the former case, most of the
sively with the entire valence band of the host crystal, withcharge is shifted to the impurity from neighboring N atoms,
somewhat greater contributions to the lower parts-fpe  so that they become less negative than in the ideal crystal.
and p-type valence subbandsop panel, Fig. 1Lthan near Due to the delocalized nature of the impurity states, how-
the top of the valence band. The strong hybridization of theever, the perturbation of the B-substitutional impurity is evi-
B-substitutional Si impurity is very much like the acceptor- dent as far as the sixth coordinational shell. Th&0-plane
type Be impurity considered in Sec. Ill. But the Si impurity charge-density map shown in Fig. 12 shows that the chemi-
has two electrons more than the Be atom. One of them fillgal bonding between the Si impurity and its neighbors is
the valence-band states, and the other contributes to thsredominantly ionic, with the charge distributions of the N
states in the conduction band, providing théype conduc- atoms in the first coordinational shell being strongly dis-

tivity observed experimentally/. torted toward the impurity. The effect of the inward relax-
As shown in Fig. 4c), the main contributions of the im- ation of the first-N-shell atoms is clearly evident by compar-
purity states to the conduction-band edge are frqgrobit-  ing the charge-density distributions of the two atomic chains

als of Si, with nearly as great a contribution being made byshown in Fig. 12a). Figure 12Zb) shows the corresponding

Si 3d states, due to relaxation. As in the case of phiype  charge-density contours for occupied impurity states in the

doping associated with the Be impurity @mBN, our calcu-  conduction band having energies within 1.5 eV of the Fermi

lations suggest that the traditional model of a localized donotevel. With appreciable charge density extending from the

impurity is not applicable for the-type Si impurity states in  impurity to the second-nearest neighbors, the band-edge

c-BN. charge distribution clearly shows the highly delocalized
Examination of the charges associated with the atomicharacter of the impurity-band carriers, particularly when
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tice. For each of the impurities except Si substituted for N,
the conventional model of pointlike impurities inducing nar-
row levels within the band gap was found to be inapplicable.
The hole states of Be and Mg were merged to the valence-
band edge, while the donor states of Si substituted for B
overlapped with the conduction band of theBN host. A
large outward relaxation was predicted for the atoms neigh-
boring the Be and Mg impurities, as well as for the atoms
nearest the N-substitutional Si impurity. A small inward re-
laxation was predicted in the vicinity of B-substitutional Si.

Both the Be and Mg impurities induce hole states at the
valence-band edge. These states are responsible for the
p-type conductivity in crystals doped with these impurities.
(b) Be-induced hole states appear to be strongly delocalized,
consistent with the production of mobilgetype carriers in
c-BN:Be. Mg-induced impurity states are significantly more
localized, and appear to be less effective fietype doping
than Be-induced states.

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

In contrast, a Si impurity substitutedrfa B atom inc-BN

FIG. 12. Charge-density maps ferBN with an isolated Si  creates highly delocalized states that overlap the conduction-
impurity substituted to the B sublatticea) (110-plane charge den-  pand edge. The extra electron of Si becomes efficiently de-
sity for occupied donor states in the _conduction bafl.(110- localized over many atomic shells, and may resulbitype
plane total valence-band charge density. conductivity. Metallic Si-B bonds are formed, and can be

. . o ] clearly seen from charge-density maps. Participation of Si
compared with the corresponding N-substitutional-Si chargezy states in the donorlike levels is noticeable due to the
density distribution shown in Fig. 10. The B-substitutional Siyg|axation of the atoms nearest the impurity. These results
impurity tends to form metallic-type Si-B bonds with the eyplain then-type conductivity exhibited in Si-doped BN
atoms of the second coordinational sphéiiest B shel). crystals?®
This illustrates that the isolated Si impurity, in substituting “the shell- and orbital-projected DOS and corresponding
for a B atom inc-BN, acts as an efficienn-type donor,  charge-density distributions provide detailed data regarding
contributing highly delocalized electron states to theine electronic properties of isolated Be, Mg, and Si impuri-

conduction-band edge. ties inc-BN. The effectiven- andp-type behavior shown in
experiments can therefore be understood for the dopBN
V. SUMMARY crystals.
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