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Boron-hydrogen complexes in diamond
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Boron in diamond traps hydrogen forming passive Bs-H pairs. Boron trapping two deuterium atoms has been
speculated as forming a shallow donor~0.23–0.34 eV below the conduction band!. We present the results of
first-principles calculations of boron complexes with 2–4 hydrogen atoms. The binding energy of the second
and subsequent H atoms is small and none of the structures found are shallow donors. We also present the
structure of interstitial boron, the boron-vacancy complex, and their interaction with hydrogen.
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I. INTRODUCTION

Diamond appears rapidly be becoming a realistic el
tronic material in terms of crystalline quality,1 and it is well
known thatp-type material can be formed with very hig
boron concentrations, high mobilities, and low activation e
ergies. However,n-type material has proved difficult to
manufacture, and it is the relatively deep phosphorus do
(Ec20.6 eV,2 Ec being the conduction band minimum! that
is considered the most reliable ‘‘shallow’’ donor at this tim
For room-temperature operation of devices such asp-n junc-
tions, a shallower donor is required, and considerable ef
is being made to attain this goal.

Recent experimental data of electrical characteristics
heavily boron doped (@B#;1019 cm23) and deuterated
diamond3 have been interpreted in terms of shallow don
levels due to boron-deuterium complexes. A negative H
effect coefficient indicatesn-type behavior although impurity
band conduction might lead to anomalous behavior.4 This
seems unlikely in light of the rather high carrier mobilit
The electronic infrared absorption measurement of the m
rial shows the passivation of the boron by deuterium in t
study, and indicates that then-type material does not exhib
the transitions at 2450 cm21 and 2800 cm21, characteristic
of substitutional boron.3 No infrared transitions around
1800–1900 cm21 arising from the shallow donor were re
ported. The electron concentration is comparable to tha
the boron in the samples, perhaps suggesting an effic
conversion of the boron acceptors into donors. The value
Ec20.23 eV for the donor level is close to that predict
from effective-mass theory and, if reproducible, this mate
shows promise of resolving the long-standing problem
shallow donors in diamond. Material with a lower boro
concentration (@B#;1017 cm23) apparently also exhibits th
n-type conductivity, albeit with a deeper level at aroundEc
20.34 eV.5 It is not clear from the current data what defe
mechanism might give rise to this apparent donor level.

Secondary ion mass spectroscopy~SIMS! data after expo-
sure to the D-plasma at 550°C are consistent with more t
one D per boron acceptor, and this has been interprete
suggestive of BsD2 complexes (Bs representing substitu
tional boron! being responsible for the shallow donor leve3
0163-1829/2004/69~16!/165215~8!/$22.50 69 1652
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Furthermore, low concentrations of impurity species oth
than B and D relative to the carrier concentration stron
suggest that if the donor level is due to an impurity, it mu
involve these constituents.

Regrettably, the effect is not particularly thermally stab
Half-hour anneals of then-type material at 520°C reduce th
free-electron concentration dramatically and the donor ac
ity is removed completely after annealing at 600°C for
min. p-type behavior is re-established after subsequ
higher-temperature treatments, where the passivating D
been lost from the sample. From the available experime
data the stability~e.g., the binding energy or migration ba
rier! of the donor species is not clear—no isochronal anne
ing studies have been performed to the authors’ knowled
However, it seems likely that then-type conductivity is
stable at room temperature, and indeed, for the effect to
technologically useful this is essential.

Although very little data are available for the donor sp
cies, much has already been discovered regarding othe
and Bs-H defects. Individual substitutional boron accepto
possess an acceptor level atEv10.37 eV,6 (Ev is the
valence-band top! but for high @B# the acceptors form an
impurity band and the activation for hole conduction is ve
low. Indeed, when then-type deuterated samples are a
nealed to 750°C a hole conductivity with an activation
just 90 meV is reported.3

Boron-hydrogen and boron-deuterium pairs are belie
to be passive: electronic infra-red absorption7 and
capacitance-voltage measurements8 have independently de
termined the passive nature of hydrogenated B-doped
mond, and theory predicts that the Bs-H pair should have no
gap levels.9–12 The structure of the Bs-H pair has been cal-
culated using empirical methods to lie in a pucker bon
centered site,9 but density-functional-theory~DFT! calcula-
tions yield a more complex structure with the H atom lyin
along approximately@001# from the B atom,10,11,13 and in-
volving three-center bonding.10 The dissociation energy o
the Bs-H pair is measured to be around 2.5 eV,12 which can
be viewed as being made up from the sum of the bind
energy and H-migration barrier. However, the migration b
rier for positively charged H in diamond is believed to b
very small, with an experimental estimate of 0.35 eV,14,15
©2004 The American Physical Society15-1
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and theory predicting similarly low values.9,10 Theoretical
estimates of the binding energy of Bs-H vary widely, with the
DFT values in reasonable agreement with experiment.10–12

Complexes made up from two boron and up to two h
drogen atoms have also been investigated as a potential
trap for hydrogen in heavily doped material. However, the
centers all represent either acceptors in the lower half of
band gap, or in the case of B2H2, a passive center,12 and do
not yield shallow donor levels.

On simple chemical grounds it is hard to see why a sin
substitutional B center would trap more than one hydrog
atom. However, this is believed to be the case in silic
where theory predicts that the passive Bs-H pair can trap a
second bond-centered H with a binding energy of 2.23 e16

The two equivalent H atoms lie in different B–Si bonds, a
this geometry is termed the$B,H,H% defect.16 This hasC2v
symmetry and is shown schematically in Fig. 1~c!, but care
must be taken in transplanting such systems from silicon
diamond due to the difference in lattice constant and b
strengths. Recent cluster based DFT calculations for neu
BsH2 defects yielded a structure made up from Bs-H with a
second H atom in a nearby bond center.11 This structure was
calculated to be unstable with respect to dissociation
Bs-H and isolated interstitial H. Furthermore, even if th
defect was to be formed, it has deep gap levels, presum
as indicated by the Kohn-Sham eigenvalues.

It is worth considering why one might expect BsD2 com-
plexes to form a shallow donor level. An argument has b
made for the formation of shallow dopants via codoping17

Within this scheme a system of two or more dopants co
bine to produce the shallow dopant, such as a double-do
acceptor complex yielding a shallower donor level than
double-donor alone, or a complex of three impurities a
donor-acceptor-donor complex, with the same effect.17 Now,
interstitial H is theoretically a donor,10,18–20so H-B-H might
be expected to yield a shallower donor level than H on

FIG. 1. Schematic representations of the structures of BsH2 de-
scribed in the text. Black, gray, and white atoms are C, B, and
respectively.~a! shows a section of bulk diamond for compariso
~b! initial configurations related to Bs-H, with the small white
circles representing the approximate starting location of the sec
H atom.~c! is the$B,H,H% structure and~d!–~f! are the ground-state
structures in the positive, neutral, and negative charge states
spectively. The structures depicted in~b! and~c! have had a carbon
atom removed in comparicon to~a! to facilitate a better view of the
location of the H atoms.
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own. However, one must take care in drawing this type
analogy. The donor-acceptor-donor complex may well yi
a shallower donor level than that of the donor, but this
likely to be most effective where the isolated donor is
ready reasonably close to the conduction band. For exam
the complex N-Al-N is theoretically expected to have a s
nificantly shallower donor level than N on its own.17 H, on
the other hand, is a very deep donor, so it is not at all obvi
that one would expect H-B-H to form a shallow donor lev

The existing theoretical study of BsH2 in diamond did not
examine the effects of charge on the structures and energ
of the complexes. In view of the potential importance of th
material we have therefore examined the geometry and
ergetics of BsHn (n52, 3, and 4! using DFT supercell meth
ods, as outlined in Sec. II. The potential involvement
carbon-based defects in the donor has also been investig
in the form of B-H complexes associated with se
interstitials and vacancies. We present the results of the
culations in Sec. III and conclude in Sec. IV.

II. METHOD

All calculations were carried out using the local-densi
functional technique as implemented in AIMPRO~Refs.
21,22! ~ab initio modeling program!. To model the various
defects, 64 and 216 atom cubic unit cells of side length 2
3a0 have been used. The calculations have been perfor
using the Monkhorst-Pack23 scheme for sampling the Bril
louin zone with a mesh of 2323258 specialk points. For
a representative sample of the structures~in fact those we
shall indicate below as the lowest energy structures
BsH2) we checked the total energies for the superior 434
34564-point mesh, which indicated that the absolute to
energies are converged to around 10 meV. Structures are
timized via a conjugate-gradients scheme until the chang
energy between iterations is less than 1025 Ha. The optimi-
zation of the structures does not include the mass of
atoms, and hence the results presented here apply equa
hydrogen and deuterium. The zero-point motion and ass
ated energy are unlikely to lead to a qualitative change in
conclusions. However, one must keep in mind that the p
cesses involving a light impurity such as hydrogen are qu
tum mechanical in nature, and tunneling rates, for exam
are mass dependent. Although the use of deuterium in
experiment is to facilitate the SIMS experiments, it is n
clear from the experiment if it is necessary to use deuter
to generate then-type conductivity, i.e., no hydrogen-relate
data are available.

Norm-conserving pseudopotentials24,25 enabled core elec
trons to be eliminated. In a few cases different pseu
potentials26 were used to establish that the results are in
pendent of which type we use, and we found that relat
energies of different structures varied by less than 0.1
The wave function basis consists of independent sets ofs, p,
and d Gaussian orbitals with four different exponents, sit
at each C, or B, site and the H atoms are treated using
independent sets ofs andp Gaussians. The charge density
Fourier transformed using plane waves with a cutoff of 3
Ry. We performed tests with the plane-wave cutoff bei
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BORON-HYDROGEN COMPLEXES IN DIAMOND PHYSICAL REVIEW B69, 165215 ~2004!
doubled to 600 Ry which altered the total energy by arou
1 meV, suggesting that the lower value was sufficiently c
vergerd. The lattice constant and bulk modulus of diamo
using these bases are within;1% and 5%, respectively, o
the experimental values, while the direct and indirect ba
gaps are close to previously published plane-wave lo
density approximation values27 ~5.68 and 4.18 eV!.

There are two principal physical quantities derived in t
study. Both can be obtained from the formation ener
Ef(X,q), of a defectX in charge stateq made up from atoms
with chemical potentialsm i :28

Ef~X,q!5E~X,q!2S ( m i D1q~Ev
X,q1me!1x~X,q!.

~1!

Here E(X,q) is the total energy of the supercell containin
the defect, and the sum is over all atoms in the superc
Ev

X,q andme are the valence-band top~for the defect cell! and
electron chemical potentials, respectively. Finally,x(X,q) is
a term correcting for the electrostatic and multipole inter
tions due to the periodic nature of the calculation,29 although
this approach is not universally accepted, in part due to
approximation of the charge to a point. The value taken
Ev

X,q can be approximated by that of bulk diamond, or eva
ated from the appropriate defect cell by aligning the botto
of the band structures of the defect and bulk cells.30 The
latter correction typically yields a change in the formati
energy of the order of 0.1q eV.

The donor and acceptor levels can be derived by de
mining the thermodynamically most stable charge state
all values ofme, but since all such levels are then referenc
to the valence-band top, the underestimation of the band
under DFT yields problems in interpreting the locations
levels with respect to the conduction band minimum, as
quired for shallow donors.

A more pragmatic approach is to compare the ionizat
energies and electron affinities of different systems with o
another—we term this the marker method since we are u
a second level as a marker for the defect we are intereste
For example, the location of the donor level of systemX in
comparison to that of systemY is simply given as

X~0/1 !5Y~0/1 !1@$E~X,0!2E~X,1 !%

2$E~Y,0!2E~Y,1 !%#,

where the energies are derived from calculations of the
ferent systems within the same cell geometries. Similar eq
tions can be constructed for any electronic transition.Y could
be another defect for which a similar level is known31 ~e.g.,
P for shallow donors32! or bulk diamond.33

The second quantity that can be estimated from the
mation energy is the binding energies. The binding energ
complexA made up from componentsB andC can be writ-
ten as

Eb~A!5Ef~B!1Ef~C!2Ef~A!, ~2!

which will not depend on the chemical potentials of the i
purity species, but only on the supercell total energies
16521
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the carbon chemical potential~in practical terms one typi-
cally requires the total energy of a defect-free supercell
the same size as used for systemsA, B, and C). However,
one should note that the binding energy may include
formation energies ofchargeddefects. In cases whereB and
C are both charged~e.g., in the reaction B21H1→BH), Eb

will include potentially large contributions from the Made
lung component ofx(X,q) in Eq. ~1!, since equal contribu-
tions arise from each component. The Madelung term in
binding energy for a 64 atom cubic unit cell is then nume
cally aroundq2 eV. Using Eq.~2!, a positive value repre-
sentsA bound with respect toB andC.

III. RESULTS

A. BsH2 complexes

We have examined complexes made up from Bs with two
hydrogen atoms lying in various starting structures and sy
metries. Several structures were examined where one H a
is added to a relaxed Bs-H pair. The additional H atom was
placed~i! antibonding to the B atom in the plane of the Bs-H
defect ~this represents two different sites! ~ii ! H in a bond
center between B and a C atom,~iii ! H bond centered in a
site between a nearest and next-nearest C neighbors, an~iv!
antibonded to a neighboring C atom. The sites where
second H were placed are shown schematically by the s
white circles in Fig. 1~b!. The$B,H,H% structure from silicon,
shown in Fig.1~c!, was also relaxed, but theC2v geometry
produced a high-energy structure, nearly 2 eV above the l
est energy structure in the neutral charge state. With a s
ciently large initial,HBH the structure in fact relaxes to
configuration with the two H atoms antibonded to B, arou
1 eV above the ground-state neutral structure. The cont
with silicon is most probably due to the fact that boron
tensile in silicon and the presence of the two H atoms
lieves some of the local strain, whereas in diamond the p
ence of H in B-C bonds is not favorable due to the sm
lattice constant. We also considered the possibility of add
the most stable hydrogen dimer, H2* , to Bs , or at a nearby
site, which relaxed into a range of low-energy structur
(H2* consists of a bond centered hydrogen and antibondin
along^111&, C-HBC–C-HAB , and is seen experimentally vi
infrared absorption in Si and Ge, but was first proposed a
stable structure for diamond.34! Finally, we also examined
the possibility of a hydrogenmoleculein the vicinity of Bs ,
but such configurations always resulted in high-energy str
tures.

Significantly we found that the lowest-energy structure
strongly dependent on the charge state of the system.
neutral defect consists of one H atom lying approximately
with the isolated Bs-H pair, and the second lies in a C-
bond site close-by with a C-H-C bond-angle of around 13
This is in broad agreement with previous calculations.11 In
the negative charge state we find that a configuration res
bling H2* in a C-C bond neighboring the B site is lowest
energy, whereas for the positive charge state the low
energy structure has a puckered bond-centered H in a
bond. The three structures are shown schematically in F
1~d!–1~f!.
5-3
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The reactions and associated binding energies for the v
ous charge states of the BsH2 system are listed in Table I
Table I shows that the binding energies are relatively mod
for these complexes with the exception of BsH1H2

→BsH2
2 . The large difference betweenEb for the two pro-

cesses for BH2
2 arise largely because of the difference in t

acceptor levels of Bs and Hi . Both dissociation paths involve
relatively immobile species: Hi

2 theoretically has an activa
tion barrier of around 2 eV~Ref. 10!–2.5 eV,9 whereas the
migration of H2* is estimated at.3.5 eV.10

The activation energy for the dissociation of these com
plexes can be approximated by the sum of the binding ene
and migration barrier. We previously calculated the bind
energy of H2* to be around 2.5 eV and the migration barrie
of positive, neutral, and negative bond-centered hydroge
be ,0.2 eV, 1.6 eV and 2 eV, respectively,10 which are
broadly in line with other calculations~see Ref. 35 and ref
erences therein!. Then the dissociation of H2* , for example,
would have an activation energy around 4.1 eV. For the m
pertinent case of BsH2

1 , the release of a proton will then b
of the order of 0.9 eV. This is inconsistent with a therma
stable donor. Using the expressionn5v exp(E/kBT) for the
hopping raten, with v the attempt frequency,E the activa-
tion barrier, kB Boltzmann’s constant, andT the absolute
temperature, one can estimate the thermal stability of a
fect, at least in the absence of quantum-mechanical effe
With v set to a typical C-H vibrational frequency
(;90 THz), the barrierE50.9 eV, and setting the hop rat
n to 1 Hz this yields a value ofT around room temperature
Admittedly this procedure is rather crude, but forE
50.9 eV one requiresv'105–106 Hz for dissociation at
520°C, whereas forv'1013 Hz andT5520°C, the activa-
tion barrier for dissociation isE'2 eV, and we conclude
that BsH2 is less stable than the measured electrical activ

A further, more critical problem in assigning theEc
20.23 eV level to BsH2 arises upon estimation of the ele
trical levels. Using the formation energy approach@Eq. ~1!#,
and for each charge state taking the lowest energy struc
we have thus far obtained, the donor level lies atEv
11.65 eV. Hence BsH2 in the form we have found energet
cally most favorable is most definitely not a shallow don
Interestingly an acceptor level lies atEv11.50 eV, making
BsH2 a so-called negative-U system. The formation energy i
plotted as a function of the electron chemical potential
Fig. 2.

TABLE I. Binding energyEb ~eV! for the BH2
q complexes in

diamond relative to various dissociation products. None of the
actions listed involve the addition of a Madelung energy.

Reaction Eb

(Bs)
21H2* →(BsH2)2 20.1

BsH1(Hi)
2→(BsH2)2 2.1

(Bs)
01H2* →(BsH2)0 0.8

BsH1(Hi)
0→(BsH2)0 0.5

BsH1(Hi)
1→(BsH2)1 0.7
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We have also obtained the levels using the mar
method. For the acceptor level we have used the elec
affinity of a bulk cell and the boron acceptor for firs
principles and empirical approaches, respectively. Th
yield Ec23.6 eV and 1.4 eV above the Bs acceptor level,
i.e., Ev11.8 eV (Ec23.7 eV). All three methods for calcu
lating the acceptor level are therefore in close agreem
with the complex forming a very deep acceptor in the reg
of 1.6–1.9 eV aboveEv .

The donor level has also been obtained via the mar
method, in this case using the ionization potentials of b
diamond and Ns ~experimentally Ec21.7 eV ~Ref. 36!!.
These yieldEv12.6 eV andEc23.0 eV, respectively. Thus
the marker method donor levels are mutually consistent,
around 1 eV higher in the gap than predicted using the
mation energy approach. There is some evidence that
marker method is more reliable than using the format
energies,37,38 but in any case there is no evidence that BsH2
acts as a shallow donor.

The above calculations of the electrical levels assume
when the charge state changes the constituent atoms are
to adopt the appropriate ground-state structure. This may
be the case, especially for conversion between the neu
and positive charge states where the geometries are q
distinct, requiring the hop between different bonds for one
atom. However, one can also calculate the donor level of
lowest-energy structure in the neutral charge state, as
picted in Fig. 2~e!, where the positively charged state is r
laxed from the neutral geometry. This indeed yields a sh
lower donor since we have raised the energy of the posi
charge state, but the effect is only a few tenths of an eV,
this cannot explain the shallow donor behavior seen exp
mentally. The same is true for the instantaneous donor le
of the geometry of the positively charged defect@Fig. 1~d!#.

It therefore seems highly unlikely that a shallow don
can be obtained from Bs and two hydrogen~or deuterium!
atoms unless there is a lower-energy structure we h
missed or there is a large barrier to the formation of

-

FIG. 2. Formation energy for BsH2 in three charge states. Th
vertical zero is defined by choosing the atomic chemical potent
m i such thatEf(BsH2

0)50 eV. The theoretical~indirect! band gap
is indicated by the vertical line at;4.2 eV.
5-4
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BORON-HYDROGEN COMPLEXES IN DIAMOND PHYSICAL REVIEW B69, 165215 ~2004!
ground-state structures that we have obtained. In the la
case one could envisage there to be a structure with a s
low donor level which is comprised of Bs-H and a more
remote H atom, but it seems hard to believe that this wo
lead to levels very far from the deep levels of isolated int
stitial H. We have therefore looked at higher degrees of
drogen aggregation.

B. BsH3 and BsH4 complexes

The large number of components makes an exhaus
examination computationally expensive, so we have focu
on a small number of possible geometries to estimate
binding energy and electrical levels.

For BsH3, we have examined two structures where H
directly bonded to the boron acceptor: one with three bo
centered H, and one with three antibonding H. In the light
the results presented for BsH2, these would be expected to b
high-energy structures, and indeed they are much highe
energy than an isolated Bs-H pair and H2* . Of the two di-
rectly bonded structures the antibonding system is lowe
energy, but is around 4 eV higher in energy than BsH
1H2* . Even if this defect could be formed, the Kohn-Sha
eigenvalues suggest a deep donor.

Perhaps a more likely structure is related to the H4 com-
plex proposed from theory.39 In this geometry two H2* de-
fects combine with a substantial relaxation to form a stron
bound system@Fig. 3~b!#. Replacing one of the C-H bond
with the B impurity seems a reasonable step, and we h
examined the structures derived by placing the B atom
various sites. Calculations based on H4 were performed us-
ing a 216 atom supercell. The lowest-energy structure
shown schematically in Fig. 3~c!. This and similar structures
are not candidates for shallow donors, being essentially e
trically passive, as one might expect: the bulk mark
method yields donor levels within 0.2 eV of the valenc
band top, although there may be an acceptor level aro

FIG. 3. Schematic representations of the structures of~b! H4, ~c!
BsH3, and~d! BsH4. Black, gray, and white atoms are C, B, and
respectively.~a! shows a section of bulk diamond for compariso
16521
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0.5–0.9 eV below the conduction-band minimum, depend
on the structure. In the neutral charge state the lowest-en
structure we have found is bound by around 0.9 eV w
respect to H2* and Bs-H, and the reactions (BsH2)01(H)0

→(BsH3)0, (BsH2)21(H)1→(BsH3)0, and (BsH2)1

1(H)2→(BsH3)0 are exothermic by 3.5 eV, 3.8 eV, and 5
eV, respectively. Including the activation barriers for the m
tion of Hi or H2* renders this complex rather stable, with th
lowest-energy path being the ejection of a proton at aroun
eV.

For BsH4, the situation is very similar to that of BsH3. We
examined as a reference a complex made up from on
substitutional B with bond-centered or antibonded hydrog
tetrahedrally arranged about it. As before the lower-ene
structure contained the antibonded H, but this was m
higher (;4 eV) than H2* and a neutral BsH2 complex. Start-
ing from a configuration made up from close-by BsH2 and
H2* defects resulted in a low-energy structure with gap sta
similar to those of BsH2, but with a positiveU. The complex
made up from H4 and Bs @Fig. 2~d!# is the lowest-energy
structure we have found and is bound by just 0.5 eV relat
to those constituents. The binding energy with respect
BsH2 and H2* is ;1.4 eV and 0.9 eV relative to BsH3 and
H0. The charged complexes are similarly relatively weak
bound, with the reactions (BsH3)01Hq→(BsH3)q liberating
around 0.7 eV in bothq521 and q511 cases. This is
particularly important in the positive charge state since
migration barrier of the proton is very low, and this therefo
represents low activation energy for dissociation. Using
bulk marker method the (2/0) and (0/1) levels lie atEc
23.0 eV andEv11.8 eV, respectively.

Although we have examined a rather limited number
structures with three and four hydrogen atoms, it see
likely that such defects are relatively weakly bound. Mo
significantly we find no propensity for the formation of sha
low donor levels.

C. Boron-hydrogen complexes with native defects

Self-interstitials in diamond have a very high formatio
energy,40,41 but the aggregation of impurities can sometim
liberate sufficient energy to promote their formation, such
one mechanism proposed for the formation of platelets
diamond via nitrogen aggregation.41,42 In the presence of
large concentrations of both boron and hydrogen it is p
sible that boron may be incorporated as an interstitial s
cies, or indeed form complexes with lattice vacancies, b
of which would be likely to interact with the hydrogen.

We have examined a wide range of interstitial bor
structures~split-interstitials, bond-centered, and nonbonde!
and find that the lowest-energy configuration for interstit
boron (Bi) is that of a split-interstitial aligned along@001#
with C2v symmetry@Fig. 4~b!#. However, we find that the
total energy of a self-interstitial adjacent to substitutional b
ron is lower in energy by around 0.25 eV in the neut
charge state.~This is in contrast to previous Tersoff potenti
calculations, which suggested the split-interstitial configu
tion lower in energy by 0.14 eV.43! The structure of this
pseudo-interstitial boron defect is shown schematically
5-5
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Fig. 4~c!. Separating the boron and self-interstitials by a l
tice site increases the total energy very slightly in the
atom cell. The Bs-I complex @Fig. 3~c!# is also the most
stable in the positive and neutral charge states, and poss
an acceptor and donor level atEc-1.8 eV andEv12.2 eV,
respectively, using the bulk cell as a marker. TheC2v Bi
defect@Fig. 3~b!# also has deep levels, and in particular t
(0/1) level lies atEv12.4 eV. It therefore seems unlikel
that interstitial boron is responsible for theEc20.23 eV
level.

The binding energy of a@001#-split self-interstitial~I! to
Bs can be calculated as indicated in Sec. II. This yie
around 2.8 eV for neutral reactants, and around 1.4 eV
the reaction Bs

21I1→BsI, the latter of which includes a
contribution of around 1 eV from the Madelung term.~We
find that the self-interstitial is a@001#-split structure in all
stable charge states, and that in particular it possesses d
and acceptor levels aroundEv12.5 eV andEc21.9 eV, re-
spectively, close to those of Bs-I.

38! The Bs-I complex is
most likely bound via a Coulombic interaction. Bs-I has a
very high formation energy, equal to that of the substitutio
B atom plus around 9 eV, where we have taken the Fe
level to be pinned by the Bs acceptor level.

One can take either the metastable form of the bor
interstitial @Fig. 3~b!# or the lower energy Bs-I complex and
add one or more H atoms. Indeed the presence of dang
bonds in these defects renders them prime sites for trap
H atoms. In all cases examined, the preferential site for
hydrogen is saturating acarbondangling bond. For example
BiH with a B-H bond is 2.2 eV higher in energy than whe
the H saturates carbon. For the neutral species the bin
energies for BiH and Bs-IH are 4.4 and 4.6 eV, respectivel
with this large energy being consistent with the passivat
of a carbon dangling bond. The effect of adding the H to B
C in Bi can be seen in the Kohn-Sham levels, shown in F
5. The B-H bonded clearly has a deeper occupied level t
the C-H system, and indeed a Mulliken analysis shows
the highest occupied level for the B-H complex is domina
by the B-H bond with the mid-gap empty level being loca
ized on the dangling bond on the interstitial carbon atom.
the lowest-energy structure we determine an acceptor lev
aboutEc21.9 eV, but there is no donor level. Therefore t
presence of such a defect would compensate any sha
donors in the material, as one might expect.

The addition of a second H atom is desirable in the c
of Bs–IH with the binding energy being 2.4 eV for the rea
tion Bs2IH1H→Bs2IH2. However, there is a much les

FIG. 4. Schematic representations of the structures of~b! the Bi

and~c! BsI complexes in diamond. Black and gray atoms are C a
B, respectively. A section of bulk material is shown in~a! for com-
parison.
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substantial binding for the BiH1H reaction where the sec
ond H atom binds to the B atom, at around 1 eV. Accord
to our calculations BiH2 is 1.8 eV higher in energy than
Bs-IH2. This latter defect possesses a B-related acce
level in the bottom half of the band gap since the se
interstitial component is passivated. Indeed, this complex
be viewed as a strongly perturbed Bs .

We have also examined boron adjacent to a lattice
cancy. The defect is bound by around 1.8 eV relative to
and Bs . Here Ef(V) 56 eV is taken from quantum Monte
Carlo calculations due to the complications inherent in
multiplet structure of this defect.44 The electronic structure o
Bs-V is similar to that of the well known Ns-V complex
which gives rise to 1.945 eV and 2.156 eV optical featu
and the W15 paramagnetic signature in CVD diamond. In
neutral charge state of Bs-V the three C-related dangling
bonds give rise to a doubly degenerate,e level, which is
lower in energy than an emptya1-level associated with the
sp3 dangling bond on the B atom. This is in fact the rever
of Ns-V, but thee1a1

0 ande2a1
0 one-electron configuration

for the neutral and negative charge states closely resem
those of Ns-V in character (a1

2e1 anda1
2e2), which is as one

would expect since in both cases they arise from the th
C-related dangling bonds. In the negative charge state
find that Bs-V is likely to be paramagnetic, with a3A2
ground state, as is the case for Ns-V ~the W15 EPR center!.
However, we have only treated the diamagnetic states
proximately, and we cannot be certain regarding the ene
of the 1E and 1A1 multiplets. Using the bulk marker ap
proach, Bs-V has a donor level at aroundEv11.1 eV and an
acceptor level at aroundEc23.8 eV. These are close t
those calculated for Ns-V at Ev11.5 eV andEc23.3 eV for
the (0/1) and (2/0) levels, respectively.38

In the Bs-V case, as with the self-interstitial, thecarbon
dangling bonds are preferentially saturated by hydrogen
fore the boron. For one or two H atoms the defects poss
mid-gap acceptor levels, and donor levels close to the
lence band top. For Bs-V-H3 the defect does not possess
donor level, consistent with all electrons residing in bondi
states. However, the emptysp3 orbital on the B site remains
an electron trap, and this defect has an acceptor level aro

FIG. 5. Kohn-Sham eigenvalues atG in the vicinity of the band
gap for the Bi @001#-oriented split-interstitial with a single H atom
The shaded areas indicate the bulk valence and conduction b
with the valence-band top being at zero energy. The black and w
circles indicate filled and empty levels, respectively.

d
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BORON-HYDROGEN COMPLEXES IN DIAMOND PHYSICAL REVIEW B69, 165215 ~2004!
Ec22.5 eV ~obtained using the bulk marker method!. In the
case of trigonal Bs-V-H4 complex where the fourth H atom
lies along^111& from the B atom, the defect is a deep acce
tor and donor, with the activity arising from the B-H-relate
orbital pointing into the vacancy, as determined from a M
liken bond population analysis. For one to three H atoms,
binding energy per H~relative to bond-centered hydroge
and in the neutral charge state! is around 6 eV, and therefor
these complexes represent thermally stable defects.
binding of the fourth H atom to Bs-V-H3 is much less at
around 2 eV.

In summary, our calculations for B-H complexes with la
tice vacancies and self-interstitials have yielded only d
levels, consistent with the electrical activity expected for c
bon ~or in some cases boron! dangling bonds. In any case,
seems difficult to understand how a supersaturation of hy
gen~or deuterium! would yield a mechanism by which suc
defects would be formedreversibly. Ignoring for a moment
the details of the structure of the shallow donor, one c
envisage reactions of the type

Bs1nH→Bs2IHn1V

and

Bs1nH→BsVHn1I,

where the boron-containing defect is a shallow donor.
such a mechanism to work the emitted I or V must be
moved a considerable distance from the donor to prev
electrical compensation, or alternatively they could be
drogen terminated. In either case, the energies involved
inconsistent with the loss of donors and return top-type ma-
terial at relatively modest temperatures~the binding energy
for Bs-V-Hn complexes is around 6 eV per H atom, and t
self-interstitial is relatively strongly bound to Bs). Further-
more, it appears that such processes would necessaril
quire many more H atoms than boron, which appears to
inconsistent with the SIMS data.

D. Bs-H pairs revisited

Finally, one possible solution to the formation of a sh
low donor might be sought in the simple Bs-H complex. In
silicon the electronic properties of of the Cs-H pair is sensi-
tive to the location of the H atom.45–49 Here the donor leve
for the Cs-H pair is calculated to change from around t
valence band top for H neighboring Cs , to around 0.2 eV
below the conduction band when the H atom is in a bo
center more distant from the C atom.48,49The binding energy
of this more distant complex is rather small~the infrared
absorption associated with the H-stretch modes of the
tially dissociated pair anneal out at about 220 K, with t
intimate pair surviving up to about 400 K!.48 Importantly, the
metastable structures can generally be characterized as
sessing electrical levels consistent with bond-centered hy
gen, whereas the intimate pair has electrical levels assoc
with a Si dangling bond.49

The Cs-H system is unlike Bs-H in diamond in two
important ways:~1! Cs-H is not made up from a donor–
16521
-

-
e

he

p
-

o-

n

r
-
nt
-
re

re-
e

-

d

r-

os-
o-
ted

acceptor pair, and~2! it is electrically active in the nearest
neighbor pair configuration. There remains a likelihoo
however, that a more distant, metastable pairing of Bs and H
~or D! yield electrical levels quite different from the intimat
pair. We have rexamined these partially dissociated defe
and indeed find that moving the H atom by a lattice const
from the B atom introduces new gap states. However, th
are very deep, and can be simply understood as arising f
a bond-centered hydrogen defect that has been ionized b
presence of the near-by acceptor. There is no evidence f
donor level anywhere in the band gap, but an acceptor le
lies around mid gap. We conclude that the shallow do
level is unlikely to arise from a metastable Bs-D complex.

We note that, in the absence of a constraint, moving th
atom to the nearest C-C back-bond is unstable and we
that this complex spontaneously relaxes back to the Bs-H
intimate pair.

IV. DISCUSSION AND CONCLUSIONS

We have examined a range of complexes of a single
impurity with interstitial hydrogen~or equivalently within
our calculations, deuterium! in the light of the experimenta
identification of a shallow donor most probably made
from these constituents. We find no evidence for any str
ture made up from Bs and two H atoms that gives rise to
shallow donor level. Bs-H2 are thermally unstable in com
parison to the 550°C annealing temperatures used in the
perimental study, although it should be noted that the act
tion energy for dissociation is yet to be establish
experimentally. BsH3 and BsH4 complexes are passive o
possess deep levels in all configurations studied, as do c
plexes made up from interstitial boron, Bi-hydrogen, and
vacancy-boron-hydrogen complexes.

Of course, we cannot completely rule out the possibil
that there exists a defect configuration that we have mis
made up from boron, carbon, and deuterium, which giv
rise to a shallow donor level. However, if one accepts t
there is no B-H point defect that acts as a shallow donor, t
there are a number of possible explanations for the meas
conductivity that one might consider, such as inhomo
neous doping or an anomalous Hall effect.4 Furthermore, one
should consider the nature of van der Pauws Hall meas
ment, which has all contacts on the same surface of
sample. For materials such as GaAs it is usual to diffuse
contact into the material, but this is not possible for diamo
It is not clear that a surface conductive channel~not neces-
sarily due to adsorbates! might be present, qualitatively af
fecting the experiment.

In conclusion, there is no evidence from first principl
calculations that a small complex of boron and hydrogen~or
deuterium! gives rise to a shallow donor level. Alternativ
interpretations that we have suggested require additional
perimental investigation to lead to an understanding of t
potentially highly significant breakthrough in the develo
ment ofn-type diamond.
5-7
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