PHYSICAL REVIEW B 69, 165215 (2004

Boron-hydrogen complexes in diamond
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Boron in diamond traps hydrogen forming passiveHBpairs. Boron trapping two deuterium atoms has been
speculated as forming a shallow dor{6r23—0.34 eV below the conduction ban@/e 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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[. INTRODUCTION Furthermore, low concentrations of impurity species other
than B and D relative to the carrier concentration strongly
Diamond appears rapidly be becoming a realistic elecsuggest that if the donor level is due to an impurity, it must
tronic material in terms of crystalline qualityand it is well  involve these constituents.
known thatp-type material can be formed with very high  Regrettably, the effect is not particularly thermally stable.
boron concentrations, high mobilities, and low activation en-Half-hour anneals of the-type material at 520°C reduce the
ergies. However,n-type material has proved difficult to free-electron concentration dramatically and the donor activ-
manufacture, and it is the relatively deep phosphorus donaty is removed completely after annealing at 600°C for 15
(E.—0.6 eV? E, being the conduction band minimyrthat ~ min. p-type behavior is re-established after subsequent
is considered the most reliable “shallow” donor at this time. higher-temperature treatments, where the passivating D has
For room-temperature operation of devices such-agunc-  been lost from the sample. From the available experimental
tions, a shallower donor is required, and considerable effortlata the stabilitye.g., the binding energy or migration bar-
is being made to attain this goal. rier) of the donor species is not clear—no isochronal anneal-
Recent experimental data of electrical characteristics oihg studies have been performed to the authors’ knowledge.
heavily boron doped [B]~10cm %) and deuterated However, it seems likely that the-type conductivity is
diamond have been interpreted in terms of shallow donorstable at room temperature, and indeed, for the effect to be
levels due to boron-deuterium complexes. A negative Halltechnologically useful this is essential.
effect coefficient indicates-type behavior although impurity Although very little data are available for the donor spe-
band conduction might lead to anomalous behabi®his cies, much has already been discovered regarding other B
seems unlikely in light of the rather high carrier mobility. and B-H defects. Individual substitutional boron acceptors
The electronic infrared absorption measurement of the matgpossess an acceptor level Bt +0.37 eV® (E, is the
rial shows the passivation of the boron by deuterium in thisvalence-band topbut for high [B] the acceptors form an
study, and indicates that timetype material does not exhibit impurity band and the activation for hole conduction is very
the transitions at 2450 cit and 2800 cm?, characteristic low. Indeed, when ther-type deuterated samples are an-
of substitutional boroA. No infrared transitions around nealed to 750°C a hole conductivity with an activation of
1800-1900 cm? arising from the shallow donor were re- just 90 meV is reported.
ported. The electron concentration is comparable to that of Boron-hydrogen and boron-deuterium pairs are believed
the boron in the samples, perhaps suggesting an efficiemd be passive: electronic infra-red absorpfiorand
conversion of the boron acceptors into donors. The value ofapacitance-voltage measureméritave independently de-
E.—0.23 eV for the donor level is close to that predictedtermined the passive nature of hydrogenated B-doped dia-
from effective-mass theory and, if reproducible, this materialmond, and theory predicts that the-B pair should have no
shows promise of resolving the long-standing problem ofgap levels™*? The structure of the BH pair has been cal-
shallow donors in diamond. Material with a lower boron culated using empirical methods to lie in a pucker bond-
concentration[(B]~10' cm™3) apparently also exhibits the centered sité,but density-functional-theoryDFT) calcula-
n-type conductivity, albeit with a deeper level at arodgd tions yield a more complex structure with the H atom lying
—0.34 eV It is not clear from the current data what defect along approximatelf001] from the B atomt®!*3and in-
mechanism might give rise to this apparent donor level.  volving three-center bondin. The dissociation energy of
Secondary ion mass spectrosc@ByMS) data after expo- the B-H pair is measured to be around 2.5 8Wyhich can
sure to the D-plasma at 550°C are consistent with more thabe viewed as being made up from the sum of the binding
one D per boron acceptor, and this has been interpreted &anergy and H-migration barrier. However, the migration bar-
suggestive of ED, complexes (B representing substitu- rier for positively charged H in diamond is believed to be
tional boron being responsible for the shallow donor level. very small, with an experimental estimate of 0.35&?
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(a) (b) () own. However, one must take care in drawing this type of
analogy. The donor-acceptor-donor complex may well yield
a shallower donor level than that of the donor, but this is
likely to be most effective where the isolated donor is al-
ready reasonably close to the conduction band. For example,
the complex N-AI-N is theoretically expected to have a sig-
@ ©) (f) nificantly shallower donor level than N on its owhH, on
the other hand, is a very deep donor, so it is not at all obvious
e that one would expect H-B-H to form a shallow donor level.
The existing theoretical study of;B, in diamond did not
examine the effects of charge on the structures and energetics
of the complexes. In view of the potential importance of this
material we have therefore examined the geometry and en-
ergetics of BH,, (n=2, 3, and 4 using DFT supercell meth-
bds, as outlined in Sec. Il. The potential involvement of
(b) initial configurations related to 8H, with the small white carbon-based defects in the donor has also been investigated

circles representing the approximate starting location of the secont! the_ . form of B-H _complexes associated with self-
H atom.(c) is the{B,H,H} structure andd)—(f) are the ground-state interstitials and vacancies. We present the results of the cal-

structures in the positive, neutral, and negative charge states, réulations in Sec. lll and conclude in Sec. IV.
spectively. The structures depicted(ly) and(c) have had a carbon

atom removed in comparicon ta) to facilitate a better view of the Il. METHOD

location of the H atoms.

FIG. 1. Schematic representations of the structuresgbff, Ble-
scribed in the text. Black, gray, and white atoms are C, B, and H
respectively.(a) shows a section of bulk diamond for comparison.

All calculations were carried out using the local-density-
and theory predicting similarly low valués® Theoretical ~ functional technique as implemented in AIMPR@®efs.
estimates of the binding energy of-Bl vary widely, with the 21,22 (ab initio modeling program To model the various
DFT values in reasonable agreement with experiliért  defects, 64 and 216 atom cubic unit cells of side length 2 and

Complexes made up from two boron and up to two hy-3a, have been used. The calculations have been performed
drogen atoms have also been investigated as a potential deaping the Monkhorst-Paék scheme for sampling the Bril-
trap for hydrogen in heavily doped material. However, thesdouin zone with a mesh of 22X 2=8 specialk points. For
centers all represent either acceptors in the lower half of tha representative sample of the structutiesfact those we
band gap, or in the case ofB,, a passive centéf,and do  shall indicate below as the lowest energy structures for
not yield shallow donor levels. BsH,) we checked the total energies for the superiot4

On simple chemical grounds it is hard to see why a singlex 4= 64-point mesh, which indicated that the absolute total
substitutional B center would trap more than one hydrogerenergies are converged to around 10 meV. Structures are op-
atom. However, this is believed to be the case in silicontimized via a conjugate-gradients scheme until the change in
where theory predicts that the passivgHB pair can trap a energy between iterations is less than 1®a. The optimi-
second bond-centered H with a binding energy of 2.23%V. zation of the structures does not include the mass of the
The two equivalent H atoms lie in different B—Si bonds, andatoms, and hence the results presented here apply equally to
this geometry is termed thi8,H,H} defect!® This hasC,, hydrogen and deuterium. The zero-point motion and associ-
symmetry and is shown schematically in Figc)l but care ated energy are unlikely to lead to a qualitative change in the
must be taken in transplanting such systems from silicon t@onclusions. However, one must keep in mind that the pro-
diamond due to the difference in lattice constant and bonaesses involving a light impurity such as hydrogen are quan-
strengths. Recent cluster based DFT calculations for neutralim mechanical in nature, and tunneling rates, for example,
BsH, defects yielded a structure made up fromHBwith a  are mass dependent. Although the use of deuterium in the
second H atom in a nearby bond cerfteFhis structure was experiment is to facilitate the SIMS experiments, it is not
calculated to be unstable with respect to dissociation int@lear from the experiment if it is necessary to use deuterium
Bs-H and isolated interstitial H. Furthermore, even if this to generate the-type conductivity, i.e., no hydrogen-related
defect was to be formed, it has deep gap levels, presumabbjata are available.
as indicated by the Kohn-Sham eigenvalues. Norm-conserving pseudopotenti4té® enabled core elec-

It is worth considering why one might expect® com-  trons to be eliminated. In a few cases different pseudo-
plexes to form a shallow donor level. An argument has beepotentiald® were used to establish that the results are inde-
made for the formation of shallow dopants via codopihg. pendent of which type we use, and we found that relative
Within this scheme a system of two or more dopants comenergies of different structures varied by less than 0.1 eV.
bine to produce the shallow dopant, such as a double-donoi-he wave function basis consists of independent sess f
acceptor complex yielding a shallower donor level than theand d Gaussian orbitals with four different exponents, sited
double-donor alone, or a complex of three impurities as at each C, or B, site and the H atoms are treated using four
donor-acceptor-donor complex, with the same effé®low,  independent sets afandp Gaussians. The charge density is
interstitial H is theoretically a dondf:*®-?°so H-B-H might  Fourier transformed using plane waves with a cutoff of 300
be expected to yield a shallower donor level than H on itsRy. We performed tests with the plane-wave cutoff being
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doubled to 600 Ry which altered the total energy by aroundhe carbon chemical potentién practical terms one typi-
1 meV, suggesting that the lower value was sufficiently con<cally requires the total energy of a defect-free supercell of
vergerd. The lattice constant and bulk modulus of diamondhe same size as used for systefsB, andC). However,
using these bases are within1% and 5%, respectively, of one should note that the binding energy may include the
the experimental values, while the direct and indirect bandormation energies othargeddefects. In cases wheBand
gaps are close to previously published plane-wave local€ are both chargete.g., in the reaction B+ H"—BH), EP
density approximation valu#s(5.68 and 4.18 e)/ will include potentially large contributions from the Made-
There are two principal physical quantities derived in thislung component of¢(X,q) in Eg. (1), since equal contribu-
study. Both can be obtained from the formation energytions arise from each component. The Madelung term in the
Ef(X,q), of a defeciX in charge statg made up from atoms binding energy for a 64 atom cubic unit cell is then numeri-

with chemical potentialg; : % cally aroundg? eV. Using Eq.(2), a positive value repre-
sentsA bound with respect t&® andC.
Ef(X,Q):E(XQ)_ 2 /-'Li) +Q(E§'q+ﬂe)+X(X,Q)- I1l. RESULTS

D

HereE(X,q) is the total energy of the supercell containing
the defect, and the sum is over all atoms in the supercelh
EX9 and . are the valence-band tdfor the defect ce)land y
electron chemical potentials, respectively. FinallyX,q) is

a term correcting for the electrostatic and multipole interac
tions due to the periodic nature of the calculatfdajthough
this approach is not universally accepted, in part due to th

ag(proximation of the charge to a point. The value taken forsite between a nearest and next-nearest C neighborgivand
E;“ can be approximated by that of bulk diamond, or evalu-inonded to a neighboring C atom. The sites where the
ated from the appropriate defect cell by aligning the bottomgecond H were placed are shown schematically by the small
of the band structures of the defect and bulk c@llihe_ white circles in Fig. 1b). The{B,H,H} structure from silicon,
latter correction typically yields a change in the formationgnown in Fig.1c), was also relaxed, but the,, geometry
o), : v
energy of the order of OdleV. , produced a high-energy structure, nearly 2 eV above the low-
~The donor and acceptor levels can be derived by detelzst energy structure in the neutral charge state. With a suffi-
mining the thermodynamically most stable charge state fofjenyy |arge initial< HBH the structure in fact relaxes to a
all values ofu,, but since all such levels are then referenced.ynsiguration with the two H atoms antibonded to B, around
to the valence-band top, the underestimation of the band 9ap e\, ahove the ground-state neutral structure. The contrast
under DFT yields problems in interpreting the locations of\ity silicon is most probably due to the fact that boron is
levels with respect to the conduction band minimum, as reéggngile in silicon and the presence of the two H atoms re-
quired for shallow donors. _ ... lieves some of the local strain, whereas in diamond the pres-
A more pragmatic approach is to compare the ionizationynce of H in B-C bonds is not favorable due to the small
energies and electron affinities of different systems with 0ngaiice constant. We also considered the possibility of adding
another—we term this the marker method since we are using,o most stable hydrogen dimer’ Hto B, or at a nearby
a second level as a marker for the defect we are interested iRito \vhich relaxed into a rangé of Iow,-energy structures
Eg&egﬁgfrlle{oﬂfﬁaltogﬁgOgté);ﬁti!esgﬁn|°r Iievveerll (;Lsystﬁrm (H3 consists of a bond centered hydrogen and antibonding H
P Y Py 9 along(111), C-Hgc—C-Hag, and is seen experimentally via

A. BH, complexes

We have examined complexes made up fropwigh two
drogen atoms lying in various starting structures and sym-
metries. Several structures were examined where one H atom
is added to a relaxedBH pair. The additional H atom was
‘placed(i) antibonding to the B atom in the plane of the-B
defect(this represents two different sije€i) H in a bond
@enter between B aha C atom,(iii) H bond centered in a

X(0/+)=Y(0/+)+[{E(X,00 —E(X,+)} infrared absorption in Si and Ge, but was first proposed as a
’ ’ stable structure for diamorid) Finally, we also examined
—{E(Y,00—E(Y,+)}], the possibility of a hydrogemoleculein the vicinity of B,

. . . ..but such configurations always resulted in high-energy struc-
where the energies are derived from calculations of the dif; res g y 9 9y

ferent systems within the same cell geometries. Similar equa- Significantly we found that the lowest-energy structure is

Eons C?Q be dc?ns:rfuctec:]forr] any elﬁ’Ctan'Clt.rarllS'é‘?EZUId strongly dependent on the charge state of the system. The
€ another detect fof which a simiiar Ievel Is kn ‘9 neutral defect consists of one H atom lying approximately as

P for shallow donor¥) or bulk diamond® ; ; . Lt ’
The second quantity that can be estimated from the fo(;\-éwth the isolated BH pair, and the second lies in a C-C

mation energy is the binding energies. The binding energy ond site close-by with a C-H-C bond-angle of around 138°,

complexA made up from component andC can be writ- his is in broad agreement with previous calculatibnin
fen zEs P P the negative charge state we find that a configuration resem-

bling H; in a C-C bond neighboring the B site is lowest in
EP(A)=E(B)+Ef(C)—Ef(A), 2) energy, whereas for the positive charge state the lowest-

energy structure has a puckered bond-centered H in a B-C
which will not depend on the chemical potentials of the im-bond. The three structures are shown schematically in Figs.
purity species, but only on the supercell total energies and(d)—1(f).
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TABLE |I. Binding energyE® (eV) for the BH} complexes in 3 v >
diamond relative to various dissociation products. None of the re- 0 — A <
actions listed involve the addition of a Madelung energy. 2 4] =——— Pt

. > N A== 7
Reaction EP < N R PRy
= ~. ”
(Bg) ™+ H%— (BH,) ™ -0.1 5 N, - 7
BoH-+ (Hy) ™ — (BsHy) ™ 2.1 20 =
(BS)O+H§_’(BSH2)O 0.8 g .// '
B.H-+ (H)%— (BeHy)° 05 £ o7 <
BoH+ (H) " —(BoHy) " 07 N '~
-2 b ~
- ~~
The reactions and associated binding energies for the vari -3 0 ] o 3 4 - 5

ous charge states of the,8, system are listed in Table I.
Table | shows that the binding energies are relatively modest
for these complexes with the exception ofsHB-H™ FIG. 2. Formation energy for BB, in three charge states. The
—BgH, . The large difference betwed for the two pro-  vertical zero is defined by choosing the atomic chemical potentials
cesses for BH arise largely because of the difference in thes such thatE’(BsH3) =0 eV. The theoreticafindirect band gap
acceptor levels of Band H . Both dissociation paths involve IS indicated by the vertical line at 4.2 eV.

relatively immobile species: Htheoretically has an activa-

tion barrier of around 2 e\Ref. 10—2.5 e\ whereas the We have also obtained the levels using the marker
migration of H; is estimated at-3.5 eV 10 method. For the acceptor level we have used the electron

affinity of a bulk cell and the boron acceptor for first-

rinciples and empirical approaches, respectively. These
ield E.—3.6 eV and 1.4 eV above thesBicceptor level,

i.e., E, +1 8 eV (E.— 3.7 eV). All three methods for calcu-

Electron chemical potential (eV)

The activation energy for the dissociation of these com-
plexes can be approximated by the sum of the binding ener
and migration barrier. We previously calculated the blndlng

energy of H to be around 2.5 eV and the migration barriers ing “the acceptor level are therefore in close agreement

of positive, neutral, and negative bond-centered hydrogen tQ;iih the complex forming a very deep acceptor in the region
be <0.2 eV, 1.6 eV and 2 eV, respectivéfwhich are 1 6_1 9 eV above
. . Y-

broadly in line with other calculationsee Ref. 35 and ref- The donor level has also been obtained via the marker
erences therejn Then the dissociation of H, for example,  method, in this case using the ionization potentials of bulk
would have an activation energy around 4.1 eV. For the morglismond and N (experimentally E.— 1.7 eV (Ref. 36).
pertinent case of B1, , the release of a proton will then be These yieldE, +2.6 eV andE.— 3.0 eV, respectively. Thus
of the order of 0.9 eV. This is inconsistent with a thermally the marker method donor levels are mutually consistent, but
stable donor. Using the expression w expE/ksT) for the  around 1 eV higher in the gap than predicted using the for-
hopping ratev, with » the attempt frequency the activa-  mation energy approach. There is some evidence that the
tion barrier, kg Boltzmann's constant, and@ the absolute marker method is more reliable than using the formation
temperature, one can estimate the thermal stability of a deznergies’* but in any case there is no evidence thatiB
fect, at least in the absence of quantum-mechanical effectgcts as a shallow donor.
With o set to a typical C-H vibrational frequency The above calculations of the electrical levels assume that
(~90 THz), the barrieE=0.9 eV, and setting the hop rate when the charge state changes the constituent atoms are free
v to 1 Hz this yields a value of around room temperature. to adopt the appropriate ground-state structure. This may not
Admittedly this procedure is rather crude, but f& be the case, especially for conversion between the neutral
=0.9 eV one requireso~10°-10° Hz for dissociation at and positive charge states where the geometries are quite
520°C, whereas fow~ 10" Hz andT=520°C, the activa- distinct, requiring the hop between different bonds for one H
tion barrier for dissociation i€~2 eV, and we conclude atom. However, one can also calculate the donor level of the
that BiH, is less stable than the measured electrical activitylowest-energy structure in the neutral charge state, as de-
A further, more critical problem in assigning thg, picted in Fig. Ze), where the positively charged state is re-
—0.23 eV level to BH, arises upon estimation of the elec- laxed from the neutral geometry. This indeed yields a shal-
trical levels. Using the formation energy approd&u. (1)], lower donor since we have raised the energy of the positive
and for each charge state taking the lowest energy structukgharge state, but the effect is only a few tenths of an eV, and
we have thus far obtained, the donor level lies Bt  this cannot explain the shallow donor behavior seen experi-
+1.65 eV. Hence BH, in the form we have found energeti- mentally. The same is true for the instantaneous donor level
cally most favorable is most definitely not a shallow donor.of the geometry of the positively charged defHety. 1(d)].
Interestingly an acceptor level lies Bf +1.50 eV, making It therefore seems highly unlikely that a shallow donor
B,H, a so-called negative} system. The formation energy is can be obtained from Band two hydroger(or deuterium
plotted as a function of the electron chemical potential inatoms unless there is a lower-energy structure we have
Fig. 2. missed or there is a large barrier to the formation of the
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(a) (b) 0.5-0.9 eV below the conduction-band minimum, depending
on the structure. In the neutral charge state the lowest-energy
structure we have found is bound by around 0.9 eV with

f respect to B and B-H, and the reactions ({Bl,)°+ (H)°
—(BgH3)®,  (BHy) "+ (H)*—(BsHs)®, and  (BH,)”

+(H) ™ —(BgH5)° are exothermic by 3.5 eV, 3.8 eV, and 5.0

eV, respectively. Including the activation barriers for the mo-

tion of H; or H3 renders this complex rather stable, with the

lowest-energy path being the ejection of a proton at around 4

ev.

For BH,, the situation is very similar to that of,B;. We
examined as a reference a complex made up from on-site
substitutional B with bond-centered or antibonded hydrogen
tetrahedrally arranged about it. As before the lower-energy
structure contained the antibonded H, but this was much
higher (~4 eV) than H and a neutral B4, complex. Start-
ing from a configuration made up from close-byH3 and
H3 defects resulted in a low-energy structure with gap states
similar to those of BH,, but with a positiveJ. The complex
made up from i and B [Fig. 2(d)] is the lowest-energy
structure we have found and is bound by just 0.5 eV relative

d h h btained. In the | to those constituents. The binding energy with respect to
ground-state structures that we have obtained. In the latt H, and H is ~1.4 eV and 0.9 eV relative to Bi; and

case one could envisage there to be a structure with a sha}_ro
low donor level which is comprised of B1 and a more . : 0 : .
remote H atom, but it seems hard to believe that this wouI(Pound’ with the _reacUoni Big) " qu(Bng,)q Ilberat_lng_
lead to levels very far from the deep levels of isolated inter—aroqnd 0.7 eV in bOt.m_ —1 anql q=+1 cases. Thls 'S
stitial H. We have therefore looked at higher degrees of hy_pqrtlcqlarly Important in the positive charge state since the
drogen -aggregation migration barrier of the proton is very low, and this therefore
' represents low activation energy for dissociation. Using the
bulk marker method the-/0) and (O4) levels lie atE,

B. B;H; and BsH, complexes —3.0 eV andE,+1.8 eV, respectively.

The large number of components makes an exhaustive Although we have examined a rather limited number of

examination computationally expensive, so we have focuse fructures with three and four hydrogen atoms, 1t seems
on a small number of possible geometries to estimate th _ely_that such glefects are relgtlvely weakly bpund. More
binding energy and electrical levels significantly we find no propensity for the formation of shal-

For BsH3, we have examined two structures where H isIOW donor levels.
directly bonded to the boron acceptor: one with three bond- . .
centered H, and one with three antibonding H. In the light of C. Boron-hydrogen complexes with native defects

the results presented foB,, these would be expected tobe  gejf-interstitials in diamond have a very high formation
high-energy structures, and indeed they are much higher i@nergy‘,“)’“ but the aggregation of impurities can sometimes
energy than an isolatedsB1 pair and H . Of the two di- |iperate sufficient energy to promote their formation, such as
rectly bonded structures the antibonding system is lower ihne mechanism proposed for the formation of platelets in
energy, but is around 4 eV higher in energy thatHB diamond via nitrogen aggregatiéh*? In the presence of
+H3 . Even if this defect could be formed, the Kohn-Shamilarge concentrations of both boron and hydrogen it is pos-
eigenvalues suggest a deep donor. sible that boron may be incorporated as an interstitial spe-
Perhaps a more likely structure is related to theddm-  cies, or indeed form complexes with lattice vacancies, both
plex proposed from theory. In this geometry two Bl de-  of which would be likely to interact with the hydrogen.
fects combine with a substantial relaxation to form a strongly We have examined a wide range of interstitial boron
bound systenjFig. 3b)]. Replacing one of the C-H bonds structures(split-interstitials, bond-centered, and nonbonded
with the B impurity seems a reasonable step, and we havand find that the lowest-energy configuration for interstitial
examined the structures derived by placing the B atom aboron (B) is that of a split-interstitial aligned alon@01]
various sites. Calculations based op Were performed us- with C,, symmetry[Fig. 4(b)]. However, we find that the
ing a 216 atom supercell. The lowest-energy structure isotal energy of a self-interstitial adjacent to substitutional bo-
shown schematically in Fig.(8). This and similar structures ron is lower in energy by around 0.25 eV in the neutral
are not candidates for shallow donors, being essentially elecharge statg(This is in contrast to previous Tersoff potential
trically passive, as one might expect: the bulk markercalculations, which suggested the split-interstitial configura-
method vyields donor levels within 0.2 eV of the valence-tion lower in energy by 0.14 e%}) The structure of this
band top, although there may be an acceptor level aroungseudo-interstitial boron defect is shown schematically in

FIG. 3. Schematic representations of the structureb)dfi,, (c)
B.H;, and(d) BgH,. Black, gray, and white atoms are C, B, and H,
respectively(a) shows a section of bulk diamond for comparison.

. The charged complexes are similarly relatively weakly
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FIG. 4. Schematic representations of the structurg®)athe B B — o e— P S G—
and(c) Bgl complexes in diamond. Black and gray atoms are C and E i 3
B, respectively. A section of bulk material is shown(a for com- -1 :
parison. 2
B-H C-H

Fig. 4(c). Separating the boron and self-interstitials by a lat- ) . o

tice site increases the total energy very slightly in the 64 FIG. 5. Kohn-Sham eigenvaluesatin the vicinity of the band

atom cell. The Bl complex [Fig. 3(c)] is also the most gap for the B[001]-oriented split-interstitial with a single H atom.

stable in the positive and neutral charge states, and posseséféﬁ shaded areas indicate the bulk valence and conduction bands

an acceptor and donor level Bt-1.8 eV andE,+2.2 eV, WIt thg vglence-.band top being at zero energy.'The black and white
. - circles indicate filled and empty levels, respectively.

respectively, using the bulk cell as a marker. Thg, B;

defect[Fig. 3(b)] also has deep levels, and in particular thesypstantial binding for the Bi+H reaction where the sec-
(0/+) level lies atE, +2.4 eV. It therefore seems unlikely ond H atom binds to the B atom, at around 1 eV. According
that interstitial boron is responsible for tHe.—0.23 eV to our calculations B, is 1.8 eV higher in energy than
level. Bs-IH,. This latter defect possesses a B-related acceptor
The binding energy of §001]-split self-interstitial(l) to  level in the bottom half of the band gap since the self-

Bs can be calculated as indicated in Sec. Il. This yieldsinterstitial component is passivated. Indeed, this complex can
around 2.8 eV for neutral reactants, and around 1.4 eV fobe viewed as a strongly perturbed.B

the reaction B+1"—Bgl, the latter of which includes a ~ We have also examined boron adjacent to a lattice va-
contribution of around 1 eV from the Madelung terfive ~ cancy. The defect is bound by around 1.8 eV relative to V
find that the self-interstitial is #001]-split structure in all and B. Here I_Ef(V)=6 eV is taken from quantum Monte
stable charge states, and that in particular it possesses dorfefrlo calculations due to the complications inherent in the
and acceptor levels arour,+2.5 eV andE.— 1.9 eV, re-  Multiplet structure of this defeéf. The electronic structure of

spectively, close to those ofB.%%) The B-l complex is Bs'V is similar to that of the well known NV complex
most ||ke|y bound Via a C0u|ombic interactionS_B has a which giVeS rise to 1945 e\/. and 2156 eV Optical features
very high formation energy, equal to that of the substitutionaPnd the W15 paramagnetic signature in CVD diamond. In the
B atom plus around 9 eV, where we have taken the Fermipeutral charge state of B/ the three C-related dangling
level to be pinned by the Bacceptor level. bonds give rise to a doubly degeneratelevel, which is
One can take either the metastable form of the boronlower in energy than an empy-level associated with the
interstitial [Fig. 3(b)] or the lower energy Bl complex and sp® dangling bond on the B atom. This is in fact the reverse
add one or more H atoms. Indeed the presence of danglin@f Ns-V, but thee'a) ande?aj one-electron configurations
bonds in these defects renders them prime sites for trappirigr the neutral and negative charge states closely resemble
H atoms. In all cases examined, the preferential site for théhose of N-V in character &2e* andaZe?), which is as one
hydrogen is saturating @rbondangling bond. For example, would expect since in both cases they arise from the three
B;H with a B-H bond is 2.2 eV higher in energy than where C-related dangling bonds. In the negative charge state we
the H saturates carbon. For the neutral species the bindirfind that B-V is likely to be paramagnetic, with &A,
energies for BH and B-IH are 4.4 and 4.6 eV, respectively, ground state, as is the case fof-W (the W15 EPR centgr
with this large energy being consistent with the passivatiorHowever, we have only treated the diamagnetic states ap-
of a carbon dangling bond. The effect of adding the H to B orproximately, and we cannot be certain regarding the energy
C in B; can be seen in the Kohn-Sham levels, shown in Figof the 'E and A; multiplets. Using the bulk marker ap-
5. The B-H bonded clearly has a deeper occupied level thaproach, B-V has a donor level at arourtl,+ 1.1 eV and an
the C-H system, and indeed a Mulliken analysis shows thaacceptor level at aroun&.—3.8 eV. These are close to
the highest occupied level for the B-H complex is dominatecdthose calculated for NV at E,+ 1.5 eV andE.— 3.3 eV for
by the B-H bond with the mid-gap empty level being local- the (0/) and (—/0) levels, respectively
ized on the dangling bond on the interstitial carbon atom. For In the B-V case, as with the self-interstitial, tlearbon
the lowest-energy structure we determine an acceptor level atangling bonds are preferentially saturated by hydrogen be-
aboutE.— 1.9 eV, but there is no donor level. Therefore thefore the boron. For one or two H atoms the defects possess
presence of such a defect would compensate any shallomid-gap acceptor levels, and donor levels close to the va-
donors in the material, as one might expect. lence band top. For BV-H; the defect does not possess a
The addition of a second H atom is desirable in the caselonor level, consistent with all electrons residing in bonding
of B—IH with the binding energy being 2.4 eV for the reac- states. However, the empgyp® orbital on the B site remains
tion Bs—IH+H—Bs—IH,. However, there is a much less an electron trap, and this defect has an acceptor level around
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E.— 2.5 eV (obtained using the bulk marker methoth the ~ acceptor pair, an@?) it is electrically active in the nearest-
case of trigonal BV-H, complex where the fourth H atom neighbor pair configuration. There remains a likelihood,
lies along(111) from the B atom, the defect is a deep accep-however, that a more distant, metastable pairing &l H

tor and donor, with the activity arising from the B-H-related (or D) yield electrical levels quite different from the intimate
orbital pointing into the vacancy, as determined from a Mul-pair. We have rexamined these partially dissociated defects,
liken bond population analysis. For one to three H atoms, thand indeed find that moving the H atom by a lattice constant
binding energy per Hrelative to bond-centered hydrogen from the B atom introduces new gap states. However, these
and in the neutral charge state around 6 eV, and therefore are very deep, and can be simply understood as arising from
these complexes represent thermally stable defects. Thepond-centered hydrogen defect that has been ionized by the
binding of the fourth H atom to BV-Hj is much less at presence of the near-by acceptor. There is no evidence for a
around 2 eV. donor level anywhere in the band gap, but an acceptor level

~ In summary, our calculations for B-H complexes with lat- jies around mid gap. We conclude that the shallow donor
tice vacancies and self-interstitials have yielded only deep,, ¢ is unlikely to arise from a metastable-B complex.

levels, consistent with the electrical activity expected for car- We note that, in the absence of a constraint, moving the H

bon (or N SOME Cases borpdangling bonds. In any case, it 540m to the nearest C-C back-bond is unstable and we find
seems difficult to understand how a supersaturation of hydro;

gen (or deuterium would yield a mechanism by which such }:ﬁ:ng:s c;:nplex spontaneously relaxes back to tgé1B
defects would be formedeversibly Ignoring for a moment pair.
the details of the structure of the shallow donor, one can

envisage reactions of the type
IV. DISCUSSION AND CONCLUSIONS

Bs+nH—B—IH,+V

We have examined a range of complexes of a single B
impurity with interstitial hydrogen(or equivalently within
our calculations, deuteriumn the light of the experimental
identification of a shallow donor most probably made up

where the boron-containing defect is a shallow donor. Foffom these constituents. We find no evidence for any struc-
such a mechanism to work the emitted | or V must be reture made up from Band two H atoms that gives rise to a
moved a considerable distance from the donor to preverghallow donor level. BH, are thermally unstable in com-
electrical compensation, or alternatively they could be hy-{arison to the 550°C annealing temperatures used in the ex-
drogen terminated. In either case, the energies involved afgerimental study, although it should be noted that the activa-
inconsistent with the loss of donors and returrpitype ma-  tion energy for dissociation is yet to be established
terial at relatively modest temperaturébe binding energy experimentally. BH; and BH, complexes are passive or
for Bs-V-H,, complexes is around 6 eV per H atom, and thepossess deep levels in all configurations studied, as do com-
self-interstitial is relatively strongly bound tosB Further-  plexes made up from interstitial boron;-Bydrogen, and
more, it appears that such processes would necessarily rgacancy-boron-hydrogen complexes.

quire many more H atoms than boron, which appears to be of course, we cannot completely rule out the possibility

and

B+ NH—BVH, +1,

inconsistent with the SIMS data. that there exists a defect configuration that we have missed,
made up from boron, carbon, and deuterium, which gives
D. Bs-H pairs revisited rise to a shallow donor level. However, if one accepts that

Finally, one possible solution to the formation of a shal-there is no B-H point defect that acts as a shallow donor, then
low donor might be sought in the simple-Bl complex. In  there are a number of possible explanations for the measured

silicon the electronic properties of of the-8l pair is sensi- ~conductivity that one might consider, such as inhomoge-
tive to the location of the H atoff~*° Here the donor level neous doping or an anomalous Hall effé&urthermore, one
for the G-H pair is calculated to change from around theshould consider the nature of van der Pauws Hall measure-
valence band top for H neighboring; Cto around 0.2 eV ment, which has all contacts on the same surface of the
below the conduction band when the H atom is in a bondsample. For materials such as GaAs it is usual to diffuse the
center more distant from the C atdfi*® The binding energy  contact into the material, but this is not possible for diamond.
of this more distant complex is rather smélhe infrared It is not clear that a surface conductive chanfret neces-
absorption associated with the H-stretch modes of the pasarily due to adsorbatgsnight be present, qualitatively af-
tially dissociated pair anneal out at about 220K, with thefecting the experiment.
intimate pair surviving up to about 400 K8 Importantly, the In conclusion, there is no evidence from first principles
metastable structures can generally be characterized as p@aiculations that a small complex of boron and hydrogmn
sessing electrical levels consistent with bond-centered hydradeuterium gives rise to a shallow donor level. Alternative
gen, whereas the intimate pair has electrical levels associatéaterpretations that we have suggested require additional ex-
with a Si dangling bond? perimental investigation to lead to an understanding of this
The G-H system is unlike BH in diamond in two potentially highly significant breakthrough in the develop-
important ways:(1) Cs-H is not made up from a donor— ment ofn-type diamond.
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