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The production oh-type doped diamond has proved very difficult. Phosphorus, and possibly sulfur, when in
substitutional sites in the lattice, forms a donor which could be used in electronic devices. Boron, which is a
relatively shallow acceptor, can be passivated by hydrogen, and it is possible that some of the difficulties in
producing electrically active donors could be due to their passivation by the hydrogen which is present during
the chemical vapor deposition growth of diamond. We reprtinitio modeling of these dopants and their
complexes with hydrogen in diamond and show that it is energetically favorable for hydrogen to be trapped and
to passivate boron and phosphorus. We predict that sulfur with one hydrogen atom produces shallow donor
levels in the band gap of diamond with a previously unconsidered configuration being the most stable and
producing the shallowest level. We show that the S-H pair is stable under conditions of limited H availability.
Further, we show that it is energetically favorable for both P-H and,Reldissociate forming IZ-T H diffusion
in n-type P-doped diamond is inhibited by this formation of immobil§.Hl’his is in contrast to B-doped
diamond, where we predict that{HwiII dissociate in the presence of substitutional B atoms, forming B-H
complexes. We demonstrate that the recently observed shaltype conductivity is unlikely to arise from
B-D, complexes, because these complexes would dissociate into B-D plus a distant deuterium interstitial. We
also predict that they would induce deep levels in the band gap.
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I. INTRODUCTION The interaction of a single hydrogen atom with boron,

Diamond has been suggested as a material for semicoRNoSPhorus, and sulfur in diamond has been modeled

ductor devices for high temperature and high power applicaP€vioushy?™** although not all the likely structures have
tions, due to its large band gap, high breakdown field, and®€€n considered. For example, we show that the most stable

other extreme propertidsHowever, impurity incorporation ~configuration of the hydrogen-sulfur complex has the hydro-
and doping are not yet well controlled: in particular, it has9€n at an antibonding site behind a carbon neighbor to the
proven difficult to find a suitable donor. Boron can be grownSUhcur atom, rather than bonded to the sulfur itself as previ-
into diamond or implanted successfully to prodyse¢ype ously suggested:

) L In silicon, further hydrogen atoms are trapped by
layers, with an activation energy of 0.37 éhe only suc- dopantst? leading to the nucleation of platelets; we therefore

cessful donor, so far, has been phosphorus with an activati%odd the complexes of the dopants with two hydrogen at-
energy of 0.6 eV although there has been a very recentyms “to our knowledge, none of which have been reported

repor of shallow donors with higin-type conductivity and  pefore. A recent paper showed that under some conditions
activation energy of around 0.23 eV in deuterated homoepigeyterated boron-doped diamond could dispiaype con-
taxial boron-doped diamond layers. However, the productiorjyctivity with an activation energy of around 0.23 8The
of reliable n-type diamond is still at an early stag&ulfur-  experimental results cannot show what kind of defect the
doped diamond has had a controversial hisforypuch re-  donor is, although a B-Pcomplex was considered consis-
search will be required before the productionnefype dia-  tent with the results. Our calculations show that several
mond is routine. B-D, complexes are stable, but it is energetically favorable
Hydrogen is a very common impurity in natural for them to dissociate into B-D and a deuterium interstitial
diamonc® It is a major component in the gas phase of mostatom. Moreover B-H complexes do not have shallow donor
synthetic diamond grown by the chemical vapor depositiorlevels, therefore the identification of a B;Homplex with
(CVD) processes. It appears that, as for silicon, interstitiathe shallow dopant is unlikely.
hydrogen binds strongly to impurities in diamohend it is After a brief review of the experimental properties of the
probable that multiple trapping of hydrogen at donors andsystems to be considered, we @geinitio density functional
acceptors in diamond may occur, as is seen in silicon. It isheory (DFT) methods(described in Sec. JIto investigate
therefore important to understand the interaction of hydrogethe properties of boron, phosphorus, sulfur, and hydrogen
with dopants in diamond and the role it plays in passivating'Sec. Ill) and the interaction of these dopants with ¢8ec.
them. IV) or two hydrogen atoméSec. .
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A. Experimental properties of B, P, and S in diamond associated with the diffusion of deuterium governed by the

Boron and nitrogen are among the most common impurif/@PPing-detrapping of deuterium on bordff. Neutral or
ties and the easiest to incorporate into diamond. Nitrogen hd&€gatively charged hydrogen atoms or ions have higher mi-
a donor level at 1.7 eV and is thus too deep to be a useffiration energies. In contrastQT-Is expected to be immobile
donor in diamond. Boron is an effective-mass-like accptorat temperatures below 1000 “C.
with an optical ionization energy of 0.382 eV and thermal
activation energy of 0.368 eV, its properties have recently
been reviewed? Boron can be passivated when hydrogen deuterium

Despite many difficulties in achieving-type doping in  diffuses into a heavily B-doped sampfe?’ For diffusion
diamond, success has recently been attained using pho®mperatures as high as 480 °C, with hydrogeeuterium
phorus as a donor in CVD diamond grown at NINBef.  introduced by a microwave plasma, the hydrogen plateau
14) and CNRS Grenobl&The excitation has also been stud- concentration follows the boron concentration very closely,
ied optically? where an ionization energy of 630 meV has with H diffusion governed by trapping-detrapping of H at B;
been found. In the manufacture of these thin-film CVDa cohesive energy of 2.5 eV has been determined for the
doped diamond samples, growth conditions were optimizedboron-hydrogen paf® The boron-hydrogen complexes ap-
to minimize the hydrogen codoping with phosphorus. Thepear to dissociate above 550 °C. Since theoretical sttfdies
quality of n-type doped material has been steadily improv-predicted that H induces an electronic level above the boron
ing, with Hall mobilities of 240 crAiV~1s™! having been acceptor level, Chevallieet al?® proposed that neutral H
reportedt® Constant photocurrent measureméhtshowed atoms entering diamond become ionized, providing their
two defect levels at 0.56 eonization of the phosphoriis electrons first to compensate holes arising from the few ion-
and a compensation level at 0.81 eV. Gheeratrtall” ized B acceptors and second to ionize neutral boron atoms.
showed that the thermal activation energy is 610 meV, toThe resulting B ion is expected to attract the mobileibhs
gether with an optical ionization energy of 600+20 meV,by a Coulomb interaction, eventually forming B-H com-
and its properties are described by the effective-mass amplexes. This is in contrast to lightly B-doped diamond, where
proximation, implying that phosphorus behaves as a conver diffusion has been found to be inhibited by the formation
tional effective-mass-like shallow donor in diamond. of deep trapg®

The first reports of high mobility, low resistivity)-type More recently, high n-type conductivity with an activa-
sulfur-doped diamorfdwere disputed, since the samples tion energy of about 0.23 eV has been observed in homoepi-
showed unintentional boron contaminatforsome sulfur- taxial boron-doped diamond layers after deuterium plasma
doped samples have showrtype conductivity with an ac- treatment. Prior to deuteration, the samples wetgpe due
tivation energy of 0.19—-0.33 e¥, while recently a sulfur to the boron. After deuteration, cleaitype conductivity was
related activation energy of 0.5-0.75eV has beerpbserved with high electron mobility. This conductivity was
observed? However, the results have been difficult to repro-ascribed to the possible formation of boron-multideuterium
duce and boron contamination was identified as a prevaleomplexes. These complexes were found to break up under
problem#2° thermal annealing, with, first, tha-type conductivity de-
creasing, followed by a stage with no cleatype orp-type
conductivity. After annealing above 600 °C, there was a par-
tial recovery of thep-type conductivity, associated with the

Identification of the structure of single hydrogen intersti- breakup of B-D pairs, followed by the out-diffusion of D at
tials in diamond has come from muon spin-resonanceannealing temperatures above 750 °C.
experiment£22 In common with many other semiconduc-  Experiments to investigate whether hydrogen is trapped
tors, two stable sites have been identified foe™ (called by, or diffuses to, phosphorus donors in diamond have shown
muonium, a hydrogen atom anajogNormal muonium” oc- no measurable hydrogen diffusion in phosphorus-doped
cupies the tetrahedral interstitial site, but the more commonliamond® Low solubility of hydrogen in phosphorus-doped
species is “anomalous muonium” which occupies a bonddiamond, high migration energy of the™Hon, or strong
centered sité® In other semiconductors a hydrogen moleculephosphorus-hydrogen interactions were suggested as pos-
has been identified, but so far this has not been detected gible causes. Studies of diamond doped with phosphorus dur-
diamond. Similarly, the H species has not been observed ining growtt showed that hydrogen is bound to phosphorus
diamond, although it has been predicted by thé&biy be the  leading to most of the phosphorus atoms being electrically
most stable form of H in undoped diamohtt. consists of a  inactive. The concentration of hydrogen was seen to increase
bond-centered hydrogen atom with an additional hydrogemvith increasing dopant concentratidhTherefore for the
atom at an antibonding site to the carbon neighbor along theuccessful growth ofi-type diamond using phosphorus as a
same axis. Hydrogen is known to diffuse rapidly in boron-dopant, growth conditions had to be optimized to minimize
doped diamont?8 with the activation energy varying from the hydrogen incorporatidfiby using a high substrate tem-
0.35 eV for an rf-plasma treated sample to 1.4 eV for aperature during growth. Similarly, growth of-type CVD
microwave-plasma treated sample. Modeling identifies theliamond, using Din the plasma, found much smaller quan-
low-energy migration energy with the *Hion, associated tities of deuterium incorporated in the sample than for simi-
with excess deuterium introduced during the more aggressiviar undoped diamongf. We are not aware of reports of simi-
rf-plasma treatment, while the higher migration energy islar experiments on sulfur-doped diamond.

C. Experimental properties of hydrogen-dopant complexes

B. Experimental data on hydrogen in diamond
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Il. THEORETICAL METHOD the chemical potentials of the atomic species of which the

Boron, phosphorus, and sulfur, and their hydrogen comSYStém is composedz, is the valence-band top; and the
plexes in diamond, were modeled using the local-density apF€'Mi_level E¢ is measured relative to the valence-band
proximation (LDA) methods with norm-conserving top3” The last term corrects for charge neutrality and corre-
Bachelet-Hamman-Schliiter pseudopotenfidlgs imple-  sponds to a system of chargen equilibrium with an elec-
mented in the AIMPRO cod® Finite 123 C atom clusters tron reservoir of energ§.3® For periodic supercells an ad-
bounded by hydrogen atongdenoted G,,), as well as 165 C  ditional term should be added corresponding to the
atom clusters bounded b§111) hydrogen-terminated sur- interaction of periodic charged impurities. Using the cluster
faces(Cyq9), were used. An optimized lattice constant wasapproach, it is possible to model the properties of charged
used, which was determined using g4Xluster in which all dopants without the complications of infinite periodic
atoms were allowed to relax. The C-C bond length from thecharges.
center of this cluster was used to create a secopgallister The binding energies of a single H atom to an impurity
in which all atoms were kept fixed at the lattice site optimiz-X were determined using
ing the positions of only C atoms at the core of the cluster.

The C-C bond length at the core of this cluster of 1.58 Awas  u=EX(XHCg,) — EX(XCygs) — EX(HC g0 + EX(Crg9),
used to determine the final lattice constant which was used in 2)
all subsequent calculations.

All calculations of substitutional dopants were performed 0 .
using both 123 and 165 C atom clusters with the Substitu\_NhereEt refers to the total energy of a relaxed cluster in the

. ) . . neutral charge state, relative to the energies of the constituent
tlonal_lmpunty atomX at a central §|'Fe_(denotedXC164). . atoms. A subsitutional atomX is represented by
Impurity-hydrogen complexes were initially modeled using

o . i
123 C atom clusters, with the most stable impurity-hydroge EE)E)'_('%G“) f%r] ezgrg_ple, or an mtfrft't'?l h)r/]droganatorg _by
configurations then modeled using clusters of 165 C atomSt*. 169- The binding energy relative fo charged H and im-
(XHC, gz and XH,Cy o). purity atoms may be calculated in an equivalent manner, us-

In the initial geometries, the additional H atoms Wereing charged impurity and H clusters. Similarly, the binding

shifted away from high symmetry positiciso that no pre- energy of two hydrogen atoms to an impurity atehcan be

conceptions of the symmetry of a complex affected the re_expressed in a directly analogous way, either with respect to

sults. For all clusters, full geometry optimizations were per-N€ €nergy of two Hées clusters or with respect to theH
formed. For the 123-atom calculations, all impurity and complex and one H interstitial. In all cases, a more negative
' | corresponds to a greater binding energy. The binding en-

carbon atoms were allowed to relax, while for the 165-atont’ d h hal f the chemical
calculations, all carbon atoms up to third neighbors from the®T9Y corresponds to the enthalpy component of the chemica
otential of the complex compared to that of the constituents,

impurity were allowed to relax; the remaining carbon atomsP . e o
were kept fixed at their lattice sites. and therefore gives an indication of the stability of the com-

This method has had considerable success in the calculQleX' The chemical potentigland hence solubiliy of the

tion of the structure and electronic properties of defects irFomp"?X also mclud_es a term depeno_lent on the comparative
diamond in the past, including some of those modeled in thi€nroPies(both configurational and vibrationalwhich we

paper[B,® H, H, and BH (Refs. 9, 24, and 36. We have ave made no attempt to calculate here. The solubility of
’ ) 2 . ) ’ d

repeated some of those calculations in this work with théjydrogen in diamond, which depends on the chemical poten-

larger clusters described above, so that all our calculationdd! In €ach of its complexes, is the subject of a future paper.
Several approaches have been proposed for the calcula-

are comparable in terms of the size and shape of the clusters.

To verify that the results were not dependent on the basi on of energy Igvel_s in the band gap using finite clustt_—:trs.
sets used, selected impurities were modeled using addition ften optical ionization spectra have been analyzed by direct

! - ) ~ i k-
bond-centered Gaussians between the impurity atom and i mparison with Kohn Sham one electrqn elgen\{aﬁj .
neighbors, as well as larger basis sets. Using additionaP't Kohn-Sham eigenvalues not having a strict physical

bond-centered Gaussians, the optimized geometry diﬁereaignificance(except for the highest occupied eigenvalue,
’ hich is equal to the ionization potential of the syst&m

by less than 0.03 A; using larger basis sets, the bond IengtP(¥ A more rigorous approach for establishing donor/acceptor

changed by less than 0.6%, while the electronic band strug- ) 7 . o
g y ° (ievels is by determining the thermodynamic transition levels,

ture remain nchanged. ) L . .
ure remained unchanged v which are the position of the Fermi level for which the most

The Kohn-Sham band gap of thgcluster was 4.9 e bl £ th h : h
LDA calculations often underestimate band gaps, but in thiStable state of the system changes from one charge state to
other. For example, the donor levél/ +) is the value of

case the band gap, compared with the experimental value &n _ 10
5.49 eV, does not show a serious discrepancy. the Fermi level for whiclE"=E¢. o 1
The formation energ§? of a system in charge staggand For a donorX, from Eq. (1), settingE¢=E;" we have

a Fermi level ater is given by 0 "

(0/+) = E{(XCyg4 = E{"(XCyg4 ~ E,. 3

= (S ) + B+ E & :
' Since it is not possible to determine the valueEyfaccu-

whereE{ is the total energy of the system in charge state rately, we make use of the fact that mirsis equal to the

as determined by a quantum-mechanical calculatigrare first ionization energy of the systeth3°
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FIG. 1. The Kohn-Sham en-
ergy levels associated witla) bo-
3 ron with T4 symmetry,(b) neutral
phosphorus, (c) neutral sulfur,
spin--0, in aCs, configuration(d)
neutral sulfur, spin--0, in @4 con-
figuration, (e) neutral sulfur,
spin—1,(f) compared to those for
pure diamond.
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E, = EX(Cie0) - E/{Cre9), (4)  tures between the neutral and ionized clustéile found
. . . that electron affinities and ionization potentials for pure dia-
where Ggs refers to impurity free diamond. mond calculated directly differed by less than 0.003 eV from
Equation(3) then becomes the Slater transition state values.
_ 0 +1 0 +1 This scaled Slater transition state approach has had con-
(0/+) = B(XCy6d = B (XCa60) = E(Cao9) + B (Cao9)- siderable success in estimating the ppopsition of thermody-
(5  namic transition levels in the band damnd we use this
approach to determine electrical levels in the band gap. We
use the boron acceptor levek/0)=E,+0.37 eV? and the
(= 10) = E{(XC1g0) — EQ(XC164) — E{ (Cye9) + E{(Cy49) + E5,  PhOsphorus donor level0/+)=E;~0.60 eV(Refs. 3 and #
6) as our reference levels. Since in much previous work on
these dopants in diamond only the Kohn-Sham one-electron
whereE; is the diamond band gap. Since in LDA the bandeigenvalues have been quoted, we include these Kohn-Sham
gap is underestimated, the experimental value is &5w(ith eigenvalues for a direct comparison, together with the scaled
E,=5.49 eV. The thermodynamic transition levels are relathermodynamic transition levels.
tive to the top of the valence band. We also determine the charge and spin densities within
An alternative approacf has also been proposed, which the cluster. The eigenvectors associated with the Kohn-Sham
calculates the donor and acceptor levels from the ionizatioenergy levels cannot be interpreted as wave functions in gen-
potential and electron affinity of clusters containing the de-eral, but since the differences between the spin-up and spin-
fects. down charge densities do determine the total spin density
Another reliable strategy which has been developed t@round the defect, we are able to associate the Kohn-Sham
determine the thermodynamic transition levels used in Refeigenvector distribution of an unpaired orbital with the spin
41, for example, determines the donf@acceptoy ionization  distribution.
energy by finding the ionization potentidP) (or electron
affinity) of the impurity. This is then compared to that of a
known donor/acceptor level energy modeled using a similar lll. MODELS OF THE IMPURITIES IN DIAMOND
cluster. The calculated ionization energies are scaled accord- A. Substitutional boron
ing to the known level using

Similarly, for acceptors,

Substitutional boron in the diamond clust@®C;g,) was

(07 +)g=(0/ +)g+ P4 — 1P, (7)  modeled, using the procedure outlined above. We find boron

relaxes to a structure witl;, symmetry, where one of the

where (0/+)4 is the sought for donor level0/+)s is the  B.C bonds elongates by 18%, with the remaining B-C bonds
donor level of a standard defect, taken from experiment, toelongating by 1%. Two Kohn-Sham one-electron levels were
gether with the calculated ionization energies of the uninduced in the band gap, one doubly degenerate fully occu-
known (IPy) and standard defecttPy). Electron affinities are  pied level atE,+0.24 eV, together with a nondegenerate,
used in the same way to determine acceptor levels. A starpartially occupied level aE,+0.81 eV[see Fig. 1a)].
dard defect is used which assumes the same structure in all The geometry obtained for neutral boron was quite sensi-
charge states. This approach uses entirely ground-state progive to the size as well as shape of the cluster, obtaining
erties of each system. By comparing ionization energies ogither T4 or C5, symmetry; we ascribe this behavior to the
defects calculated using similar clusters, the systematic shiflelocalized nature of the boron acceptor level. This is similar
in the calculated levels originating from the overlap of delo-to previous theoretical studies of boron, where eitfigr
calized wave functions with the cluster surface can bgRefs. 35 and 4Bor C,, (Ref. 44 symmetry was found for
reduced!! The Slater transition state argument may be tfed substitutional boron. Negatively charged boron was found to
to calculate ionization potentials, with clusters relaxed in ei—relax to a structure witAy symmetry, the B-C bond lengths
ther the —ée, +%e, or +§e charge states to determine the elongating 3% to 1.63 A. A triply degenerate, fully occu-
(=10), (0/+), and(+/+ +) thermodynamic transition levels, pied one-electron level is induced in the band gapEat
respectively?>** Using the relaxed geometry of the transition +0.81 eV. Tables | and 1l summarize the results for boron,
state takes into account, to first order, the difference in strucalong with phosphorus and sulfur.
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TABLE I. Summary of the symmetry and Kohn-Sham eigenvalues of B, P, and S in stable and metastable
charge and symmetry states.

Kohn-Sham eigenvalues

Spin Defect
Impurity state symmetry Degeneracy Occupancy KS-Lev@V)

Neutral B 3 Cs, 1 1h* E,+0.81
2 4e” E,+0.24
lonized B 0 Ty 3 6e” E,+0.81
Neutral P 3 Ty 1 le” E.-0.27

lonized P 0 Ty
Neutral S 0 Cs, 1 2e” E.-0.48
0 Ty 1 2e” E.-0.16
1 Cs, 1 le E.-0.17
1 le” E.-0.36
lonized § 3 Ca, 1 le” E.-0.76
3 Ty 1 le” E.—0.60

Doubly ionized $* 0 Ty
Nitrogen 3 Cs, 1 le” E.-0.71
Hpe 0 Dag 1 le E.-1.78
B. Substitutional phosphorus C. Substitutional sulfur

The substitutional phosphorus atom had a minimum en- Neutral sulfur has six valence electrons compared to the
ergy at the lattice sitéTy symmetry. The nearest neighbors four valence electrons of carbon, and could therefore exist in
of P relaxed outwards, the P-C bond lengths increasing bgither a spin-0 or spin-1 configuration. lonized sulfur was
12% to 1.77 A, similar to that found by Wang and also modeled, for Ssingly ionized(spin%) and doubly ion-
Zunger’® The final geometry is illustrated in Fig(®. We ized S (spin 0 using the finite clusters described above.
find that singly ionized Pin diamond also ha$y symmetry,
with a geometry identical to that of neutraf.”Phosphorus 1. Neutral sulfur

induces a shallow, nondegenerate, singly occupied one- Neytral 9 in a spin-0 configuration was found to undergo
electron level in the band gap Bt—0.27 eV[see Fig. In)]. 3 strongC,, distortion after a full geometry optimization.
This is similar to the value found by Kajihaea al,*though  one carbon neighbdiC,) moves away from the Satom in

other calculations have also found the one-electron level t%(ll]} direction, while the S atom itself relaxes in the op-
i i 46 !
lie deeper in the band gdf*°As was the case for boron, the gite’ direction towards the plane of its remaining carbon

wave function of the partially occupied level is delocalized,neighbors_ The unique S;C bond elongates by
indicating that phosphorus behaves as a shallow donor iBgg, 15 206 A. The bonds to the C atoms basal to the sul-
diamond, as is observed experimentallfor ionized P, N0 1, atom elongate by 15%. This is illustrated in FigbR An
partially occupied one-electron levels were observed in th%ccupied, nondegenerate Kohn-Sham level appears in the
band gap. band gap aE.—0.48 eV [Fig. 1(c)]. The eigenfunction of
this energy levelFig. 3a)] has a node between the sulfur
TABLE II. Scaled thermodynamic transition levels of most and G atom, leading to a buildup of charge close to these

stable states of impurities in diamond. atoms. This antibonding behavior causes the ;S56nd to
break. The electron density associated with this electrically
active state is more localized than the corresponding states of

Impurity Transition levels

boron and phosphorus.
Boron (=/0):E,+0.37 e\? In addition to theC,, configuration of substitutional sul-
Phosphorus (0/+):E.~0.60 e\? fur in diamond, we also find geometries wiffy and C,,
Sulfur (Cg,) (0/+):E.~1.12 eV {+/++):E.~3.73 eV symmetries to be metastable. Modeling neutral, spin-0 sulfur
Nitrogen (0/+0):E,~1.40 eV Wlth s° |.n|t|al!y.at the lattice site, the S atom. remains on the
Hye (0/+):E.~3.00 eV{~/0):E,~1.45 eV lattice site, giving a center offy symmetry which is 0.27 eV

less stable than th€,, configuration, in close agreement
aExperimental FO/ +) and B(—/0) levels are used as markers, rela- with Ref. 38. The carbon neighbors of the sulfur atom un-
tive to which other donor or acceptor levels are calculated. dergo a strong outward distortion, the S-C bond lengths in-
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FIG. 2. The relaxed structures showing the dopants and neigh-
bors arounda) phosphorugTy symmetry and(b) sulfur with Cs,,
symmetry about111) axis passing through the impurity.

creasing by 22%. A fully occupied, nondegenerate one-
electron level is induced aE.-0.16 eV [Fig. 1(d)]; the

eigenvector corresponding to this leviglig. 3b)] has an (b)
antibonding nature between S and all its C neighbors. If the
initial geometry in the calculation is th€,, structure re- FIG. 3. Contour plots of eigenfunctions associated with the do-

ported by Miyazakiet al,*’ our calculations also find that nor levels of sulfur, spin—@a) in Cs, and(b) in T4 symmetry. The

this structure is metastable, with an energy slightly higherspacing between contours is 0.06 units which would express the

than that of thely structure. charge density ag. a.u-3). Contours corresponding to negative
A further metastable state d@;, symmetry was found amplitudes are indicated with dashed lines. The first solid contour

with spin-1, with an energy 0.28 eV higher than the spin-Ocorresponds to zero amplitude. All plots are parallel t¢140]

analog. Two nondegenerate, singly occupied one-electroplane.

levels were observed in the band gap,Eat-0.17 eV and

E.-0.36 eV[Fig. 1(e)]. The eigenfunctions corresponding to the first study, to our knowledge, where all these possible

these levels are illustrated in Fig. 4. configurations of substitutional sulfur have been reported.
Hence, together with the stab{®,;, zero spin configura-

tion, sulfur has two additional metastable low-energy states
with T4 and C,, symmetries, as well as a spin-1 configura-
tion with C3, symmetry. All metastable states induced one- We find that theC;, symmetry of $ has a slightly lower
electron energy levels shallower in the band gap than thenergy than th&@j structure, unlike Wang and Zung&mwho
corresponding level found for th@&, configuration. This is only found aT4 symmetry for S. For S with a C;, geom-

2. lonized sulfur
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» FIG. 5. The alternative positions of hydrogen around a substi-
/\/\/\/\ tutional dopantX, in diamond.

i 3 i i i : £ 3. Electronic levels of sulfur

We find the sulfu(0/ +) donor level aE.—1.1 eV, which
@ is about 0.3 eV shallower than the corresponding theoretical
. , ' : r (0/+) level of single substitutional nitrogen, but consider-
\/ \/ \/ ably deeper than the donor level of phosphorus. This value
falls in the center of the range of previous estimafe$:#7.48
We find the second ionizatiot+/+ +) energy of sulfur at
E.-3.7 eV.

D. Interstitial hydrogen

Hydrogen in bond-centereH,.) and antibondingH,;,)

interstitial sites together with the fdefect(which consists

of two hydrogen atoms, one in each site along the samé axis

] , were modeled. Of the two single interstitials,.Hvas the

- N el 1 more stable, in agreement with previous restif$244°H,.

induces a singly occupied nondegenerate one-electron level

in the band gap aE.—1.78 eV. Its carbon neighbors relax

outwards, with the carbon-carbon bond length elongating by

47% (similar values to those reported by Refs. 9 angl 24

the antibonding site, kg induces a singly occupied nonde-

generate one-electron level in the band gajgEat1.89 eV,

and a 34% elongation of the C-C bond on the axis. For the

®) H," defect, an occupied one-electron level was induced at the
edge of the valence band. The second hydrogen atom was

FIG. 4. Contour plots of eigenfunctions associated withthe bound t_’y 1.57 eV.
highest andb) the second highest partially occupied donor levels of W find H,c generates a very deép/+) donor level at
sulfur, spin-1, inCz, symmetry. Contours are as in Fig. 3. E.—3.0 eV, together with an acceptdr/0) level at E;
-1.45 eV, resulting in a center with a large positive

_ ) ) U=1.55 eV. This is between the value predicted by Goss
etry, we find the S atom and one of its C neighb@s) relax et 12 and that of Wang and Zungé.

strongly away from each other in{d11) direction, elongat-

ing this S-G bond by 20%. The other C atoms also relax |\, coMPLEXES OF DOPANTS WITH HYDROGEN
away from S, elongating these S-C bonds by 17%. A one-

electron level is induced in the band gapEat-0.76 eV, in For complexes consisting of a single hydrogen trapped at
agreement with the result of Saaetaal *® This level is non-  a substitutional dopar(X), we expect the following struc-
degenerate and singly occupied, as is expected. tures to be possiblesee Fig. %: (i) X-H, with the H,. at the

Doubly ionized $* hasTy symmetry; the S-C bonds elon- center of one of theX-C bonds, with anX-H-C axis; (ii)
gate by 19%. §" has no one-electron levels in the band gap,X-H,, with the H,, behind the impurity atom, with a
in agreement with Saadzt al*® H-X-C axis; (iii) X-H',, with the H,, behind a carbon
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neighbor, with anX-C-H axis. This last case has only rarely
been considered for impurities in diamond, despite this being
the most stable site of H at P in silic6h5! All these X-H
complexes have€;, symmetry with(111) axes. In our cal-
culations, the hydrogen atom was initially displaced a small
distance off-axis to allow the complex to relax to a lower
symmetry structure if that had a lower energy.

A. Boron-hydrogen complexes

The B-H,. structure was found to relax to a configuration
where the B-C bond is strongly buckled, lying close to a
(001 direction from the B atom. The center has a mirror
plane in the(110 axis passing through the B, C, and H
atoms. This is illustrated in Fig.(8); this is very similar to
the structure predicted in Ref. 9. We find that B-H induces a
very deep(-/0) acceptor level aE.—1.0 eV; there are no
partially occupied one-electron levels in the diamond band
gap and boron is electrically passivated. The RB-tbmplex
is 3.2 eV more stable than neutral B ang.Hvhich com-
pares well with the experimental binding enegy energy of
2.5 eV28 We find the dissociation energy into charged B
and H,." to be larger at 3.8 eV. This is summarized in Table
Ill. The activation energy of diffusion may be estimated by
placing the hydrogen atom at a bond centred site at second
neighbors from the boron atom, from which we obtain a
value of 1.3 eV. This is smaller than has previously been
predicted but in close agreement with the experimental
value of 1.43 eV observed in highly B-doped diamond with
equal boron and hydrogen concentrations introduced from a
deuterium microwave plasnfé.

A similar configuration consisting of a buckled,Hatom
rotated 180 ° about the B,Caxis, and H slightly closer to
this axis, was metastab(©.03 eV higher in energy than the
above configuration Other B-H complexes were unstable or
relaxed into the B-k. structure. B-H in the spin-1 state
yields a minimum energy configuration consisting of the H
atom on a B-C bond; this spin state is 4.68 eV higher in
energy than the spin-0 configuration described above and is
therefore unlikely to occur.

The boron and hydrogen atoms were also modeled, placed
as far away from each other as is possible in the cluster
without either impurity being close to the edge of the cluster.
Since the H level is higher in the band gap than the boron’s
acceptor level, the hydrogen atom'’s electron is captured by
the boron, leaving the boron’s acceptor level completely oc-
cupied. These levels can be associated with a charge transfer, |
or compensation of the acceptor:

B+H—B +H". (8)

In heavily boron-doped diamond with hydrogen introduced
from a microwave plasma, it has been found from secondary-
ion-mass spectroscop{SIMS) analysis that the hydrogen
(deuterium concentration matches that of boron throughout
the sample depth, due to hydrogen diffusion being governed (c) 5

by the trapping-detrapping of hydrogen at bof®A¢ How-

ever, for the hydrogen concentration to follow the boron con-

centration as closely as has been found experimentally, it is FIG. 6. Relaxed structures of the most stable dopant-H com-
also necessary that multihydrogen centers should not belexes:(a) B-H, (b) P-H, and(c) S-H.
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TABLE lIl. Cohesive energies of impurity-hydrogen complexes bond is 39% longer than the normal diamond C-C bond. The

in diamond relative to neutral and charged components. energy gain when this complex forms from an isolated sulfur
donor and a hydrogen interstitial,Hatom is 1.57 eV, rela-
Reaction u(ev) tive to neutral sulfur and hydrogen.
B+H_BH 392 Other metastable S-H complexes also had donor levels

shallower than the substitutional sulfur, with the shallowest

B™+H"—BH —3.76 level corresponding to the most stable geometry, described
P+H—PH -0.25 above.
P*+H —PH -1.76
S+H—SH -1.57 V. COMPLEXES OF DOPANTS WITH TWO HYDROGEN
S*+H —SH -3.63 ATOMS
H+H—S-H -1.4 - "
SH TS 2 9 Where two hydrogen interstitial atoms are trapped at the
SH"+H —S-H, -3.08

dopant, far more combinations are possible than for a single
H, but they can be described, broadly, in terms of combina-
ions of the possible sites for single H atoms. Impurities with
wo hydrogen atoms were modeled with the H atoms initially
near the above sites, both in axial and nonaxial configura-
Yions. The calculations are not restricted to these structures or
symmetries, since in the initial geometry, the hydrogen atoms
are displaced a small distance off-site in a random direction,
B. Phosphorus-hydrogen complexes which allows them to relax to more stable structures if these

All of the P-H complexes described in Sec. IV were stable®XISt

or metastable, but the lowest energy structure had the anti- .
bonded hydrogen atom behind the phosphorus atom@th A. Complexes of boron with two hydrogen atoms

symmetry[P-H,, see Fig. @)], in agreement with whathas  The lowest energy configuration proved to have the sec-
been found previousty° for diamond, but in contrast with  ond hydrogen on a bond center between the second and third
what has been found in silicéfi®* The energy gain was neighbors of the B-§, complex. Though the complex is
0.25 eV relative to dissociation into neutral components. Th&iaple with regard to dissociation into B with two distangH
dissociation energy relative to chargetidhd H was larger,  atoms, it is energetically favorable for the complex to disso-
at 1.76 eV. The P-H complex has a de@i +) level atE.  cjate into a B-H. pair and a distant §l interstitial, by
—2.86 eV, the most stable complex inducing the deepesy.4 ev. Other B-H configurations were metastable, with
level. The Kohn-Sham one-electron level was filled andhigher energy, and would dissociate into a B-H complex with
dropped deeper in the band gap. We find that when the P angldistant K, atom. We note that under conditions of excess
H were separated as far as possible in the cluster, the hydreydrogen, it is energetically favorable for these surplys H
gen compensated the phosphorus. Hence hydrogen pasgtoms to form H™ complexes, though B-H complexes re-
vates both donor and acceptors in diamond, with the donofain the most stable form of H in B doped diamond.
transferring its electron to hydrogen mtype doped dia- All the B-H, complexes induced deep donor levels in the
mond, forming P and H', while in p-type diamond, hydro- pand gap of diamond, with(0/+) levels betweenE,
gen transfers an electron to the boron acceptor, forming B—1 84 eV andE,~2.88 eV. Wave functions corresponding to
and H. the partially occupied levels in the band gap were localized.
Due to the deep nature of the electronic levels found for all
C. Sulfur-hydrogen complexes B-H, complexes studied here together with their instability,
we conclude that the experimental findings of shaltetype

S Withl 5";1 single hyd“’ge’? atom has previously beenconductivit)F in deuterated B-doped diamond are unlikely to
modeled’-**although the configuration of H at an antibond- arise from a B-H complex. Our calculations conflict with a

ing sjte behid a C neigh'bor of 3 hag not 'bee.n ConSider(Edrecent report of models of B-Hcomplexes with shallow
We find that precisely this S-H}, configuration is the most (Kohn-Shary donor level$3 but this report did not state if

st_able form of the S-H complex in diamond, iIIustr:_:lted inthe complexes were stable against dissociation, and their fi-
Fig. 6(c). All other sulfur-hydrogen complexes described in nite clusters contained only 35 carbon atoms.
Sec. IV were metastable. The sulfur-hydrogér+) donor

level is now atE;.—0.61 eV—shallower than the bare sulfur
donor level and very close to the P donor level. The eigen-
function associated with the donor level of S:His very Of the combinations of P-Hinitially modeled®* none
delocalized, indicating shallow donorlike behavior. The re-were bound with respect to dissociation into isolated f2-H
cently observed sulfur-related activation energy of 0.5and H,. We find that only the more complex structure illus-
-0.75 eV in sulfur-doped CVD diamohtimay possibly be trated in Fig. 7 had a lower energy than the separated
related to this S-H, complex. The symmetry of the P-H,, and H, defects, by only 0.07 eV. This configuration
S-H',, center isCs,, with a S-C-H,, axis, where the S-C induces a(0/+) level slightly deeper in the band gap than

present in significant concentrations. In this regard, we fin
that it is energetically favorabléby 4.9 eVj for HZ* com-
plexes to break up in the presence of single boron atom
forming B-H defects.

B. Complexes of phosphorus with two hydrogen atoms
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FIG. 7. Relaxed structure of the most stable configuration of P
with two H atoms[slightly rotated from g110) plandg.

the phosphorus donor level, Bt—0.62 eV. The very small @)
energy gain makes it unlikely that this complex is a common 1 : - : :
one. N N A

Despite the cohesive energy of a second H at P being
relatively small, it is energetically very favorable for g H
defect to be nucleated at a phosphorus donor:

P —Hyp+ Hpe— P+ H,, 9)

which is exothermic with an energy gain of 1.32 eV. It is
also favorable for existing P-H pairs to break up, forming
substitutional P atoms with J,

2(P — Hy) — 2P + Hy, (10) w1

which is exothermic with an energy gain of 1.08 eV. Further,
P-H, will break up spontaneously, forming substitutional P
with HZ*, with an energy gain of 1.25 eV.

Hence in P-doped diamond, H would predominantly be
present in the form of Kl defects. Since Kl complexes will /\/\/\/\
be immobile in diamondlat temperatures below 1000 °C

and have an activation energy of diffusion greater than that L 1 A ) L . .

of H™, we predict that the diffusion of H will be suppressed

by the trapping of H as immobileﬁ complexes. We suggest (b)

that hydrogen diffusion im-type diamond is limited by the

immobility of H™ and the formation of immobile ﬁ com- FIG. 8. (a) Relaxed structure of the most stable configuration of

S with two H atomgslightly rotated from g110) plang, with (b)
fthe eigenfunction corresponding to the highest occupied Kohn-
Sham level of this geometry. Contours are as in Fig. 3.

plexes.

Therefore inn-type P-doped diamond, the formation o
immobile H,” complexes and the diffusion of hydrogen in
the negative charge state will inhibit diffusion. This contrasts
with the situation inp-type B-doped diamond, where,H (S-H';H',p) with C,, symmetry. The binding energy of the
dissociates in the presence of boron forming B-H complexesecond H atom is 1.49 eV, which is similar to that fofrrh
and the hydrogen diffuses in the more mobile positive chargeliamond, indicating that it is a very stable center. For this
state. Thus the diffusion of hydrogen is governed by thestructure, both C-S bonds were seen to break, elongating by
trapping and detrapping of H at B, as is observed3g%. This is illustrated in Fig. @. S-H',7H’,, induces a
experimentally:6-25:30 deep(0/ +) level atE.—3.30 eV; therefore the two hydrogen
atoms have passivated the sulfur donor. There are two occu-
pied one-electron levels &,+2.34 eV andcE,+1.32 eV; the
eigenfunction corresponding to the highest occupied orbital

It is energetically very favorable for a further hydrogenis illustrated in Fig. 8). From this it is seen that the
atom to be trapped at an existing S;ficomplex. The most orbitals of the H atoms overlap with the lobes of the anti-
stable structure consists of two antibonding hydrogen atomd$jonding p orbitals associated with S and its C neighbors,
bound to different carbon neighbors of the sulfurleading to a very stable structure. The antibonding nature of

C. Complexes of sulfur with two hydrogen atoms
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the eigenfunction between the S and the unique C neighbots passivate boron and phosphorus, while two hydrogen at-
leads to the breakage of these bonds. oms are required to achieve passivation of sulfur. Several
Other configurations of S-fHwere also bound and elec- metastable S-H complexes have shallow, delocalized energy
trically inactive, but less stable than the S;HH’,, struc-  |evels in the band gap, the shallowest level corresponding to
ture. Several configurations of S;iere bound with regard e most stable configuration. Further, we show that this

to dissociation into S-H with a distant,Hatom. These in- - b - oo
cluded(@) S-Hy with H',, behind a different C neighboth) oo Por o S1abie Under conditions of limted 11 avallabitty.
S-H,. with an additional . at a second neighbor of &) ¢ theretore suggest that it may be worth trying to produce
HarS-+-C-H',, with Cg, symmetry, andd) S with two Hy, this previously unconsidered cpmplex t(_) (_10pe dlam_ond.
atoms at different BC sites at S. In hydrogenated P-doped diamond, it is energetically fa-
We suggest that since the S-Hcomplex is a shallower Vvorable for both P-H and P-Ho dissociate, forming k. H
donor than isolated sulfur, it may be worth trying to producediffusion inn-type P-doped diamond will be inhibited by this
this complex to dope diamond. The binding energy of theformation of immobile I—{. This is in contrast to B-doped
second hydrogef-1.49 eV} is smaller than that of the first diamond, where we have shown thas Hwill dissociate in
(-1.57 eV}, so one would expect that in equilibrium condi- the presence of substitutional B atoms, forming B-H com-
tions of limited hydrogen availability, the S-H complex plexes. H will be predominantly present in the form of B-H
would form in preference to S-HHowever, CVD growth is  pairs and diffuse in the mobile +tharge state, this diffusion
very far from an equilibrium situation, an_d it may prove very being governed by the experimentally obseR?&&3°
difficult to achieve or control S-H codoping. _trapping-detrapping of H at B. Multihydrogen complexes are
Nevertheless, under conditions of limited hydrogen availypjikely to be present in heavily boron-doped diamond, these
ability, H, will break up in the presence of substitutional S .ompjlexes dissociating in the presence of single B atoms,
atoms forming either S-H, pairs(energy gain of 1.57 €V torming B-H pairs. This explains why the SIMS profile of

g?ei'kkﬁ V\i”r:r;hae g?érs]eﬁcé.g?si\lgétﬁﬁgr?gl]%lefxoeriq m'" t\%?)os- ydrogen in deuterated heavily B-doped diamond follows the
airs wiF':h an eFr)1er in of 0.08 eV. H ' dg dil rofile of boron very closely throughout the sample
p gy gain of 0.08 eV. Hence under condige .25 26

tions of limited hydrogen availability{H]<[S]) S-H pairs

would form in preference to S-Hor Hz* complexes. With Vge haye s_hcawn that tr(;ebrecentljy Obzir\éfﬁ shl';lkﬁﬂlwpe

higher H concentration§H] <[S]), H,” will break up in the conductivity In deuterated boron—doped fifms unlikely to
L2 originate at B-H complexes, first because these complexes

presence of S-H pairs, forming S;ldomplexes with an en- ; e
ergy gain of 1.41 eV. Hence S.He the most stable form of would dissociate into B-H and H defects _and sec_:ond because
there are no shallow donor levels associated with them. An-

H in S-doped diamond with an excess of hydrogen, while ' )

S-H is the most stable in S-doped diamond with limited hy_other suggestion thafc the shallow donor is a metastabl_e state

drogen availability. of t_he BH compleR® is not sypported by these calcula}uons,
We predict that diffusion of hydrogen intype S-doped which indicate that all conceivable B-H complexes which we

diamond will occur in the less mobile negative charge state¢onsidered are unstable, or have an inaccessibly high energy,

similar to the case ip-type diamond. However, since,His ~ With respect to the equilibrium B-H complex. There is at

not nucleated in S-doped diamond, we expect that the diffuPresent no model for the shallow donor.

sion would be governed by the trapping and detrapping of

hydrogen by the sulfur. Both S-H and SrEbmplexes would

be formed, and a dynamic equilibrium between the com- ACKNOWLEDGMENTS
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