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Phosphorus and sulphur doping of diamond
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~Received 9 May 2002; published 16 October 2002!

Previous calculations onn-type doping of diamond by P and S predicted that S has a shallower level and a
higher solubility than P. Our first-principles calculations show that the opposite is true: Phosphorus impurity in
diamond gives rise to a shallower donor level, and has a higher bulk solid solubility than sulphur. This agrees
with the trends expected from the strength of the atomic pseudopotentials. We predict that coherent epitaxial
expansion would substantially increase the solubility of P, and that complex formation of P with H is exother-
mic, also leading to passivation of the P donor action; removal of H then is needed to achieve goodn-type
characteristicy.
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Diamond can bep-type doped by boron acceptors,1 but its
n-type doping, via donors such as phosphorus or sulphu
very difficult.2–5 In general, three factors tend to limit dop
ing: ~i! Insufficient solubility: the impurity solubilityNI

5N0e2DH f /kT, is controlled by the formation enthalp
DH f

(q)(m,eF) of the dopant of charge q at the Fermi ener
eF and chemical potentialm. Large positiveDH f

(q)(m,eF)
implies limited solubility. ~ii ! Energetically too deep level
i.e., the energye(q/q8) of the impurity electrical transition
level is too distant from the host-crystal valence-band ma
mum @for (0/2) acceptors#, or from the conduction-band
minimum @for (0/1) donors#. ~iii ! Charge compensation
i.e., the ability of the host crystal to spontaneously cre
intrinsic defects that compensate the intentionally introdu
carriers.

Factors~i! and~ii ! can sometimes be circumvented by t
choice of different dopant impurities, or by changing grow
conditions which can alterDH f : a large bulkDH f may be
reduced either via coherent epitaxial growth6 or surface
reconstruction.7 Indeed, ‘‘epitaxy-enhanced solubility’’ cor
responds to the reduction ofDH f via an epitaxial destabili-
zation of the strained constituents on the growing surfa6

whereas ‘‘surface enhanced solubility’’ corresponds to
reduction ofDH f via the bonding constrained imposed b
surface dimers.7 In contrast to factors~i! and ~ii ! that may
sometimes be engineered deliberately, factor~iii ! is the ulti-
mate factor limiting dopability, as it reflects the response
the host crystal itself to the sheer existence of free-carrie

For most III-V semiconductors one can identify solub
and shallow-level dopants, so the ultimate bottleneck
achieving a high carrier density in these semiconductor
factor ~iii !, i.e., the spontaneous formation of electro
compensating cation vacancies orDX centers.8 In contrast, it
appears that then-type dopability of diamond is still limited
by factors~i! and~ii !, namely, the solubility and ionizability
of the donors used to date. For example, dopants, wh
sizewise can fit into the tight diamond lattice, have de
levels. This is the case of N,9 O,9,10 and Cl,10 whereas F is an
acceptor in diamond.11 Li and Na have been predicted12 to be
shallow donors in diamond when occupying interstitial sit
however, experiments3 failed to obtainn-type diamond by
doping Li and Na. It appears that P and S are the most pr
0163-1829/2002/66~16!/161202~4!/$20.00 66 1612
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ising n-type dopants in diamond.4,5,13 Koizumi et al.4 unam-
biguously observedn-type features of P-doped diamond du
ing, chemical vapor deposition~CVD! homoepitaxial
growth. For S, experimental results are controvers
S-doped diamond was shown in Ref. 5 to ben-type; how-
ever, later reexamination by Kalishet al.14 showed these
samples to bep-type. Nishitani-Gamoet al.13 also observed
n-type properties of S-doped homoepitaxial~001! diamond,
whereas Garridoet al.15 could not observe a donor state fo
S-doped CVD diamond, except for an acceptor state at
meV above the valence-band maximum~VBM ! which may
be related to complex formation due to the presence of S.
the theoretical side, first-principles calculations of formati
enthalpies and donor levels for P and S in diamond h
produced conflicting results: whereas some authors9,16,17

showed that sulphur has a shallow donor level, ot
authors18,19 predicted a deep level. Theoretical results do n
agree with each other on whether P or S has a higher b
solubility as well.9,18 These conflicting results~both theoret-
ical and experimental! raise a question about what are th
basic chemical trends at play for dopants in semiconduct
such as P and S in diamond.

In the present paper, we have carefully recalculated
formation energies and transition energies of isolated P an
~as well as B, for comparison! in diamond using the first-
principles supercell method. We find that P is both shallow
and more bulk soluble than S in diamond. We show that t
is consistent with P having a weaker pseudopotential tha
and with the fact that its wave function is more extended.
find that previous calculations either used inconsistent
pressions forDH f and e(q/q8), or were insufficiently con-
verged~e.g., used an incompletely relaxed atomic geome
or only a singlek point!. Our calculated bulk formation en
ergy of P is still very high~6.65 eV!, implying a very low
equilibrium solubility of P in bulk diamond. We then explor
the possibility of epitaxially enhanced solubility,6 finding
that the formation enthalpy of P in a biaxially expanded d
mond film~tensile strain! becomes lower, and the donor lev
becomes shallower relative to the bulk case. Thus epita
pseudomorphic diamond films would enhance the solubi
of P. In order to clarify why it has proven difficult to obtai
n-type conductivity in P-doped diamond, we investigate t
effects of inadvertent impurities, i.e., H and its P-H compl
©2002 The American Physical Society02-1
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in diamond. As in Ref. 20, we find that H passivates bothn-
and p-type conductivities, i.e., H eliminates free electro
when the material isn-type and free holes when the mater
is p-type, and has a very deep donor level (Ec23.29 eV).
Interestingly, our results indicate that the P-H complex
very stable~i.e., has a large binding energy! with respect to
dissociation into isolated impurities. We thus propose tha
obtain n-type diamond via heavy doping by P one needs
eliminate the impurity H which attaches itself to P and p
sivates the donor action.

We calculate the formation energy for a reaction in wh
P or S, with chemical potentialm, replaces a carbon atom
~which then joins the surface of the sample!, creating an
impurity center with chargeq, in equilibrium with the elec-
tron reservoir of energyeF and the chemical reservoir wit
potential m. The dopant chemical potential has to meetm
<m~solid!, or else the dopant will precipitate as a pure so
phase. Herem~solid! is the total energy of a solid made o
the elemental dopant, e.g., orthorhombic P or S. The for
tion enthalpy is given by

DH f
(a,q)~m,eF!5DH f

(a,0)~m!2qe~0/q!1qeF . ~1!

Here DH f
(a,0)(m) is the formation enthalpy of the neutra

(q50) defect ande(0/q) is the transition energy level in th
gap. Both quantities are calculated from the total energy,
just from band eigenvalues. The formation energy of a n
tral defect,

DH (a,0)5@Etot
(a,0)2Etot

pure#2(
i

Nim i , ~2!

is calculated from the difference in total energy of a super
containing defecta and a supercell of the pure host materi
corrected by the chemical potential term due to the tran
of atoms from the defect supercell to the chemical reserv
The ‘‘defect transition levele(0/q)’’ denotes the value of the
Fermi energy where the defect changes from being cha
neutral to having a chargeq. We believe that it is the transi
tion energy, rather than the eigenvalue, that should be c
pared with the experimental activation energy of the carr
It is calculated as

e~0/q!52
1

q
@Etot

(a,q)2Etot
(a,0)1qEVBM#, ~3!

using the difference in total energy of a supercell contain
the defecta in charge stateq, and the supercell with the
neutral defect, corrected for charge neutrality by the te
qEVBM , whereEVBM is the zero of the Fermi level at th
valence band maximum.

The total energiesEtot are calculated by pseudopotenti
plane-wave method.21 We employ the generalized gradie
approximation for the exchange-correlation potential.22 The
Vanderbilt ultrasoft pseudopotentials23 are used to represen
the interaction of the core and valence electrons for th
atoms. A 43434 Monkhorst-Pack grid24 of wave vectors in
the Brillouin zone of a 64-atom supercell and the plane-w
basis cutoff energy of 25.7 Ry are used in our calculatio
Both host and dopant atoms in the supercell are allowe
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relax until the force on atoms are smaller than 0.05 eV
Charge neutrality is affected in the calculation by placing
balance of charge in a uniform jellium background. We c
rect the total energy for the leading error of the Mako
Payne scheme25 in a charged system due to the use of
limited supercell size and periodic boundary condition
With these parameters, the total-energy difference conve
to ;0.01 eV per defect. For diamond we obtain a latti
constant of 3.57 Å and a bulk modulus of 4.26 Mbar, co
pared with experimental values of 3.57 Å and 4.42 Mb
The calculated indirect band gap of 4.2 eV is underestima
relative to experiment~5.5 eV!. After we converge the result
to self-consistency for the pure host supercell with the
3434 grid of k points,EVBM is evaluated at theG point. In
the present work, we do not attempt to correct the band
because the depth of donor and acceptor levels stays n
same before and after the correction.26

Figures 1~a!–1~c! shows our calculatedDH f(eF ,m) as a
function ofeF at m5m~solid! for B, P and S in diamond. The
crossing points for charge stateq andq8 provides the transi-
tion energiese(q/q8) denoted in Fig. 1 by solid dots. Table
summarizes the values. We see that:

~i! Atomic configurations: AssumingTd symmetry at first,

FIG. 1. Formation energies of substitutional P, S, B, and in
stitial H in diamond bulk as a function of the Fermi energy. For
S, or B we takem5m~solid!, i.e., in equilibrium with the elementa
solid. For H it is in equilibrium with free H atom. Solid dots deno
transition energy levels.
2-2
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the neutral S0 will have an electronic configuration oft2
2 ~i.e.,

the threefold-degeneratet2 orbitals are occupied by two elec
trons!. This could lead to symmetry lowering because of t
Jahn-Teller distortion. By using initially random atomic di
placements and letting the system evolve away fromTd sym-
metry we indeed find thatC3v symmetry has lower energy b
0.22 eV, with a longer C-S bond at 1.96 Å and the thr
shorter C-S bonds at 1.68 Å. For P0 and S1, the atomic
configuration can also haveC3v symmetry since thet2 orbit-
als are occupied by one electron. However, we find that
atomic configuration hasTd symmetry. For P1 and S21, we
find that the atomic configuration has aTd symmetry, as
expected from the zero occupation of thet2 orbitals. The four
C-P bonds have lengths of 1.70 and 1.69 Å for P0 and P1,
respectively. In both S1 and S21 cases the C-S bonds hav
the same length of 1.70 Å.

~ii ! Comparison of levels with experiment and other c
culations: Our calculated acceptor level of borone(0/2)
5Ev10.39 eV is in excellent agreement with the expe
mental value27 (Ev10.37 eV). The calculated donor level o
phosphoruse(0/1)5Ec20.37 eV is close to the lower limi
of the experimental value which is betweenEc20.4 and
Ec20.6 eV.4 Our calculated result is in good agreeme
with the valueEc20.4 eV of Saadaet al.,9 but deeper than
the value Ec20.2 eV predicted by Kajiharaet al.12 and
Gheeraertet al.17 The difference between our result and t
value predicted by Kajiharaet al.12 and by Gheeraertet al.17

may be attributed to the incomplete lattice relaxation
atomic positions in their calculations. Indeed, our unrelax
calculation gives a donor levelEc20.26 eV for P which is in
better agreement with the results by Kajiharaet al.12 and
Gheeraertet al.17

~iii ! Chemical trends: The calculated P donor level (Ec
20.37 eV) is shallower than the S donor level (Ec
20.77 eV). The donor level we obtain for S is deeper th
those obtained by Saadaet al.9 and by Zhouet al.,16 but is
shallower than those by Katayama-Yoshidaet al.19 and by
Miyazaki et al.18 This reflects the fact that the P ion
pseudopotential is weaker than that of S~see Fig. 3 in Ref.
28!. In Fig. 2, we plot the wave-function square for the sta
in the gap induced by dopant P or S. We see clearly that
S-induced gap state is more localized than the one indu
by P. Therefore, our theoretical prediction that P has a s
lower donor level than S is consistent with the weaker io
pseudopotential of P and the more extended wave functio
the P-induced gap state.

~iv! Defect formation energies: P has a lower formation
enthalpy than S, in agreement with the findings of Miyaz

TABLE I. Calculated formation energies~eV/defect! and defect
transition levels~eV! of B, P, and S in diamond.

B P S

(0/1) - Ec20.37 Ec20.77
(1/11) - - Ec22.22
(0/2) Ev10.39 - -
DH f 1.13 6.65 10.67
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et al.18 Our resultDH f56.65 eV for neutral P is lower than
the value 10.4 eV obtained by Kajiharaet al.12 This may also
be attributed to an incomplete relaxation of atomic positio
in their calculation. If we do not relax the atomic position
our calculation, we obtain a formation enthalpy of 9.24 e
which is closer to the value 10.4 eV of Kajiharaet al.12 @The
remaining difference may be due to technical differenc
such as k-points~in their calculations only aG k point is
used, whereas we employ a much finerk vector mesh! and
type of potentials.# The formation enthalpies for both neutra
P and S are in good agreement with the results obtained
Miyazaki et al.18

~v! Tensile epitaxial strain can enhance the P solubilit:
We have recalculatedDH f ande(0/q) by assuming that dia-
mond is coherently matched in the in-plane~001! direction to
a substrate with larger lattice constant (as) than diamond
(a0). The strain in the perpendicular direction was relaxe
Our results indicate that the formation enthalpy of P is
duced from the bulk value of 6.65 eV to 4.74 and 2.89 eV
biaxially strained diamond films with the tensile strains (as
2a0)/a0 of 4% and 8%, respectively. Thus, using tens
epitaxial diamond films may achieve a very high solubility
P. A very recent paper also indicated a large enhancemen
boron solubility in silicon due to biaxial stress.29 Under ten-
sile epitaxial strain, both the in-plane C-C and C-P bo
distances increase, leading to a lowering of the energy of
host ~antibonding! conduction band maximum~CBM! and
the donor level. However, the host diamond CBM is lower
more than the donor level, leading to a slightly shallow
donor level in the epitaxial system.

~vi! Hydrogen passivates phosphorus doping in diamo:
Both natural diamonds and those grown by chemical va
deposition contain hydrogen. We investigate the effect of
on the carrier density in diamond. In agreement with Ref.
we find that the bond-centered site is the most stable site
isolated H with chargesq50 and21, and a site close to the
bond-center forq51. Figure 1~d! shows the dependence o
the formation energy of H withq521, 0, and11 on the
Fermi energy in equilibrium with free H atom. When th
Fermi energy is in the upper part of the gap, the acceptor2

is stable, which means hydrogen is an electron killer
n-type diamond. Similarly, wheneF is in the lower part of
the gap, the donor H1 is stable, which means hydrogen is
hole killer in p-type diamond. When the Fermi level i

FIG. 2. Plot of the wave-function square for the dopant-induc
gap state of phosphorus and sulphur in diamond projected on
~001! diamond plane.
2-3
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around midgap, H0 is stable.30 If we dope diamond with P,
hydrogen tends to combine with P at the antibonding
~see Ref. 19! forming P-H complexes. The calculated bin
ing energies of the neutral P-H complex in diamond are 2
eV with respect to neutral H and P, and 1.85 eV with resp
to P1 and H2. Our binding energy results are reasona
agreement with other theoretical values of 2.56 eV~Ref. 19!
and 3.1 eV~Ref. 20! for dissociation into neutral compo
nents, and are larger than the value of 1.0 eV~Ref. 20! for
dissociation into charged components. The calculated
1) transition energy of the P-H complex isEc23.29 eV,
which is very deep and does not contribute to conductiv
Our result is consistent withEc23.0 eV in Ref. 20. Previous
work20,31also indicated that H combining with B~B-H com-
plexes! results in B losing effect as an acceptor. This expla
why n-type conductivity cannot be obtained for H-containi
diamond samples doped with phosphorus. Because of a
tively low bulk solubility of P controlling the H concentra
-

ev

pl

at
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tion in P-doped diamond is even more crucial in order
obtainn-type conductivity.

In conclusion, we have investigated by first-principles c
culations P and S as donors in diamond. Our results indic
that P is more soluble in bulk diamond and has a shallo
donor level, which is consistent with a weaker strength o
ionic pseudopotential. We suggested a biaxially expan
epitaxial diamond film can enhance the solubility of P a
may result in a goodn-type conductivity. However, we show
that controlling H concentration in P-doped diamond is c
cial in obtaining n-type conductivity because H tends
compensate and passivate P as a donor.

The authors thank Getin Kili for helpful discussions. A.
thanks R. Kalish for pointing out to him the problem o
sulphur in diamond. This work was supported by U. S. DO
office of Science, DMS, Condensed-Matter Physics, un
Contract No. DE-AC36-98-GO10337.
ita,

at

-
su-
1S. Yamanakaet al., Jpn. J. Appl. Phys.37, L1129 ~1998!.
2R. Kalish, Diamond Relat. Mater.10, 1749~2001!.
3G. Popovici and M.A. Prelas, Diamond Relat. Mater.4, 1305

~1995!.
4S. Koizumi et al., Appl. Phys. Lett.71, 1065 ~1997!; Diamond

Relat. Mater.7, 540 ~1998!.
5I. Sakaguchiet al., Phys. Rev. B60, R2139~1999!.
6D.M. Wood and A. Zunger, Phys. Rev. Lett.61, 1501 ~1988!;

Phys. Rev. B40, 4062 ~1989!; A. Zunger and D.M. Wood, J.
Cryst. Growth98, 1 ~1989!.

7S.B. Zhang and A. Zunger, Appl. Phys. Lett.71, 677 ~1997!.
8S.B. Zhang, S.H. Wei, and A. Zunger, Phys. Rev. Lett.84, 1232

~2000!.
9D. Saada, J. Adler, and R. Kalish, Appl. Phys. Lett.77, 878

~2000!.
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