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Phosphorus and sulphur doping of diamond
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Previous calculations ontype 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-typed
characteristicy.
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Diamond can b@-type doped by boron acceptdrbutits  ising n-type dopants in diamorft?**Koizumi et al* unam-
n-type doping, via donors such as phosphorus or sulphur, isiguously observed-type features of P-doped diamond dur-
very difficult>=> In general, three factors tend to limit dop- ing, chemical vapor deposition(CVD) homoepitaxial
ing: (i) Insufficient solubility: the impurity solubilityN, growth. For S, experimental results are controversial.
=Nge 2"/KT is controlled by the formation enthalpy S-doped diamond was shown in Ref. 5 to téype; how-
AH{(u,ef) of the dopant of charge q at the Fermi energyever, later reexamination by Kalisét aI.lf3 showed these
er and chemical potentigl. Large positiveAH{?(u,e)  Samples to be-type. Nishitani-Gamet al™ also observed
implies limited solubility. (i) Energetically too deep level: N-tyPe properties of 1SS-doped homoepitaxi@Dl) diamond,

i.e., the energy(q/q’) of the impurity electrical transition \évhdereacsj (ée/rgdd@t al: dCOU|d notfobserve a donor state f(21r79
level is too distant from the host-crystal valence-band maxi->" \(;peb th |an|10n ' chzpt or angg'c\:/leptorr].s:]ate at
mum [for (0/—) acceptor§ or from the conduction-band meV above e vaience-ban maximu ) which may
minimum [for (0/+) donord. (i) Charge compensation: be related to complex formation due to the presence of S. On
minimum (7o - i 9 P 0N the theoretical side, first-principles calculations of formation
i.e., the ability of the host crystal to spontaneously creat

intrinsic def h he i ionallv i nthalpies and donor levels for P and S in diamond have
intrinsic defects that compensate the intentionally introduced . 4.,ced conflicting results: whereas some aufiry

carriers. . . _ showed that sulphur has a shallow donor level, other
Factors(i) and(ii) can sometimes be circumvented by the g,thord819 predicted a deep level. Theoretical results do not
choice of different dopant impurities, or by changing growthagree with each other on whether P or S has a higher bulk
conditions which can alteAH;: a large bulkAH; may be  solubility as well®*® These conflicting resultéoth theoret-
reduced either via coherent epitaxial grovtbr surface ical and experimentalraise a question about what are the
reconstructior. Indeed, “epitaxy-enhanced solubility” cor- basic chemical trends at play for dopants in semiconductors,
responds to the reduction dfH; via an epitaxial destabili- such as P and S in diamond.
zation of the strained constituents on the growing surface, In the present paper, we have carefully recalculated the
whereas “surface enhanced solubility” corresponds to thdormation energies and transition energies of isolated P and S
reduction of AH; via the bonding constrained imposed by (as well as B, for comparisgrin diamond using the first-
surface dimeré.In contrast to factorsi) and (ii) that may  principles supercell method. We find that P is both shallower
sometimes be engineered deliberately, fadiioy is the ulti-  and more bulk soluble than S in diamond. We show that this
mate factor limiting dopability, as it reflects the response ofis consistent with P having a weaker pseudopotential than S,
the host crystal itself to the sheer existence of free-carriersand with the fact that its wave function is more extended. We
For most IlI-V semiconductors one can identify soluble find that previous calculations either used inconsistent ex-
and shallow-level dopants, so the ultimate bottleneck fopressions forAH; and e(q/q’), or were insufficiently con-
achieving a high carrier density in these semiconductors igerged(e.g., used an incompletely relaxed atomic geometry,
factor (iii), i.e., the spontaneous formation of electron-or only a singlek point). Our calculated bulk formation en-
compensating cation vacancies®X center$ In contrast, it~ ergy of P is still very high(6.65 eV}, implying a very low
appears that the-type dopability of diamond is still limited equilibrium solubility of P in bulk diamond. We then explore
by factors(i) and (i), namely, the solubility and ionizability the possibility of epitaxially enhanced solubilftyfinding
of the donors used to date. For example, dopants, whicthat the formation enthalpy of P in a biaxially expanded dia-
sizewise can fit into the tight diamond lattice, have deepmond film(tensile strainbecomes lower, and the donor level
levels. This is the case of NQ 2*%and CI*° whereas Fis an becomes shallower relative to the bulk case. Thus epitaxial
acceptor in diamond: Li and Na have been predictédo be  pseudomorphic diamond films would enhance the solubility
shallow donors in diamond when occupying interstitial sites;of P. In order to clarify why it has proven difficult to obtain
however, experimentsfailed to obtainn-type diamond by n-type conductivity in P-doped diamond, we investigate the
doping Li and Na. It appears that P and S are the most proneffects of inadvertent impurities, i.e., H and its P-H complex
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in diamond. As in Ref. 20, we find that H passivates both
and p-type conductivities, i.e., H eliminates free electrons
when the material is-type and free holes when the material
is p-type, and has a very deep donor level.{3.29 eV).
Interestingly, our results indicate that the P-H complex is
very stable(i.e., has a large binding enengwith respect to
dissociation into isolated impurities. We thus propose that to -4

obtain n-type diamond via heavy doping by P one needs to 8 T Y TSY

eliminate the impurity H which attaches itself to P and pas- P o

sivates the donor action. 6 O/
We calculate the formation energy for a reaction in which P

P or S, with chemical potentigk, replaces a carbon atom ar 1

(which then joins the surface of the samplereating an

impurity center with charge, in equilibrium with the elec-
tron reservoir of energyr and the chemical reservoir with
potential . The dopant chemical potential has to meet
< u(solid), or else the dopant will precipitate as a pure solid
phase. Hereu(solid) is the total energy of a solid made of

- -k
N B

Formation enthalpy (eV/defect)
H )

the elemental dopant, e.g., orthorhombic P or S. The forma- 81
tion enthalpy is given by 61
4
AH{"D(u €)= AH{O() — qe(Oa) + qe . (1) 6F
Here AH{*9(u) is the formation enthalpy of the neutral 5t
(q=0) defect anc:(0/q) is the transition energy level in the 4T
gap. Both quantities are calculated from the total energy, not 3t ~ ]
just from band eigenvalues. The formation energy of a neu- 2L 47 o (0/
tral defect, 1 . . : '
0 1 2 3
VBM . CBM
AH@O=[ EngO)— Epure] 2 N, i ) Fermi energy E_ (eV)
i

FIG. 1. Formation energies of substitutional P, S, B, and inter-
is calculated from the difference in total energy of a supercelktitial H in diamond bulk as a function of the Fermi energy. For P,
containing defectr and a supercell of the pure host material, S, or B we takeu = u(solid), i.e., in equilibrium with the elemental
corrected by the chemical potential term due to the transfegolid. For H it is in equilibrium with free H atom. Solid dots denote
of atoms from the defect supercell to the chemical reservoiitransition energy levels.
The “defect transition leve&(0/q)” denotes the value of the )
Fermi energy where the defect changes from being chargélax until the force on atoms are smaller than 0.05 eV/A.
neutral to having a chargg We believe that it is the transi- Charge neutrality is affected in the calculation by placing the
tion energy, rather than the eigenvalue, that should be conf@lance of charge in a uniform jellium background. We cor-

pared with the experimental activation energy of the carrier’®Ct the total energy for the leading error of the Makov-
It is calculated as Payne schenfé in a charged system due to the use of a

limited supercell size and periodic boundary conditions.
1 With these parameters, the total-energy difference converges
E(O/q):_a[Eggt’q)_E%fO)_"qEVBM]' (3 to ~0.01 eV per defect. For diamond we obtain a lattice
constant of 3.57 A and a bulk modulus of 4.26 Mbar, com-
using the difference in total energy of a supercell containingpared with experimental values of 3.57 A and 4.42 Mbar.
the defecta in charge statey, and the supercell with the The calculated indirect band gap of 4.2 eV is underestimated
neutral defect, corrected for charge neutrality by the ternrelative to experimen(.5 eV). After we converge the results
gEvgm, WhereEy gy is the zero of the Fermi level at the to self-consistency for the pure host supercell with the 4
valence band maximum. X 4x 4 grid ofk points,Ey gy is evaluated at th€ point. In
The total energieg,, are calculated by pseudopotential the present work, we do not attempt to correct the band gap
plane-wave methotl. We employ the generalized gradient because the depth of donor and acceptor levels stays nearly
approximation for the exchange-correlation poterfiaflhe  same before and after the correctfdn.
Vanderbilt ultrasoft pseudopotenti&lsare used to represent Figures 1a)—1(c) shows our calculatedH:(eg,u) as a
the interaction of the core and valence electrons for thesfunction of e at = u(solid) for B, P and S in diamond. The
atoms. A 4x 4 4 Monkhorst-Pack gritf of wave vectors in  crossing points for charge stajeandq’ provides the transi-
the Brillouin zone of a 64-atom supercell and the plane-waveion energies(q/q’) denoted in Fig. 1 by solid dots. Table |
basis cutoff energy of 25.7 Ry are used in our calculationssummarizes the values. We see that:
Both host and dopant atoms in the supercell are allowed to (i) Atomic configurationsAssumingTy Symmetry at first,
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TABLE |. Calculated formation energidgV/defeci and defect
transition levelgeV) of B, P, and S in diamond.
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FIG. 2. Plot of the wave-function square for the dopant-induced
the neutral will have an electronic configuration ¢4 (i.e.,  gap state of phosphorus and sulphur in diamond projected on the
the threefold-degeneratg orbitals are occupied by two elec- (001) diamond plane.
tronsg. This could lead to symmetry lowering because of the
Jahn-Teller distortion. By using initially random atomic dis-
placements and letting the system evolve away fignsym- et al!® Our resultAH;=6.65 eV for neutral P is lower than
metry we indeed find that s, symmetry has lower energy by the value 10.4 eV obtained by Kajihagaal 2 This may also
0.22 eV, with a longer C-S bond at 1.96 A and the threepe attributed to an incomplete relaxation of atomic positions
shorter C-S bonds at 1.68 A. Fof Rnd S, the atomic in their calculation. If we do not relax the atomic position in
configuration can also hav@;, symmetry since the, orbit-  our calculation, we obtain a formation enthalpy of 9.24 eV,
als are occupied by one electron. However, we find that thevhich is closer to the value 10.4 eV of Kajihazaal12[The
atomic configuration ha$, symmetry. For P and $*, we remaining difference may be due to technical differences,
find that the atomic configuration hasTg symmetry, as such as k-pointgin their calculations only d k point is
expected from the zero occupation of therbitals. The four  used, whereas we employ a much filkevector mesh and
C-P bonds have lengths of 1.70 and 1.69 A f8raRd P',  type of potentiald. The formation enthalpies for both neutral
respectively. In both S and $* cases the C-S bonds have P and S are in good agreement with the results obtained by
the same length of 1.70 A. Miyazaki et al

(i) Comparison of levels with experiment and other cal- (v) Tensile epitaxial strain can enhance the P soluhility
culations Our calculated acceptor level of bora{0/—) We have recalculatedH; and e(0/q) by assuming that dia-
=E,+0.39 eV is in excellent agreement with the experi-mond is coherently matched in the in-pla®@2) direction to
mental valué’ (E,+0.37 eV). The calculated donor level of a substrate with larger lattice constarat) than diamond
phosphorug(0/+)=E.—0.37 eV is close to the lower limit (ag). The strain in the perpendicular direction was relaxed.
of the experimental value which is betwe&—0.4 and Our results indicate that the formation enthalpy of P is re-
E.—0.6 eV# Our calculated result is in good agreementduced from the bulk value of 6.65 eV to 4.74 and 2.89 eV for
with the valueE.—0.4 eV of Saadat al.’ but deeper than biaxially strained diamond films with the tensile strairs (
the value E.—0.2 eV predicted by Kajiharat all? and —ag)/a, of 4% and 8%, respectively. Thus, using tensile
Gheeraeret all’ The difference between our result and the epitaxial diamond films may achieve a very high solubility of
value predicted by Kajiharat al'? and by Gheeraegt al}”  P. A very recent paper also indicated a large enhancement of
may be attributed to the incomplete lattice relaxation ofboron solubility in silicon due to biaxial streéSUnder ten-
atomic positions in their calculations. Indeed, our unrelaxedile epitaxial strain, both the in-plane C-C and C-P bond
calculation gives a donor level.—0.26 eV for P which isin  distances increase, leading to a lowering of the energy of the
better agreement with the results by Kajihagall? and  host (antibonding conduction band maximuriCBM) and
Gheeraeret all’ the donor level. However, the host diamond CBM is lowered

(iii) Chemical trendsThe calculated P donor leveE{  more than the donor level, leading to a slightly shallower
—0.37 eV) is shallower than the S donor leveE ( donor level in the epitaxial system.

—0.77 eV). The donor level we obtain for S is deeper than (vi) Hydrogen passivates phosphorus doping in diamond
those obtained by Saad# al® and by Zhouet al,*® but is ~ Both natural diamonds and those grown by chemical vapor
shallower than those by Katayama-Yoshielaal’® and by  deposition contain hydrogen. We investigate the effect of H
Miyazaki et al!® This reflects the fact that the P ionic on the carrier density in diamond. In agreement with Ref. 20
pseudopotential is weaker than that ofsee Fig. 3 in Ref. we find that the bond-centered site is the most stable site for
28). In Fig. 2, we plot the wave-function square for the stateisolated H with chargeg=0 and— 1, and a site close to the

in the gap induced by dopant P or S. We see clearly that thbond-center fog= +. Figure 1d) shows the dependence of
S-induced gap state is more localized than the one inducetthie formation energy of H witlgq=—1, 0, and+1 on the

by P. Therefore, our theoretical prediction that P has a shalermi energy in equilibrium with free H atom. When the
lower donor level than S is consistent with the weaker ionicFermi energy is in the upper part of the gap, the acceptor H
pseudopotential of P and the more extended wave function aé stable, which means hydrogen is an electron killer in
the P-induced gap state. n-type diamond. Similarly, wher is in the lower part of

(iv) Defect formation energied® has a lower formation the gap, the donor His stable, which means hydrogen is a
enthalpy than S, in agreement with the findings of Miyazakihole killer in p-type diamond. When the Fermi level is
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around midgap, Plis stable® If we dope diamond with P, tion in P-doped diamond is even more crucial in order to
hydrogen tends to combine with P at the antibonding site@btainn-type conductivity.

(see Ref. 19forming P-H complexes. The calculated bind-  In conclusion, we have investigated by first-principles cal-
ing energies of the neutral P-H complex in diamond are 2.4%ulations P and S as donors in diamond. Our results indicate
eV with respect to neutral H and P, and 1.85 eV with respecthat P is more soluble in bulk diamond and has a shallower
to P* and H. Our binding energy results are reasonabledonor level, which is consistent with a weaker strength of P
agreement with other theoretical values of 2.56(8¢f. 19  ionic pseudopotential. We suggested a biaxially expanded
and 3.1 eV(Ref. 20 for dissociation into neutral compo- epitaxial diamond film can enhance the solubility of P and
nents, and are larger than the value of 1.0(&éf. 20 for ~ may result in a good-type conductivity. However, we show
dissociation into charged components. The calculated (Ghat controlling H concentration in P-doped diamond is cru-

+) transition energy of the P-H complex .—3.29 eV,  ja| in obtaining n-type conductivity because H tends to
which is very deep and does not contribute to CO”dUC“V'tycompensate and passivate P as a donor.

Our result is consistent witE.— 3.0 eV in Ref. 20. Previous

work?*3!also indicated that H combining with 8-H com- The authors thank Getin Kili for helpful discussions. A. Z.
plexes results in B losing effect as an acceptor. This explainghanks R. Kalish for pointing out to him the problem of
why n-type conductivity cannot be obtained for H-containing sulphur in diamond. This work was supported by U. S. DOE,
diamond samples doped with phosphorus. Because of a relaffice of Science, DMS, Condensed-Matter Physics, under
tively low bulk solubility of P controlling the H concentra- Contract No. DE-AC36-98-GO10337.
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