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Abstract

Electronic structure of B-doped diamond is studied based on first-principles cal-
culations with supercell models for substitutional and interstitial doping at 1.5-3.1
at.% B concentrations. Substitutional doping induces holes around the valence-band
maximum in a rigid-band fashion. The nearest neighbor C site to B shows a large
energy shift of 1s core state, which may explain reasonably experimental features
in recent photoemission and x-ray absorption spectra. Doping at interstitial T site

is found to be unstable compared with that at the substitutional site.
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1 Introduction

Since the discovery of superconductivity in heavily boron doped diamond [1,2],

a lot of arguments about its mechanism have been made intensively. One of the
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main issues is the B concentration. It is well known that insulator-metal limit
is approximately 0.1 at.% of B doping in diamond. All the superconducting
samples are in a metallic regime. Bustarret has discussed B-concentration
dependence of the superconducting critical temperature (7¢.) [3]. Some Hall
measurements [4] have been reported in this context. Another important issue
is B-doping site, namely substitutional, interstitial or other sites. The observed
orientation dependence of T, in the film samples [5] could be related to the

B-doping site.

In theoretical works, the key issue is the electronic nature where the supercon-
ductivity takes place, band or impurity states. Several band-theoretical studies
have shown moderately strong electron-phonon interaction and similarity to
MgBs, [6-9]. Hole states around the valence-band maximum (VBM) intro-
duced by B doping are strongly coupled with optical bond-stretching modes,
assuming B doping at the substitutional site. On the other hand, Baskaran

has claimed importance of electron correlation in an impurity band [10,11].

Concerning the electronic structure of B-doped diamond, several experimen-
tal measurements have been reported recently. Yokoya et al. have reported
soft x-ray angle-resolved photoemission spectroscopy (SXARPES) data and
concluded that B doping is basically hole doping into host diamond in a rigid-
band manner [12]. Additionally important point here is that estimated hole
concentration in the band seems to be slightly smaller than values obtained
by secondary ion mass spectroscopy (SIMS). This implies that some sort of
charge compensation takes place. They have also observed C 1s hard x-ray
photoemission spectroscopy (HXPES) spectra for undoped and doped sam-
ples [13]. He has found that the heavily doped sample shows asymmetric peak

and lower-binding feature simultaneously. Nakamura et al. have measured x-



ray emission spectroscopy (XES) and x-ray absorption spectroscopy (XAS) at
B and C K-edges [14,15]. B K-edge XES shows hole-doping feature similar
to Yokoya’s SXARPES. B K-edge XAS reveals in-gap states in addition to
the hole states. The in-gap states are prominent in a heavily doped supercon-
ducting sample. In C K-edge XAS spectra, there are two structures, "H” and
"17, around the VBM. The "H” state depends strongly on doping concentra-
tion while the "I” state has less dependence in magnitude and its width is

broadened with concentration.

In the present study, by using first-principles approach, we investigate the
electronic structure of diamond with B doped at substitutional and interstitial

sites for a consistent interpretation of experimental data mentioned above such

as SXARPES, XES and XAS at B and C K-edges and C 1s HXPES.

2 Methods and models

Our calculations are based on the density functional theory with highly-precise
all-electron full-potential linear-augmented-plane-wave method. Exchange and
correlation are treated within the local density approximation (LDA) [16] or
generalized gradient approximation (GGA). [17] For the present system, LDA
and GGA give almost identical electronic band structure and only LDA results
are shown below. We adopt several kinds of supercell models C3;B (3.1 at.%
B) and Cg3B (1.6 at.% B) for substitutional-site doping and C3,B (3.0 at.% B)
and CgyB (1.5 at.% B) for tetrahedral (7,) interstitial-site doping. We perform
structural optimization with keeping symmetry at the experimental volume

(the corresponding lattice constant of host diamond a = 3.56A).



3 Results and discussions

Let us first discuss results of the substitutionally doped case. Bond distance
between B and the nearest neighbor C (called C1) is slightly elongated by
0.02A and the other relaxation is negligibly small for both supercell models
Cs1B (3.1at.% B) and Cg3B (1.6 at.% B) . Figure 1 shows the partial density
of states projected on the s and p orbitals at each site, B, the first to fifth
neighbor C sites (C1-C5) for Cg3B model. Substitutional B doping introduces
holes into the states around the VBM, which are composed mostly of p orbital.
One can see in Fig. 1 large hybridization between B and C1 p orbitals in the
hole-doping region, being consistent with SXARPES and XES experimental

results.

In case of the interstitial T} site, there are four first neighbor C1 sites and
six second neighbor C2 sites. Atomic relaxation is sizable about 0.11A for the
C2 sites and those for C1 and C3 are marginal (< 0.02A) for both models
Cs2B (3.0 at.% B) and CgB (1.5 at.% B). Interstitial B doping leads to in-
gap states just below the conduction-band minimum lightly hybridized with
C1, C2 and C4, as shown in Fig. 2. Quite few B states in the valence-band
region suggests that the interstitial B tends to be a positively charged state in
a p-type sample. This means that some charged state can be seen as an in-gap

state.

Since our theoretical approach is based on an all-electron scheme, we can
estimate the relative core-level positions for the different C sites. In the sub-
stitutional case, the C1 site shows a significant core shift by 1.3eV to shallower

binding energy, which is consistent with lower-binding feature observed in the



DOS(/eV)

00— i L b
-25-20-15-10-5 0 51015
ENERGY(eV)

b
| "%,

Fig. 1. Calculated partial density of s (broken lines) and p (solid lines) states pro-
jected on the (a) B, (b) first neighbor C (C1), (c) second neighbor C (C2), (d) third
neighbor C (C3), (e) forth neighbor C (C4) and (f) fifth neighbor C (C5) sites of
diamond with B at the substitutional site (Cg3B supercell model). The top of the

valence band is taken at the origin. A vertical line denotes the Fermi energy.
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Fig. 2. Calculated partial density of s (broken lines) and p (solid lines) states pro-
jected on the (a) B, (b) first neighbor C (C1), (c) second neighbor C (C2), (d) third
neighbor C (C3), (e) forth neighbor C (C4) and (f) fifth neighbor C (C5) sites of
diamond with B at the interstitial T, site (Cg4B supercell model). The top of the

valence band is taken at the origin. A vertical line denotes the Fermi energy.

photoemission spectra [13]. On the other hand, C1 and C2 1s core levels be-
come deeper by 0.8eV in the interstitial case, which may possibly explain
asymmetric peak in the spectra. Mechanism of the core shift is quite simple.

By substitutional B doping, potential at the C1 site goes up because B has



shallower potential than C and by B insertion at the interstitial site, potential
at the C1 and C2 sites surrounding B goes down. This core shift may be a

clue to understand the observed XAS spectra at the C K-edge.

XAS transition probability is given by the Fermi golden rule as

W) = 5 S A — e ) (1)

where |f) (|i)) is the final (initial) state of the transition and ef (g;) is the
corresponding eigen energy. Electric dipole transition is usually dominant and
the matrix element (f|F|i) is expressed in terms of electric-field vector of
photon E and electron coordinate r as (f|F|i) = e(f|E-r|i). So, parity of the
initial and final states should be different and one can see transitions from 1s

to 2p states for C and B at the K edge.

Figure 3 shows calculated XAS spectra for C at the K edge in CgzB model.
Due to core shift to smaller binding energy at the C1 site, hole-doping states at
the C1 site is shifted from those at the others. This calculated feature is in good
agreement with the "H” and ”I” structures in the experimental XAS spectra
by Nakamura [15]. As the B concentration increases (from Cg3 B to Cs1B), XAS
spectrum at the hole states is amplified while the energy difference between
the two structures is unchanged. As expected from the partial density of B p
states in Fig. 1, XAS spectrum for B at the K edge shows hole-doping states
around the VBM and nothing in the energy-gap region. Thus, the in-gap states
seen in experiment [15] may be attributed to impurity states of charged B at

the interstitial site or other B-related impurity states.

In order to investigate the relative stability of the impurity sites, we have
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Fig. 3. Calculated XAS spectrum for C at the K edge in Cg3B model (thick solid
line). Thin solid and broken lines denote its contributions from the C1 and C2 sites,

respectively. The Fermi energy is taken at the absorption threshold Ej.

estimated formation energy as follows,
Etot[C(;gB] + Mmc — Etot [C64B] = —17.1eV (2)

Etot[Cng] + HC — Etot[CZSQB] = —169€V, (3)

where Ej.t[A] is the calculated total energy for model A and pc is the chemical
potential of C. This result shows that B doping at the substitutional site is
definitely favored compared with that at the interstitial 7}; site. Even if possible
charged states are considered, it is unlikely that B impurities are doped at the
interstitial T, site in diamond. It is, therefore, reasonable to conclude that the
in-gap states in the observed B K-edge XAS spectra might be assigned to a
B-related impurity state other than of the interstitial-B origin. Since a large
amount of hydrogen is co-doped in B-doped diamond, a B-H impurity complex
might be a candidate for the in-gap states. It has been reported [18] that the

B~-H™" complex is stabilized in diamond, forming such in-gap impurity states.



4 Summary

In summary, we have performed first-principles calculations for B-doped dia-
mond with different doping sites, substitutional and interstitial. In the sub-
stitutional B case, a hole-doping situation in a rigid-band picture takes place
like observation in SXARPES and XES. It is found that core shift at C1 may
explain the "H” and ”I” structures in the C K-edge XAS. The interstitial B
forms possibly charged states in the energy gap in a p-type sample, as seen in
the B K-edge XAS. However, calculated formation energy denies the possible
existence of the interstitial B. For a consistent explanation for the observed
results, another B impurity state should be considered in addition to the sub-

stitutional B.
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