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On the basis of first-principles calculations and experimental secondary ion mass spectroscopy, electrical
transport, and Raman measurements performed on homoepitaxial diamond, we find that at high concentrations
boron atoms tend to segregate in dimers. The study of the electronic, vibrational, and electron-phonon coupling
properties, corroborated by Raman measurements, shows that boron dimers may be associated to the broad
Raman peak around 500 cm−1 as well as to some of the gap states which have been reported in the literature,
and that they are both electrically and vibrationally inactive with respect to the electron-phonon coupling
driving the superconducting transition in metallic diamond. These results bear important consequences on the
evolution of the critical temperature with the impurity concentration in B-doped diamond.
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I. INTRODUCTION

A few decades after early discussions on the supercon-
ducting transition in semiconductors,1 the experimental dis-
covery of superconductivity in heavily boron-doped diamond
triggered much experimental2–13 and theoretical14–19 activity
to confirm, study, and understand the observed superconduct-
ing transition. The experimental critical temperature transi-
tion TC was found to depend on the impurity
concentration,4,9 with a threshold boron-to-carbon atomic
concentration ratio x so far indistinguishible from the critical
concentration for the metal-to-insulator transition xc
�0.3 at. % as determined in �001�-oriented epilayers,6 while
maximum TC values on the order of 10 K have been
reported.7,9,10 However, the parameters governing the com-
plex relationship between the boron content or the hole con-
centration and TC have not yet been determined, and they are
currently the object of many experimental investigations, not
only near the metal to insulator transition, but also at higher
concentrations. The dependence of TC on x has been shown
recently to depend on the growth direction7 and gas mixture
composition.10 The difficulties in relating the observed TC
with boron content, which was also emphasized in Ref. 8,
may result from variations in the doping efficiency of boron
atoms, a feature generally ascribed to hydrogen passivation20

or to nonsubstitutional incorporation sites. For example, in a
�111�-oriented thick superconducting film with x=5 at. %,
the free hole density was estimated11 to take a much lower
value lying in the 0.4 to 2.4% concentration range. Less than
50% dopant activation has also been reported for hydrogen-
free superconducting polycrystalline diamond grown at high
temperature and high pressure.21

Most experiments favor a standard BCS picture involving
a phonon-mediated pairing mechanism, with a Fermi level
well into the valence band8,11 and a superconducting gap
value, spectral shape, and temperature dependence12 shown
to be fully compatible with the BCS model, as also corrobo-
rated by recent optical measurements.13 Such results confirm

several theoretical works which, on the basis of the virtual
crystal approximation �VCA�14–16 or supercell
techniques,17,18 suggested that the standard BCS approach,
where pairing results from electron-phonon interactions, was
consistent with the available experimental observations.
These conclusions were substantiated by previous work on
similar �-bonded systems such as MgB2 �Ref. 22� or doped
covalent clathrates23 for which BCS was giving excellent
results, as evidenced either by a direct comparison with the
experimentally measured � parameter23 or by adopting a
newly developed parameter-free approach24 where the Cou-
lomb repulsion parameter �* does not need to be adjusted.

In contrast to this, in a recent experimental work, x-ray
emission and x-ray absorption �XAS� was used to explore
the electronic density of states of normal and superconduct-
ing B-doped diamond samples.25 In addition to the clear sig-
nature of the impurity band ascribed to boron in the normal
state, already reported for heavily doped but nonsupercon-
ducting films,26 a key observation was the occurrence of
deep and strongly broadened B-related unoccupied states in
the energy gap of the only sample that became superconduct-
ing at low temperatures.25 Such features had not been pre-
dicted by the above mentioned theoretical investigations, and
have been considered as a support for alternative approaches
involving electronic correlation effects, originating either in
the proximity of dopants occupying neighboring interstitial
sites27 or in the strong electronic correlations of boron-
related states leading to the properties of the resonating va-
lence band model.28 Finally, it has also been argued that the
optical conductivity spectrum of the polished surface of a
superconducting polycrystalline diamond films provided
some evidence29 for the existence of an impurity band close
to the top of the valence band.

In this work, the study of the structural, electronic, and
electron-phonon coupling properties in B-doped diamond
will be presented, emphasizing the presence and role of bo-
ron dimers in heavily doped samples. In Sec. II, on the basis
of supercell ab initio simulations where B atoms are allowed
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to cluster, we find that boron dimers are energetically fa-
vored, in particular under hole-doping conditions. Boron
dimers are shown to generate inactive in-gap states and vi-
brational modes in the 400–600 cm−1 range that do not
couple to the holes at the top of the valence bands. Such
results are corroborated in Sec. III by experimental results on
the incorporation efficiency of boron atoms during growth
and by Raman scattering measurements: the experimental
spectra show a parallel-polarized broad peak around
500 cm−1, within the wave number range calculated for the
A1 stretching modes of boron dimers. Contrary to the optical
modes, this peak has the same line shape in superconducting
and nonsuperconducting epilayers and does not show any
sign of a quantum interference with the electronic light scat-
tering by free carriers. We then discuss in Sec. IV the con-
sequences of these results on the superconducting properties
of B-doped diamond, before presenting our conclusions in
Sec. V.

II. THEORETICAL STUDY

A. Technical details

In the supercell approach, impurities in the unit cell are
repeated periodically, a description that may not reflect the
experimental random distribution of dopants. By studying
several geometries, we can, however, extract general elec-
tronic and vibrational features that are shown to strongly
affect the superconducting properties. We therefore consider
two different unit cells containing, respectively, 54 atoms �a
3�3�3 repetition of the standard fcc 2-atom-cell lattice�
and a 64-atom one built as a 2�2�2 repetition of the con-
ventional simple cubic 8-atom cell. Two to three carbon at-
oms were substituted by boron leading to BnC54−n or BnC64−n
�n=2,3� systems.

Our calculations are performed both within the local den-
sity approximation �LDA� and a gradient-corrected func-
tional �PBE�30 to the density functional theory,31 imple-
mented within a planewave pseudopotential formalism.32

LDA calculations are performed with Troullier-Martins
pseudopotential33 and a 60 Ryd cutoff is found to give well-
converged energy differences. PBE calculations are con-
ducted using ultrasoft pseudopotentials34 with a 30 Ryd
cutoff for the eigenstates and 240 Ry for the charge density.
The k-point sampling is increased to convergency, that
is a �4�4�4� grid for structural relaxation and phonon
calculations, completed in total energy calculations by an
�8�8�8� self-consistent run for a good mapping of the
Fermi surface using Methfessel-Paxton broadening. The av-
erage electron-phonon coupling, for a given phonon momen-
tum, is achieved by sampling the Fermi surface with a
�6�6�6� k-point grid.

B. Structure and stability of dimers

We first minimize the energy of the system with respect to
atomic positions. In the case of two impurities per cell, sev-
eral relative positions are considered: first �NN�, second
�2NN�, and third �3NN� nearest neighbors. In the case of the
3NN configurations, the two nonequivalent possible geom-

etries are explored. The stability of these various geometries
are provided in Table I. Surprisingly enough, the first nearest
neighbor configuration is very stable, preferable in most situ-
ations to other configurations, both within LDA and GGA
�PBE consistently favors the NN configuration as compared
to LDA�. Such a result contrast significantly with the case of
B in bulk silicon where the NN configuration is strongly
disfavored due to tensile strain.35 Our findings confirm and
extend the recent work by Goss et al. where the B2C62-NN
configuration was found to be more stable than the
B2C62-2NN one by 200 meV within a different localized-
basis LDA approach.36 In the impurity-dimer geometry, the
B-B bond distance is found to be elongated by �26% along
the �111� direction preserving a local D3d symmetry. The B
atoms are located very close ��0.4 Å� to the plane formed
by their three backbonded carbon atoms. Averaging over the
different cells, the NN, 2NN, and 3NN B-B distances are
1.95, 2.48, and 3.43 Å, respectively. We finally explore a
configuration where the three B atoms are clustered in the
B3C61 cell. Such a configuration is found to be less stable by
at least �280 meV as compared to B3C61-NN configurations
comprizing a boron dimer plus an isolated boron atom.37

To strengthen our conclusions, we note that we are inter-
ested in studying dopant structures in heavily p-doped dia-
mond, a situation which might not be reflected by consider-
ing a distribution of neutral dimers.38 To test the effect of
hole-doping onto the energies presented in Table I, we have
repeated our LDA calculations for several configurations re-
moving an electronic charge amounting to an additional 1%
doping.39 The results are indicated in parenthesis �Table I�.
Very clearly, the dimer complex is strongly stabilized in a
hole-doping environment and the dimer configuration is now
found to be always more stable. Additional hole doping fur-
ther stabilizes the dimer. This is a very strong indication that
upon increasing hole doping, boron dimers will be thermo-
dynamically favored. This enhancement of the dimer stabil-
ity is mainly electronic as relaxation of the atomic positions
under further hole doping hardly contributes to the evolution
of the energy differences presented in the table. On the con-
trary, we find that adding electrons to the system �n-type
doping� strongly destabilizes the dimer configuration.37

Even though the difference in energy between the dimer
�or NN� and “unsegregated� configurations strongly depends
on the cell size and atomic relative positions, it is clear that
in the limit of large doping, impurities should be driven to

TABLE I. Relative stability �in meV� of various configurations
�see text�. The reference of energy is taken to be that of the nearest-
neighbor configuration. A positive number means a less stable struc-
ture. In parenthesis, results for the charged defects �hole doping�.

B2C52 B2C62

LDA PBE LDA PBE

NN 00 �00� 00 00 00

2NN 40 �150� 50 145 170

3NN-a −45 �50� −25 90�150� 110

3NN-b 155 �320� 170 160 205
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the preferential formation of dimers. The large destabiliza-
tion of the three B-atom cluster suggests that this segregation
should not extend beyond dimers. One may thus describe
superconducting B-doped diamond as a random distribution
of isolated impurities plus dimers in significant proportion.
The effect of randomness is expected to average over the
energies provided in the table.

C. Electronic properties

In order to understand the influence of dimerization on the
superconducting transition, we now study the electronic
properties associated with the configurations relaxed above.
We reproduce in Fig. 1�a� the band structure associated with
“isolated impurities� �3NN configuration� in the C54 cell. It is
clearly similar to what was observed previously within su-
percell approaches with one B atom per cell.17 Namely, the
diamond band structure is essentially preserved close to the
Fermi level �EF� but with a slightly larger splitting of the
�25� state in the present 3NN-B2C52 cell due to larger sym-
metry breaking. This splitting ��150 meV� translates into a
broadening of the valence band maximum �VBM� upon in-
troduction of a true disorder within, e.g., the theoretical CPA
approach.19

The situation changes significantly when one consider in
Figs. 1�b�–1�d� the band structure associated with cells con-
taining B dimers. The most striking result is the formation of
a B-dimer-related impurity band centered 0.5 eV to 1 eV
above the VBM. Such results might clearly explain the re-
cent B-K XAS spectra reported by Nakamura et al.25 show-
ing the appearance in superconducting samples of broad un-
occupied structures in the band gap, an observation that
cannot be explained by considering isolated B atoms either
in the VCA,14–16 supercell,17,18 or the CPA �Ref. 19� ap-
proaches. Such conclusions are consistent with the recent
work by Goss and Briddon40 showing in the more dilute limit
�1 dimer per 256-atom cell� that B dimers yield deeper in-
gap states than isolated boron in substitution. The in-gap

band is highly dispersive and, in the NN-B2C52 case, crosses
the Fermi level around the L point. We believe, however,
that this novel structure at EF in an artifact of the supercell
approach and that with disorder, a correct picture is that of a
broad empty structure centered above the VBM. The most
recent experimental angle resolved photoemission mapping
of the occupied bands11 suggests that there are no occupied
bands crossing EF away from zone center. Whether or not the
dimer impurity band, or impurity states, overlap with the top
of the valence bands in the limit of large dopant concentra-
tion, boron dimers yield empty states located well above the
Fermi level.

An important consequence of the split off of an empty
band from the VBM is that boron dimers are electrically
inactive and will not contribute to the density of states at EF
as the B-induced holes are trapped by the in-gap empty band
above the VBM. This is clearly demonstrated in the case of
the NN-B2C52 cell �Fig. 1�b�� which yields much less holes
�as compared to the 3NN-B2C52 cell� at the valence band
maximum in �, and in the NN-B2C62 cell �Fig. 1�c��, where
the Fermi level is located above the VBM, as a consequence
of the specific distribution of dimers, despite its �3% boron
content. In a more realistic situation where isolated and
dimerized boron atoms coexist, as in the NN-B3C62 cell �Fig.
1�d��, only the isolated impurities will contribute to the hole
density of states at the Fermi level. In particular, an increase
in the boron concentration may not result in a straightfor-
ward manner in an increase of TC as the relationship between
boron and hole concentration at EF is strongly affected by
the presence of dimers. We will come back to that point in
Sec. IV.

D. Phonon modes

We now study the zone-center phonon modes and the
electron-phonon coupling. The analysis of the phonon eigen-
vectors associated with the B2C52-NN cell reveal several
B-dimer related vibrational features, including two Raman

FIG. 1. Electronic band structure of the �a� B2C52-3NN-a, �b� B2C52-NN, �c� B2C62-NN, and �d� B3C61-NN cells. Horizontal lines
indicate the Fermi level position. In dotted, we plot the deformation of the band structures associated with the highest energy A1g B-B
stretching mode �normalized displacement amplitude is so that the B-B elongation is the same in the two cells�. The 3NN-a and 3NN-b
configurations �see Table I� yield similar band structures. The zero of energy has been set to the VBM. The chosen B3C61-NN band structure
is representative of all possible structures with one dimer plus an isolated boron atom �see Ref. 37�.
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active A1g modes at 472 and 516 cm−1 and an Eg Raman
active mode at 442 cm−1 �see Fig. 2�. At high energy, an IR
active Eu mode at 1350 cm−1 is also found to be very local-
ized on the B dimer. The A1g modes are associated with �111�
stretching B motions, while Eg is a wagging mode �see the
insets in Fig. 2�. While the two A1g modes are very similar
with respect to the B atoms motions, they differ by the dis-
placement of the backbonded carbon atoms. Similar results
are obtained in the larger B2C62-NN cell but with a blueshift
to 517 and 640 cm−1 for the A1g modes, 486 cm−1 for the Eg
mode, and 1362 cm−1 for the Eu mode. These variations in-
dicate that the B-dimer vibrational modes are rather sensitive
to the chemical environment in this large doping limit,41 in-
dicating that upon disorder such modes should yield a rather
broad feature in the 450–550 cm−1 range. The present results
confirm the preliminary work of Goss et al. in Ref. 36 pro-
viding “some evidence� of dimer-related vibrational structure
in the 400–600 cm−1 range even though the method �combi-
nation of ab initio and valence force field� was considered by
the authors not accurate enough to be precise.

E. Electron-phonon coupling

We finally study the influence of these B-related vibra-
tional modes onto the electron-phonon coupling �and thus
the superconducting transition temperature�. A convenient
energy-resolved representation of the strength of the
electron-phonon coupling is the Eliashberg function. As in
hole-doped diamond most of the coupling originates in zone-
center modes, and in order to compare the theoretical results
with the following Raman spectra, we focus on the restric-
tion of the Eliashberg function to Brillouin zone center

phonons with the notation �2F�� ,��.42 The Eliashberg func-
tion for the B2C52-NN cell is represented in Fig. 3. Associ-
ated with the thin line �upper graph�, the Eliashberg function
associated with the neutral B-dimer cell where the dimer-
impurity band goes below the Fermi level �see band structure
Fig. 1�b� and Fig. 3, inset� is represented. An analysis of the
results indicates that, as expected, high-energy optical modes
strongly contribute to the electron-phonon coupling. This is
now well documented. More surprising is the strong contri-
bution from the A1g mode at 516 cm−1 which seems to indi-
cate that boron dimer related modes may significantly con-
tribute to the electron-phonon coupling. However, an
analysis of the electronic states contributing to the peak in
the Eliashberg function around 500 cm−1 clearly indicates
that it is only the bottom of the dimer band at L that contrib-
utes to the coupling. By removing the contribution from the
L point, which can be done by shifting the Fermi level just
below the dimer band �see inset, Fig 3�, the contribution
from the dimer modes completely collapses �lower thick line
in Fig. 3�. This indicates that the dimer-related phonon
modes do not couple to the hole states at the top of the
valence band at �.

To confirm this absence of coupling, we study the evolu-
tion of the band structure upon a displacement of the atoms
in the unit cell according to the phonon modes eigenvectors.
In Figs. 1�b� and 1�c�, the band structure upon activation of
the A1g mode at 516 and 640 cm−1 in the B2C52-NN and
B2C62 cell, respectively, are represented in dotted lines. Very
clearly, the impurity dimer band is strongly affected by such
phonons modes while the top of the valence band at � is
nearly undistinguishable from the unperturbed lattice band
structure. This confirms that the dimer-related Raman active
modes around 500 cm−1 strongly couple with the unoccupied
dimer band, but do not couple to the hole at zone center. In
other words, the dimer vibrational modes will not contribute
to the electron-phonon coupling responsible for the super-
conducting transition in B-doped diamond. The strong cou-
pling to the dimer empty bands, and the lack of coupling
with the hole states at �, can be rationalized by emphasizing
that as the B-dimer band is deep into the gap, there is much
less hybridization between boron and carbon bulk states as
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compared to the standard degenerate semiconductor picture.

III. RAMAN MEASUREMENTS ON DOPED
DIAMOND

To corroborate these theoretical findings, we now perform
secondary ion mass spectroscopy �SIMS� and Raman mea-
surements to study the structural and vibrational properties
of normal and superconducting B-doped single crystal dia-
mond. The critical temperatures quoted below were deduced
from four point ac resistivity measurements and correspond
to the temperature TC at which the resistance is reduced to
90% of its normal state value.

A. Synthesis

The epilayers have been grown on commercial �001�- and
�111�-oriented polished type Ib diamond substrates in a fused
silica vertical microwave plasma-enhanced chemical vapor
deposition reactor around 830 °C under a total pressure of
30 Torr ��001�-oriented growth� and at 890 °C under
50 Torr �growth along �111��. Prior to deposition on a chemi-
cally cleaned surface, hydrogen was introduced in the reactor
and the plasma was ignited. After several minutes, methane
was introduced and a 200–500 nm thick buffer layer of
nominally undoped material was deposited before the dibo-
rane was introduced. Methane was diluted 4 and 0.15% in
hydrogen for �001�- and �111�-oriented growth, respectively,
and the boron to carbon atomic concentration ratio in the gas
phase was in the 500 to 2200 ppm range �growth along
�001�� and between 300 and 10 000 ppm �for �111�-oriented
growth�. The resulting deposition rates were around 1 �m/h
along �001� and decreasing from 0.7 to 0.1 �m/h in the case
of �111� oriented growth, while typical thicknesses were in
the 0.3–3 �m range. The boron to carbon atomic ratio x has
been deduced from calibrated secondary ion mass spectrom-
etry profiles as described elsewhere.4,43

B. SIMS study of boron incorporation

An information on the incorporation of boron in diamond
can be obtained by SIMS experiment. As shown in the log-
log plot of Fig. 4, the solid state incorporation of boron dur-
ing �111�-oriented homoepitaxial growth measured by SIMS
was found to depart around x=0.2 at. % from its linear de-
pendence on the boron to carbon atomic concentration in the
gas mixture, to become significantly larger at higher concen-
trations. This change indicates that the mechanism for boron
incorporation changes with concentration, and that some new
reaction appears above x=0.2% which involves strong
boron-boron correlations and a “larger than first-order” ki-
netic process. We propose to relate these changes to the cal-
culations presented in Sec. II B, and shall consider this ob-
servation as an indication for the frequent occurrence of
boron dimers in p-doped conditions �formation of dimers
only would yield a slope of 2 in Fig. 4�. Although the present
�111� particular growth direction has been proposed to be
particularly favorable to the incorporation of B-B pairs,7 a
similar departure from linearity has been also reported for
the same concentration range in the case of �001�-oriented
epitaxy.44

C. Raman measurements

In the spirit of the calculations presented, we shall now
test whether the vibrational modes always present at
500 cm−1 in superconducting diamond are coupled to free
carriers or not. To this end, micro-Raman backscattering
studies have been performed at room temperature using ei-
ther a HeCd cw laser �UV: 325 nm line� and a �40 objective
or a HeNe cw laser �visible: 632.8 nm� and a �100 objective
under confocal conditions. The spectral resolution was about
5 cm−1 in the UV and 2 cm−1 in the visible. The filtered
scattered light was not analyzed for polarization but the re-
spective configuration of the lasers and gratings led to a
mostly parallel scattering geometry. The signal was collected
by a liquid-nitrogen-cooled CCD detector over typical accu-
mulation times on the order of an hour per spectral window.

Figure 5 shows the Raman spectra �Stokes� obtained un-
der UV and visible light excitation on a heavily boron-doped
diamond epilayer grown on a �001�-oriented substrate which
became superconducting below 3.2 K. The lower spectrum,
typical of many results previously obtained in the visible,44,45

displays on a log scale a broad but pronounced and not quite
symmetric peak around 500 cm−1, a second weaker feature
around 1000 cm−1, an asymmetric band around 1230 cm−1, a
much narrower peak around 1315 cm−1 and then a strongly
asymmetric dip around 1350 cm−1 on top of a slowly de-
creasing background. This dip is typical of a Fano line shape
arising from the interference between the electronic scatter-
ing channels and the scattering by phonons corresponding to
an ideally discrete vibronic energy level. Clearly, neither of
the strongly parallel-polarized44 ��1 symmetry� broad peaks
at 1000 cm−1 and 500 cm−1 are involved in this interference.
This is a clear indication that, as compared to the softened
zone-center optical modes at 1315 cm−1, the vibrational
modes in the 500 cm−1 energy range hardly couple to the
electronic degrees of freedom.

FIG. 4. SIMS measurement of the solid state incorporation of
boron during �111�-oriented homoepitaxial growth. As a guide to
the eyes, the doted line is the first diagonal with a slope of 1 �log-
log scale�.
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In the spectrum obtained with an UV excitation at a
nearly double frequency where the electronic scattering
events become quite rare, the electronic scattering tail seems
absent and the Fano antiresonance dip lies at 1270 cm−1,
below the softened zone-center peak observed at the same
1315 cm−1 wave number as for a visible light excitation.
This peak is flanked by a resolution-limited line showing up
at 1332 cm−1, attributed to the optical phonon of undoped
diamond. The 1230 cm−1 band appears as a mere modulation
on the low-wave-number side of the Fano-related narrow
dip. Slightly broader than their counterparts measured in the
visible, both the 1000 and 500 cm−1 features are also present
in this UV-excited spectrum. Again here, neither of these
peaks are affected by the presence of free carriers.

Based on the above-described supercell calculations and
on the experimentally observed absence of electron-phonon
coupling, we attribute the polarized Raman broad peak ob-
served around 500 cm−1 to the Raman active A1 stretching
modes of B-B dimers, and the 1000 cm−1 satellite to their
first harmonic. The same assignment of the spectral feature at
500 cm−1 has also been suggested recently by other
experimentalists46 on the basis of preliminary calculations of
the local vibrational modes of BnHn defects in diamond36

based on a less accurate combined semiempirical ab initio
calculation. Although a direct proof such as that provided by
isotopic substitution studies is still lacking, the fact that in
Fig. 5 these features remain quite unaffected by very differ-
ent excitation conditions indicates that they do not have an
electronic origin and that the Raman-active phonons they
originate from are not strongly coupled to free carriers.

Additional evidence of this assignment and of the weak
coupling is provided by Fig. 6 where we compare Raman
spectra obtained in the UV range on a type Ib diamond sub-
strate and on various heavily B-doped homoepitaxial films:
the broad peak is clearly observed around 500 cm−1 in a
�111�-oriented sample which is insulating at low temperature
�TC=0 K� and does not yield the Fano-related dip around

1270 cm−1 despite its relatively high boron content �x
=0.35 at. % �. In the case of �001�-oriented growth, only the
samples displaying the 500 and 1000 cm−1 peaks, the bump
around 1230 cm−1 and the Fano-related dip around
1270 cm−1 were found to become superconducting. As illus-
trated by Fig. 6, this peak became narrower, stronger and
slightly shifted to lower wave numbers as the doping and
resulting TC was increased, while the Fano-related bump-
and-dip feature around 1250 cm−1 became more obvious.
This dip in the UV-excited Raman spectrum is thus the clear-
est spectroscopic token of the metallic character �in the nor-
mal state� of the boron-doped diamond epilayers which be-
come superconducting at low temperatures.

The insulating character �at low temperatures� of the
present �111�-oriented epilayer with x=0.35 at. %, which is
reminiscent of our insulating B2C62-NN cell, indicates that
compensating defects and/or nondoping boron atoms occur
in a sizable proportion when growth is along this direction
under our low methane concentration �0.15%� deposition
conditions. This behavior, where the TC of �111�-oriented
epilayer is much lower than that of a layer grown along �001�
with the same boron content, is in contrast to that observed
in recent reports7,10 about films with a much higher TC grown
at higher methane concentrations, a fact which deserves fur-
ther investigation.

IV. DISCUSSION

The present theoretical and experimental findings, con-
firming early work on the possible occurrence of boron
dimers36,40 in B-doped diamond, clearly suggest that one
should not expect a simple dependence of the free carrier
concentration at EF, and thus of TC, on the boron content. In
particular, we believe that the difficulties in relating the bo-
ron content to TC in a universal and straightforward manner
should not be taken as evidence for deviations from a stan-
dard BCS picture as suggested in Ref. 8.

These conclusions on the segregation of boron in dimers
are based on thermodynamical �energetical� considerations.

FIG. 5. Room temperature Raman backscattering spectra of a
heavily B-doped diamond �001�-oriented epilayer displaying super-
conductivity below TC=3.2 K. Two different excitation wave-
lengths have been used.

FIG. 6. Raman spectra of normal and superconducting diamond
as a function of TC.
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Diffusion processes �kinetics� in bulk samples are limited by
the large diffusion barrier of substitutional boron atoms.40

Such large barriers may not apply during growth where B
atoms are expected to diffuse more easily at surfaces. The
important role of surface processes in the incorporation of
boron dimers is strongly supported by the present results �see
Fig. 6� and that of Ref. 7 clearly showing that, depending on
the crystallographic direction of growth, samples with
equivalent B content may exhibit very different TC, corre-
sponding to a different doping efficiency of boron impurities.

Our results do not rule out the existence of other type of
defects generating empty states in the band gap and/or spe-
cific vibrational modes. Preliminary results indicate that in-
terstitial boron generates two bands deep into the gap and
several B-related vibrational modes at low energy
�370–450 cm−1� and three very localized high energy modes
at 1625, 1630, and 1900 cm−1 �54 atoms cell�, a situation
reminiscent of the nitrogen interstitial.47 Clearly, the pres-
ence of high-energy infrared active modes �much higher than
the B-dimer Eu mode� might be used as a signature of the
interstitial in future experimental studies. However, as em-
phasized by Goss and Briddon in Ref. 40, the high formation
energy of such a defect do not play in favor of the presence
of a large number of interstitials that could explain the very
strong Raman peak at about 500 cm−1 in superconducting
samples. This contrasts significantly with the present case of
dimers that are strongly favored in hole-doping conditions.
Further, it is difficult to understand how the larger-than-one
order in the kinetic of boron incorporation, observed in
SIMS measurements �Fig. 4�, could be explained by the for-
mation of isolated interstitial boron atoms.

It was suggested in a previous supercell theoretical
study18 performed on a small 2�2�2 cell �6.25% B con-
centrations�, that high boron content may lead to “softened”
B-C stretching modes in the 500–600 cm−1 energy range.
We do find similar results in the case of our B2C52-3NN cell.
We observe however, and as in Ref. 18, that such modes
contribute significantly to the electron-phonon coupling, a
result which is not consistent with the present experimental
Raman study. Of course, isolated boron atoms, possibly gen-
erating softened modes in the 500–600 cm−1 energy range,

will coexist with dimer modes, contributing to the broad low
energy Raman active structure.

The present theoretical results are based on supercell �pe-
riodic� approaches where disorder cannot be fully described.
Future calculations within, e.g., the CPA approach,19 with a
disorder biased towards the preferential formation of dimers,
may be performed in order to get more insight into the elec-
tronic properties of a random distribution of dimers and iso-
lated B atoms. Unfortunately, the calculation of the vibra-
tional modes, and of the electron-phonon coupling, is far
from being a trivial task within this approach. From an ex-
perimental point of view, isotopic substitutions will probably
be necessary to confirm the role of boron dimers, as well as
EXAFS or NMR studies, coupled to Hall effect measure-
ments.

V. CONCLUSIONS

We have studied both theoretically and experimentally the
effect of impurity clustering in superconducting diamond.
Total energy calculations for various neutral and charged de-
fect structures suggest that a significant fraction of boron
atoms may form B dimers, a conclusion corroborated by
SIMS measurements. The calculated vibrational modes asso-
ciated with dimers are found to yield several Raman active
modes in the 400–600 cm−1 energy range, in excellent
agreement with experimental Raman measurements evidenc-
ing the appearance upon increasing doping of a broad Raman
active peak around 500 cm−1. Segregation into clusters larger
than dimers is not expected. It is found that B dimers should
not contribute to the enhancement of TC as they yield elec-
trically inactive empty states in the band gap and vibrational
modes that do not couple to the electronic states close to the
zone-center states around EF. These finding bear important
consequences on the evolution of TC with increasing doping
concentration.
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