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Boron-doped diamond undergoes an insulator—-metal or even a superconducting transition at some critical value
of the dopant concentration. We study the equilibrium lattice parameter and bulk modulus of boron-doped
diamond experimentally and in the framework of the density functional method for different levels of boron
doping. We theoretically consider the possibility for the boron atoms to occupy both substitutional and inter-
stitial positions and investigate their influence on the electronic structure of the material. The obtained data
suggest that boron softens the lattice, but softening due to substitutions of carbon with boron is much weaker
than due to incorporation of boron into interstitial positions. Theoretical results obtained for substitution of
carbon are in a very good agreement with our experiment. We present a concentration dependence of the lattice
parameter in boron-doped diamond, which can be used for an identification of the levels of boron doping in

future experiments.

PACS: 61.05.cp, 61.72.S-, 71.20.-b, 74.70.Ad

1. INTRODUCTION

Diamond is a wide-band gap semiconductor, which
is well known for its extreme hardness, chemical inert-
ness, and high thermal conductivity. Increasing inter-
est in studies of both doped natural diamonds and high-
level doped synthetic diamonds [1] is caused by a dis-
covery of profound influence of dopants on their phys-
ical properties. In particular, doping diamond with
boron leads to the insulator-metal transition [2]. It
was shown in Ref. [3] that the behavior of doped dia-
monds can be described in terms of one acceptor, and
the boron appeared as a likely candidate for the ac-
ceptor center. Electric conductivity measurements of
diamond revealed that for boron concentrations higher
than some critical value n., estimated as 2.21 at. %, the
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conductivity on the metallic side of the transition at
low temperature followed a T™ law. For just-metallic
samples, m was found to be 1/3, tending to 1/2 at
higher concentrations [2]. There was some uncertainty
in predictions of n. above which metallic conduction
occurred [2,4-T7].

A sharp superconducting transition near 4 K

for diamond with high boron concentration
(ng =2.27-2.84 at. %) in samples synthesized at
high pressure (89 GPa) and high temperature

(2500-2800 K) was recently reported in [8]. In
previous studies of boron-doped thin films, a direct in-
fluence of the boron concentration on the hole-phonon
coupling strength and the superconducting transition
temperature T, was obtained [4-6]. The phenomenon
was studied theoretically from first principles within

the so-called virtual crystal approximation [4,9, 10].
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Fig.1. Relative variation of the lattice parameter in

boron-doped diamomd as a function of the boron con-
centration ng (aq is the theoretical equilibrium lattice
parameter of undoped diamond). Crosses denote our
experimental results; solid circles and solid squares cor-
respond to calculated supercells with boron at substi-
tutional and interstitial positions, respectively. The
experimental results reported earlier are also shown
for comparison: o, A — [5]; O — [14]; ¢ — [15];
vV — [16]; 4 — [17]. The inset magnifies the low-
concentration region for clarity

The electronic structure of boron-doped diamond
(BDD) has also been studied using both experimen-
tal [6, 7] and ab initio supercell methods [8, 11].
X-ray absorption and emission spectroscopy measure-
ments for metallic (ng = 0.1 at. %) and semiconducting
(0.03 at. % B and N) doped diamond films have shown
a metallic partial density of states. From the X-ray ab-
sorption spectrum of BDD, the impurity states near the
Fermi level have been attributed to boron. The experi-
mentally observed strong hybridization between boron
2p states and carbon 2p states has been supported by
calculations, which used the discrete variational X,
method [6]. In summary, it has been shown experimen-
tally that for heavily boron-doped samples, the valence
band near the Fermi level had a degenerate-metal pic-
ture in contrast to the impurity band model [12] and
the holes-in-the-valence band model [13].
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We emphasize that although the doping level is of
crucial importance for the properties of BDD, its ex-
perimental determination is a nontrivial task. Most
often, the boron composition is obtained from the con-
centration dependence of the lattice parameter. But
as can be seen from Fig. 1, there is no agreement be-
tween the data available in the literature. Experimen-
tal data on the dependence of the lattice parameter
on the boron concentration in diamonds synthesized
by different methods (high pressure and high temper-
ature doping or chemical vapor deposition) and stud-
ied by different groups (Refs. [5,14-17]) differ substan-
tially from each other. In Ref. [14], a decrease in the
lattice parameter with an increase in the boron con-
tent up to 0.1 at. % was observed; above this value,
the lattice parameter increased, which was interpreted
as the effect of incorporation of boron into intersti-
tial sites [14]. In other papers [15,16], only the in-
crease in the lattice parameter with the increase in the
boron content was reported. The results obtained in
Ref. [16] were compared with the predictions of Veg-
ard’s law, which assumes that changes in the lattice
parameter are proportional to the impurity concentra-
tion. This law turned out to perfectly match the behav-
ior of the lattice parameter of the BDD for boron con-
centrations below 0.15 at. % studied in Ref. [16]. Sub-
sequently, secondary-ion mass spectroscopy was used
in [17] for measurements of the boron content, which
showed that the internal strain introduced by substitu-
tional boron atoms is smaller than that expected from
Vegard’s law. At the same time, there are some uncer-
tainties in the interpretation of the results of secondary-
ion mass spectroscopy and X-ray microprobe measure-
ments. Because both methods provide the data on the
total amount of boron in a sample, it is difficult to dis-
tinguish between boron related to BDD and the possi-
ble boron-containing precipitates [18]. As a matter of
fact, the purity of samples is often controlled by the
X-ray diffraction measurements, which in many cases
does not allow detecting a small amount of impurity
phases. But their presence in the sample can seriously
affect the interpretation of secondary-ion mass spec-
troscopy and X-ray microprobe results.

Possible aggregation of boron atoms in diamond was
studied in Ref. [19]; the authors concluded that a pair
of interstitial boron atoms was energetically unstable
and should be excluded. Moreover, the pair was not a
shallow acceptor in contrast to the results of ARPES [7]
and X-ray experiments [6]. At the same time, exper-
imental and theoretical studies confirmed that in the
case of BDD with high level of doping, boron atoms
could occupy interstitial positions in contrast to lightly
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doped diamond, where boron is believed to substitute
carbon atoms [6, 10, 20].

Based on the discussion above, and in the absence
of consistency between available experimental data,
we can expect that besides the boron content, there
are additional factors (for example, poor stress relax-
ation in diamonds synthesized by both high-pressure—
high-temperature doping and chemical vapor deposi-
tion) that influence the unit cell parameter of BDD.
This strongly motivates theoretical calculations of the
ground-state properties of BDD. Although it is unlikely
that theory can account for all possible factors that in-
fluence the properties of BDD, it can supply experimen-
talists with helpful information on the ideal case, which
can be used for the proper interpretation of many in-
teresting phenomena (in particular, superconductivity)
observed in BDD.

In this paper, we systematically investigate the
BDD matrix. We present the results of our combined
theoretical and experimental studies of equilibrium lat-
tice parameters and bulk moduli of BDD at different
boron concentrations. Theoretically, we consider boron
at the substitutional as well as in the interstitial posi-
tions, and study its influence on the electronic struc-
ture of the material. From the comparison of the the-
oretically determined concentration dependence of the
bulk modulus with our experimental data we conclude
that the model where boron atoms occupy substitu-
tional positions is in better agreement with experiment.
Our concentration dependence of the lattice parameters
calculated for this model can therefore be used for an
identification of the boron doping level in future exper-
iments.

2. EXPERIMENTAL METHOD AND DETAILS
OF CALCULATIONS

A series of BDD samples was synthesized using
a high-pressure and high-temperature technique de-
scribed elsewhere [18, 21]. The samples were stud-
ied by the X-ray powder diffraction method using a
high-brilliance FRD RIGAKU diffractometer (MoK,
radiation, 60 mA, 55 kV, APEX CCD area detec-
tor) [22]. High-purity gold (99.99995 % purity, Good
Fellow Inc.) was used as the internal standard. Un-
certainty in the determined lattice parameters was not
worse than 0.0001 A. The compressibility of one of these
samples [23] was measured using the diamond anvil cell
technique and synchrotron radiation. The chemical
composition and texture of the samples were studied
using a LEO-1530 scanning electron microscope. For
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quantitative chemical analysis, a Camebax SX50 mi-
croprobe analyzer employing a PAP (Pouchou — Pichoir
method) correction procedure was used.

In our studies, the doping of diamond by boron was
simulated using a number of supercells with up to 64
atoms, where one carbon atom was substituted by a
boron atom (B¢) or one boron atom was located in
an interstitial position (Bj). Total energy calculations
for the supercells were performed using the all-elect-
ron projector augmented waves method [24, 25] imple-
mented in the Vienne ab initio simulation package [26].
Plane waves with the kinetic energy up to 400 eV were
used in the expansion of the electron wave function in a
periodic crystal. We also carried out convergence tests
with respect to the cut-off energy. It was found that
the total energy calculated for the cutoff value 900 eV
differed by only 1.2 meV from the one calculated with
the kinetic energy cutoff 400 eV. Thus, the latter value
was found to be sufficient for theoretical determina-
tion of the lattice parameter. Exchange-correlation ef-
fects were treated by means of the generalized gradi-
ent approximation [27]. Integration over the Brillouin
zone was performed by means of the linear tetrahedron
method with Bléchl’s correction [28]. The total energy
calculations for supercells containing 8 and 16 atoms
were carried out with 8 x 8 x 8 k-point mesh; for 32-
and 64-atom supercells, the number of k-points in the
Brillouin zone was reduced to 6 x 6 x 6. The conver-
gence of the total energy with respect to k-points was
better than 0.5 meV/atom. The Hellman—Feynman
force theorem was used to minimize the total energy
with respect to internal relaxations. Forces acting on
each atom were converged with tolerance 1073 ¢V /A.

3. RESULTS AND DISCUSSION

Experimental and calculated lattice parameters and
bulk moduli of pure diamond and BDD as a func-
tion of the boron content are shown in Figs. 1-3.
From the microprobe analysis for BDD samples syn-
thesized from B4C/C mixture, we obtained the boron-
concentration values 1.67(0.71) at. %, 1.77(0.91) at. %,
and 2.64(0.58) at. % (averaged over at least 70 data
points, with standard deviations given in parenthesis).
The respective lattice parameters are 3.57598(12) A,
3.5774(1) A, and 3.5725(2) A (Fig. 1). In principle,
angle-dispersive microprobe analysis allows determin-
ing boron content quite precisely (within 0.2 at. %),
even in the carbon matrix. But as was discussed in
Refs. [18, 21], significant uncertainties in the determi-
nation of the boron concentration in BDD are related to
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a contamination of the material by boron carbides B4C
and B5oCa, which occurs in any currently known high-
pressure and high-temperature synthesis experiments.
According to X-ray powder diffraction, our samples
contain about 2 wt. % of B4C. The electron microprobe
beam excites about 1 ym? of the sample material, and
unevenly distributed submicron-size grains of carbide
result in significant point-to-point variations of boron
concentrations.

From our ab initio calculations, we obtained the
lattice parameter ¢ = 3.573A and the bulk modu-
lus B = 429 GPa for pure diamond using the third-
order Birch - Murnaghan equation of state [29], in good
agreement with experimental values (a = 3.567 A [30]
and B = 443 GPa [31, 32]). We have found that the
lattice parameter and the bulk modulus are affected
differently by the boron doping depending on whether
the boron position in the crystal is substitutional or
interstitial. The lattice parameter of BDD with boron
in an interstitial position tends to be larger compared
to the substitutional case, irrespective of the supercell
size at a given boron concentration ng (see Fig. 1). For
example, for ng = 3.1 at. % in diamond, the expansion
of the lattice is about 0.34 % for the substitutional po-
sition, which is in good agreement with the result in
Ref. [19]. At the same time, the expansion is about
1.9 % for a similar concentration of boron placed in the
interstitial positions. Unfortunately, it is difficult to
directly compare theoretical data on the lattice param-
eter with the experimental data because of the total
inconsistency of the latter.

We also compared our results with Vegard’s model.
Using experimental values of densities for diamond
(3.51 g/cm?) and B4C (2.48 g/cm?), the molar volumes
of the compounds were obtained. These data were re-
calculated to the volumes of unit cells corresponding to
the diamond structure (Fig. 2). A perfect agreement
is observed between Vegard’s law and the theoretically
investigated dependence of the lattice parameter on the
boron concentration for substitutional impurities at low
doping levels (less than 2 at. %). At higher boron con-
centration, ab initio theory predicts small negative de-
viations of the concentration dependence of the lattice
parameter from Vegard’s law, as can be seen in Fig. 2.

For the substitutional positions of boron impurities,
we also found a linear dependence of the bulk modulus
on the boron concentration in diamond (Fig. 3). Recent
experimental observations [23] suggested small changes
in the bulk modulus in BDD in comparison with pure
diamond. In fact, the experimentally obtained bulk
modulus of pure diamond is 443 GPa [31, 32] versus
436 GPa for BDD investigated in Ref. [28], which cor-
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Fig.2. Concentration dependence of the lattice param-

eters ratio for boron-doped diamond (a) and diamond

(ao), calculated from the first principles for substitu-

tionally doped samples (solid filled circles) and obtained
by Vegard's law (open circles)

responds to a weak decrease in the bulk modulus by
about 1.58 %.

We note that the sample examined in that work
corresponds to the one denoted by number 3 in our
experimental results presented in Fig. 1. In view of
a large error in the determination of the boron con-
tent, the position of this experimental point in Fig. 3
can be located at the concentration as low as 2 at. %.
This gives an estimation of the maximum effect of the
boron doping on the bulk modulus of BDD, which is
rather weak. According to the results of our calcula-
tions, the interpolated bulk modulus for substitutional
boron doping at the doping level of 2 at. % is 421 GPa,
and the decrease in the bulk modulus is only about
1.87 %, in good agreement with the experiment. On the
contrary, the interstitial boron doping leads to a much
larger decrease in the bulk modulus down to 401.5 GPa
at the same doping level or by 6.04 %. Thus, the calcu-
lated values of the bulk modulus obtained in the model
with substitutional boron are in a much better agree-
ment with the experiment. A relatively sharp decrease
in the bulk modulus with increasing boron concentra-
tion obtained within the model of interstitially doped
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Fig.3. Dependence of the bulk modulus on the boron

concenration. Experimental results obtained in this pa-

per are shown with crosses; the error bars for the deter-

mination of the boron concentration are the same as in

Fig. 1. Calculated results of the bulk moduli for BBD

with substitutional (circles) and interstitial (squares)
boron impurities are also shown

diamond might be considered as a consequence of the
phonon softening in the C 4+ B; system. In fact, our
preliminary calculations show that there are imaginary
frequencies for some phonon modes of an 8-atom cubic
diamond matrix with a cell-centered boron atom. We
note that the cell was fully optimized with respect to
the cell parameters and atomic coordinates.

In Tables 1-3, the effect of local atomic relaxations
on the lattice parameters and total energies of the in-
vestigated systems is presented. We find that the ideal
C-C bond length does not change considerably (Ta-
ble 2). In fact, the change is about 3% of the ideal
bond length for substitutional boron, and about 2 %
in the case of interstitial boron. The relatively small
local displacements of atoms off the ideal lattice sites
are in agreement with the results obtained for similar
systems, e.g., (Ga, Mn)As [33, 34]. But because bonds
are much stiffer in diamond, the contribution to the to-
tal energy due to local lattice relaxations is significant
(Table 3). The total energy difference between relaxed
and unrelaxed 64-atom supercells with one boron atom
in the substitutional position is about —150 meV; for
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Table 1.
tained from the total energy calculations for BBD in

The equilibrium lattice parameter ag ob-

the substitutional and interstitial impurity positions.

unrel
0

with all the atoms at the sites of the ideal diamond lat-

The unrelaxed case, a , corresponds to calculations

tice (including the interstitial positions). In the relaxed

case, ah®

mized, and therefore the forces acting on all the atoms

, internal positions in the supercell were opti-

are nearly zero

System ng, at. % | ay"et, A | apet, A
Substitutional 1.563 3.580 3.580
B atom 3.125 3.586 3.585

6.25 3.598 3.597

12.5 3.623 3.622

Interstitial 1.538 3.609 3.609

B atom 3.03 3.639 3.640

5.88 3.700 3.703

11.1 3.820 3.842

Table 2. Bond length lg_c between a boron atom

and the nearest carbon atom, its change A in com-

parison with the ideal case in absolute values, and the

relative change (in %) calculated for two models, with
substitutional and interstitial boron atoms

System ng, at. % [lg_.c, A| A |A, %
Substitutional 1.563 | 1.590 |0.043| 2.78
B atom 3.125 | 1.593 |0.046| 2.97
6.25 1.598 |0.051 | 3.30

12.5 1.597 |0.050| 3.23

Interstitial 1.538 | 1.576 |0.029| 1.87
B atom 3.03 | 1.581 [0.034] 2.20
5.88 1.591 |0.044| 2.84

11.1 1.567 |0.020| 1.29

the interstitial boron atom, the difference is an order
of magnitude larger, about —1729.5 meV. In particular,
our preliminary estimates show that the impurity solu-
tion energy may decrease by about 25 % for the inter-
stitial boron atom and by more than 50 % for the sub-
stitutional boron atom compared to calculations that
do not take local lattice relaxations into account. We
conclude that any simulations of the boron doping in
diamond must include the effect of local relaxations.
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Table 3. Contribution to the total energy of BBD

due to local lattice relaxations (the relaxation energy

E™") calculated for two models, with substitutional
and interstitial boron atoms

System ng, at. % | E" eV
Substitutional 1.563 —0.1503
B atom 3.125 —0.1500
6.25 —0.1653

12.5 —0.0949

Interstitial 1.538 —1.7295
B atom 3.03 —1.1723
5.88 —0.5864

11.1 —0.1190

We studied the electronic structure of BDD with
the boron atoms in the substitutional and intersti-
tial positions for fully relaxed supercells with 32 and
64 atoms. The calculated densities of electron states
also behave differently for substitutional and intersti-
tial boron atoms. The results of calculations are pre-
sented in Figs. 4 and 5, where we show the density of
states for 64-atom supercells. This corresponds to the
boron concentration 1.563 at. % for substitutional and
1.538 at. % for interstitial positions of the impurities.
We have to note that the calculated band gap about
4.0 eV is 30 % smaller than the experimental one, as
expected for standard density-functional-theory calcu-
lations. It slightly changes with doping.

In accordance with experiment [7] and previous
theoretical observations [11], our calculated density
of states for the substitutional boron atoms demon-
strates a metallic character, with a finite number of
electron states at the Fermi level. The valence band
width 21 eV is slightly changed by doping with boron
atoms, which introduces holes in the diamond valence
band, and pushes bands up. We see that for BDD
with ng = 1.563 at.% with boron in the substitu-
tional positions, a shallow acceptor band lies in a few
tenths of electronvolt above the Fermi level and has the
band width 0.5 eV, in good agreement with experiment
(0.37 eV [35]) and previous theoretical data (0.60 eV
for ng = 2.6 at. % [11]). The value of the total density
of states at the Fermi level in our calculations is 0.029
state per eV per diamond unit cell, which is very close
to the values about 0.03 state per eV per diamond unit
cell reported in Refs. [8, 11]. We find that local lat-
tice relaxations due to the presence of a substitutional
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Fig.4. Total (TDOS, a) and partial local density of

states (PDOS) at a boron atom in the substitutional

position (b), a carbon atom nearest to the boron atom

(c), and a carbon atom most distant from the boron

atom (d) calculated for 64 atoms supercell. All ionic

positions are fully relaxed. Energy is given relative to
the Fermi energy

boron atom lead to very small changes in the electronic
structure of the material. The value of the total density
of states at the Fermi level calculated for the supercell
with all the atoms placed at the ideal positions of the
diamond lattice is 0.063 eV, and the width of the ac-
ceptor band is larger by about 0.1 eV compared to the
calculations with fully relaxed ionic positions.

We next compare our calculated atom-projected
density of states for boron and carbon for the system
with 1.563 % of boron atoms at substitutional positions
in diamond. We find that the local density of states for
the boron atom at the Fermi level is two times larger
than for p-electrons at carbon atoms. From Fig. 4, we

897



E. Yu. Zarechnaya, E. I. Isaev, S. I. Simak et al.

MITD, Tom 133, BoIm. 4, 2008

o
o

N
>
T
L

o
[N}
T
1

o

TDOS, states/eV-atom

— [\V] w
o o o
T T T

(S
1 1

0.3

T
o
L

0.2 r

e
—_
T

PDOS, states/eV - atom

e 2
—_ [\V]
T T

10
E, eV

Fig.5. The same as in Fig. 4 for a boron atom in the
interstitial position

can clearly see the delocalized character of the holes
introduced by the boron doping. Indeed, from com-
parison of Figs. 4¢ and 4d, where we show the den-
sity of states at the carbon atoms that are nearest to
and more distant from the boron impurity, we conclude
that the acceptor states are almost unchanged between
these two atoms. The delocalized character of the hole
states is in agreement with metallic behavior of BDD
with high level of doping [7, 11].

It follows from Fig. 5 that in contrast to sam-
ples with substitutional impurities, an interstitial boron
atom induces additional states in the band gap for the
bulk diamond. This is due to completely saturated
chemical bonds in diamond, which force electrons from
the boron atom to form a donor state. Because of the
high level of doping, the states form a narrow band.

From the atom-projected density of states, we con-
clude that neither the s- nor the p-electrons of boron
contribute to the valence band density of states (states
in the energy range from —4 to —25 eV in Fig. 5), in
contrast to the case with the substitutional boron. It is

easy to see from Fig. 5b that the s- and p-electrons of
boron are well separated near the Fermi level and the
boron p-electrons form a donor band with the width
about 0.5 eV for 1.538 at. % of the interstitial boron.
Boron s-electrons form their own donor subband 1 eV
below the Fermi level. The local density of states for
carbon atoms shows that the s- and p-electrons in the
valence band are also separated and their shape is very
close to that of carbon in the substitutional case. Com-
paring the density of states at the carbon atoms that
are nearest or distant neighbors of the boron interstitial
impurity (Figs. 5¢ and 5d), we can see that boron-in-
duced donor states are quite localized at boron sites.
Indeed, there is a substantial contribution from these
states at neighboring carbon atoms but it virtually dis-
appears for distant atoms.

Therefore, the obtained results for systems with
substitutional boron atoms are in better agreement
with experiment. To the best of our knowledge, there
are no experimental reports on the donor states in
BDD, which makes the presence of individual intersti-
tial boron atoms in the samples rather unlikely.

4. CONCLUSIONS

In summary, we have carried out combined
experimental ab initio studies of the influence of
boron doping on the equilibrium lattice parameter
and the bulk modulus of diamond. The calculated
dependences of the ground-state parameters on the
dopant concentration can be used for an interpretation
of experimental results. The calculations show an
increase in the lattice parameter with increasing
boron concentration with a larger slope in the case
of interstitial impurities compared to samples with
boron atoms at substitutional positions. The effect
of ionic relaxations on the lattice parameter for all
supercells under consideration is found to be small,
although the local lattice relaxations contribute con-
siderably to the total energy of BDD. It was found
that substitutional and interstitial boron atoms affect
ground-state properties and the electronic structure
in different ways. The electronic structure changes
significantly near the Fermi level. The electrons of
a substitutional boron atom form acceptor bands,
while the donor bands are observed for interstitial
boron atoms. Based on the comparison of the results
of calculations with experimental data, we conclude
that the boron atoms substitute the carbon atoms in
diamond rather than occupy interstitial positions. We
note, however, that we considered only isolated boron
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interstitial impurities in the diamond matrix. The
presence of more complex defects cannot be excluded
and their study should be of interest.
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