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Abstract
Boron doped diamond (BDD) single crystals have been grown under conditions
of high isostatic pressure by the temperature gradient method. Numerous equi-
lateral triangles were found on the fluorescence images of {111}-diamond facets.
Structural peculiarities of BDD were investigated by JEM-2010 transmission
electron microscope with GIF Quantum attachment for electron energy loss
spectroscopy (EELS). High resolution image of diamond lattice revealed some
distorted {111}-layers. EELS testifies the presence of boron in distorted regions
of diamond lattice. The crystallographic features of BDD and their connection
with the superconductivity are discussed.

Keywords: boron-doped diamond, crystal structure defects, transmission
electron microscopy, fluorescence imaging, diffusion

1. Introduction

Owing to its unique physical properties, diamond is a very prospective material for applications
in electronic devices working under extreme conditions. Diamond can serve as a heat sink due
to its high thermal conductivity, or as an acoustic conductor due to the high value of the speed
of sound in it. It has big values of breakdown voltage and operating voltage, high radiation
resistance and capability of usage at high temperatures. Diamond is chemically stable, insoluble
in acids, very hard, and it has low dielectric permittivity [1–3].
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Boron is often used as a doping element in order to alter the properties of a diamond.
Boron has one electron fewer than carbon and, because of its small atomic radius, boron is
relatively easily incorporated into diamond. Boron creates a deep acceptor energy level with
activation energy Ea = 0.37 eV. Since boron acts as a charge acceptor, the resulting diamond is
effectively hole-doped (p-type) semiconductor [4] at low boron concentration
(n≈ 1017 ÷ 1019cm−3), and it can acquire some metal-like properties at ⩾ −n 10 cm20 3. Apart
from this, boron is a component of the only high-temperature superconductor MgB2 possessing
the electron–phonon mechanism of electron coupling [5, 6]. Doping of a diamond with boron
makes the diamond a superconductor [7], though a low-temperature one (Tc = 4K). In spite of
the fact that the doping of a diamond with boron yields new interesting properties and
applications of a diamond, the structure of a boron-doped diamond (BDD) is not studied
thoroughly. In the present work we aim to analyze in detail the single-crystal BDD structural
features.

2. Experimental

The synthesis of the single-crystal boron-doped diamond (BDD) was performed under the
conditions of thermodynamic stability of a diamond under high pressure by the temperature
gradient method [8, 9]. This method is based on maintaining the temperature difference within
the high-pressure growth cell between the origin of the carbon (high-temperature area) and the
growing diamond crystal (lower temperature). High purity (99.95%) graphite was used as a
carbon source. Boron source was amorphous boron (99% purity) placed in a bulk of carbon
source. Fe–Al alloy was used as a crystallization medium [10]. The crystallization temperature
was 1880 ± 20K. The duration of the crystallization periods was 160 ± 5 h. After the
crystallization process was finished, the diamond single crystal was taken out of the growth
medium. Then a 35–40 μm parallel plate was cut by a laser beam from the (111) facet of the
diamond. In order to study the diamond in a transmission electron microscope (TEM), this plate
was mechanically broken into small fragments which were placed onto a TEM grid. The TEM
studies of the BDD were performed using a JEM-2010 microscope with a GIF Quantum
attachment for electron energy loss spectroscopy (EELS). The sample was also studied in a
JSM-7600F scanning electron microscope with attachments for energy-dispersive x-ray
spectroscopy (EDS) and wavelength-dispersive x-ray spectroscopy (WDS). We obtained some
fluorescence images of {111} facets illuminated by ultraviolet radiation (225 nm wavelength) in
the DiamondView instrument (The Diamond Trading Company Limited, UK). The depth of the
fluorescence excitation in the diamond was about some microns (according to the Diamond-
View specification).

3. The discussion of results

Figure 1 shows a faceted diamond crystal with a small boron concentration. The amount of
boron in a high-pressure chamber during the synthesis was 0.025% of graphite mass. Numerous
equilateral triangles are seen at the large upper facet (111). Their sides are parallel to the facets
of the diamond. This contrast disappears after polishing. Taking into account the polishing
depth for the (111) facet, the thickness of the contrast layer should be approximately 1 micron.
The analysis of a number of such crystals has shown that the triangles are seen only in the

2

Mater. Res. Express 1 (2014) 035905 V D Blank et al



{111} planes, and the lines separating these triangles coincide with the 〈110〉 directions in the
diamond lattice. Therefore, the crystallographic analysis of figure 1 shows that the surface layer
having a 1 μm thickness yields the contrast seen as the triangles separated by the {111} planes
intersecting the (111) facet at the 〈110〉 directions (parallel to the triangle sides). The WDS
analysis in a scanning electron microscope has shown that the dark triangles contain more boron
than the light ones. It can be seen from figure 1 that the ( )111̄ facet neighboring the upper (111)
facet also shows a triangular contrast (two triangles on these two facets are marked by black
contours in the figure). At that, the bases of the triangles at both facets are parallel to the line
separating these facets. An increase in the boron concentration leads to the appearance of the
isosceles triangles along with the equilateral ones, where the apex angle is different from 60°.
Sometimes the sides of the triangles are not straight but rather are composed of straight
segments which constitute slightly different angles with the base of the triangle. In certain cases
we observed similar triangles but of a much bigger size at the (111) surface of the diamond.
Origination of such structures takes place if the cooling begins from higher temperatures (higher
than the metal catalyst melting temperature) and proceeds slower. It is known that slow and fast
quenching corresponds to a different amount of surface crystallization seeds. In the case of slow
quenching, the amount of triangles is smaller, but the triangles themselves are bigger.

In order to explain the appearance of the triangular contrast, it is necessary to take into
account the growth processes accompanied by the boron diffusion (figure 2). Diffusion is a
process which is activated thermally. Under the conditions of our experiment, a thermal
diffusion takes place, which is the diffusion caused by the temperature gradient dT/dx. Apart
from this, an ascending diffusion may take place, i.e., the diffusion caused by the gradient of
elastic strain and stress dU/dx. If the crystal under pressure is heated, then it tends to minimize
the elastic strain and stress which activates the diffusion.

In a diamond, the closely packed layers ABCABC… are perpendicular to the 〈111〉
directions. All the planes {111} and the directions 〈110〉 belonging to them are most closely
packed planes and directions in a crystal. Unlike a hexagonal closely packed (HCP) lattice with
ABAB… stacking, which has empty channels in it favoring the diffusion, there are no such

Figure 1. The fluorescence image of the surface layer of (111) diamond facet
illuminated by ultraviolet. A BDD grown in a crystallization medium with boron
content 0.3mg. {111} facets of diamond are separated by 〈110〉 directions. Numerous
equilateral triangles are seen which sides are parallel to the facets of diamond.
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channels in the diamond lattice. Therefore, even though a boron atom radius is less than a
carbon atom radius, the diamond lattice structure obstructs the diffusion of boron.

Nevertheless, the boron atoms move inside the diamond at high temperatures from regions
with a higher temperature to those with a lower one. They get stuck in most closely packed
layers {111} of diamond, at a distance where they completely lose their energy. The diffusion
of alien atoms in a single crystal is always anisotropic, and there can exist more favorable and
less favorable directions for the diffusion. We did not encounter any evidences in the scientific
literature for diamond on the diffusion rates in different crystallographic directions, but to all
appearances, the diffusion in the [111] direction should be most blocked. The only
experimentally established fact is that the diffusion rate is lowest perpendicularly to the
{111} plane in a semiconducting composition lattice of a diamond-type during the ion
implantation [11]. As in our work, alien atoms possessing kinetic energy penetrate into the
diamond-like structure.

However, we do not have any explanation on the way the boron atoms remain in the {111}
diamond planes. Regardless, the {111} planes distortion occurs. This is testified by the fact that
in the case of cooling from higher temperatures, the size of the triangles is bigger. This can be
due to higher kinetic energy of the boron atoms, which allows them to penetrate at longer
distances. Then the sides of the triangles are formed (boron atoms reach the intersection with
another {111} plane), the new coming boron atoms will reach the lateral sides of the triangles,
and move along them (since they cannot penetrate through them) to the triangle apex. As a
result, they deposit mostly in those fragments of the {111} planes which are located close to the
apex. It changes the angles of the triangles. Boron atoms penetrate into the triangles
perpendicularly to the triangle base, so, the boron concentration in such triangles is higher. At
the same time, the triangles with apexes oriented in the opposite way do not contain boron,
since boron atoms bypass these apexes at right and left sides, as is shown in the figure 2,
penetrating into the neighboring triangles. The same mechanism is realized on the top facet.
Boron atoms penetrate into the triangles only through the base and not through the apex.

We have studied the pieces of the surface layer of the sample in a TEM. EELS was used in
order to detect the boron atoms. We observed (separately) two distinct features of the presence
of boron in the sample. Figures 3 and 4 show the first one, namely, the fragments containing the

Figure 2. Proposed scheme of boron diffusion in diamond. At the first stage the {111}
planes saturate with boron atoms, and then the boron atoms diffuse along {111} planes
and accumulate near the apex of the triangle, changing the contrast. At that, the triangle
becomes isosceles instead of being equilateral. Boron atoms do not penetrate into
oppositely oriented triangles, since the atoms bypass them.
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boron carbide. Figure 3(a) shows a particle of the boron carbide on the surface of the diamond.
Figure 3(b) shows the corresponding diffraction patterns. The reciprocal lattice section seen in it
fits the section of B4C hexagonal lattice, where а= 0.56 nm, с= 1.207 nm [12]. It follows from
the image that (203)B4C || (111)D. Figure 4(a) shows another boron carbide particle on the
diamond surface. Figures 4(b), (c) show the high-resolution images fragments taken in
rectangles in figure 4(a). The zone axis of the boron carbide in figure 4(b) is [120]B4C (here
‘B4C’ sub-index stands for the boron carbide), and the zone axis of the diamond in figure 4(c) is
[110]D (sub-‘D’ stands for the diamond). The atomic planes (21̄4) and (21̄4̄) of boron carbide
are indicated in figure 4(b), and the angle between them is approximately equal to 85°. Planes

Figure 3. (a) The boron carbide fragment at the surface of the diamond. The crystal
lattice of B4C is clearly seen. (c) the diffraction pattern taken from (a); from (a) it
follows that (203)B4C || (111)D.

Figure 4. (a) The boron carbide fragment at the surface of the diamond. (b), (c) The high
resolution images of the fragments shown in white rectangles in (a); (b)—boron carbide
(B4C) lattice; (c)—diamond lattice. Their zone axes are [120]B4C and [110]D
correspondingly. Planes ( )21̄4 and ( )21̄4̄ of boron carbide composing 85°-angle are
indicated by white lines in (b). (111) and ( )111̄ of diamond composing 70° are
indicated in the same way in (c). ( )21̄4 B4C || (111)D.
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(111) and (111̄) of the diamond compose an angle of (approximately) 70°. At that, (21̄4)
B4C|| (111)D.

The second feature indicating the presence of boron is shown in figure 5. A high-resolution
image of the diamond lattice is shown. In the central part of figure 5(a), a horizontal band is
seen consisting of several (111) atomic layers with some distortion of its structure. The Fourier-
filtered image is shown in figure 5(b). The distortion is local, and there are no extensive defects
like twinning or stacking faults. The EELS analysis (figure 5(c)) testifies to the presence of
boron in this area. The spectra acquired from other regions which do not contain any defect
layers show no signal at the position of the boron K-edge. Therefore, we believe that the
distortion in the lattice is caused by the presence of boron atoms which accumulate in some
{111} layers of the diamond.

It should be taken into account that the diamond crystal surface formation can proceed also
after its growth ceases. At this moment, it can be considered as quenching, since the cooling
rate achieves hundreds of degrees per minute. In order to consider the formation of the surface
structure, it is necessary to take into account two main issues: a) a high concentration of
vacancies in the vicinity of the growing crystal facet [13]; b) the content of boron at the
boundary between the liquid and the crystal. Both these conditions act simultaneously and

Figure 5. (a) High resolution image of the diamond lattice. The zone axis is [110].
There are some irregularity of the lattice ({111} planes) and change in contrast in the
horizontal band in the middle of the image. (b) Fourier-filtered image (a). (c) EELS
spectrum showing the presence of weak signal near boron K-edge (188 eV) and strong
signal at carbon K-edge (284 eV).
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affect the formation of the crystal surface structure. Nevertheless, let us consider these issues
separately. First, the vacancy mechanism of the defect structure formation in the surface. When
the external heating stops, the growth of the diamond still proceeds but under other kinetic
conditions; for this case, we assume that the pressure is constant and that the temperature field
changes rapidly. The post-growth of the diamond surface will proceed until the temperature
falls below the critical temperature (in accordance with the P-T diagram). In our case, this
temperature will be lower compared to that of a single-component system, because the boron
concentration in the liquid is much higher than in the crystal [13]. The growing surface layer of
the diamond will have high concentration of vacancies. Simultaneously, the flow of vacancies
moving to the surface of the crystal will capture and carry the boron atoms, which will lead to
the boron concentration growth. Further lowering of the temperature will be accompanied by
the condensation of the vacancies in the {111} plane. This phenomenon is well known in many
of the quenched face-centered cubic (FCC) crystals with low energy of the stacking fault. It can
be described by the model proposed by Christian [14]. A flat vacancy disk collapses and yields
the triangle-shaped loop of a Frank dislocation with sides parallel to the directions 〈110〉 in the
plane {111}. For a diamond, the energy of formation of such a defect is low, and there occurs a
decrease in the elastic energy by means of the stacking fault area growth. Further, the Frank
dislocation parallel to the closely packed direction dissociates into the stair-rod dislocation and
Shockley dislocation. As a result of further dislocation reactions [14] of the following type

= +a a a

3
[111]

6
[101]

6
[121] (1)

there originates a tetrahedron composed of stacking faults, the edges of which are the stair-rod
dislocations. There are also other collapse mechanisms of the 3D-clusters of vacancies, but the
result of any of them is the formation of tetrahedra in the FCC structures. In this mechanism
(dissociation of Frank dislocation and formation of tetrahedra), the relaxation of the elastic
stress realizes not only through the dislocation reactions, but also by means of promoted boron
diffusion to the extra-planes of the edge dislocations, which leads to a decrease in the diamond
lattice deformation due to the concentration lowering in the defect-free area. Simultaneously,
when the boron concentration becomes high enough and the boron carbide formation takes
place, then strict orientation relationship between the boron carbide lattice and the diamond
lattice should be satisfied.

At the same time, the residual growth of the diamond surface still proceeds, and another
mechanism of elastic stress relaxation is possible, which is caused by the high boron
concentration. Estimating the elastic stress influence on the diamond growth shows that the
doping element concentration cannot exceed 0.001 atomic %. Otherwise it will result in a high
rate of internal energy growth, which, in its turn, should not exceed the theoretical toughness of
the crystal Е0(с) < τ

2/2μ, where τ is the value of elastic stress. Therefore, such a concentration
inevitably results in inability of a crystal growth under the given P-T conditions. From [15] it is
known that

με Ω= −E c Nc c( ) 4 (1 ) (2)0
2

where E0 is the internal energy of the system, c is the concentration of the doping element
(boron), μ is a shear modulus (of a diamond), ε is the elastic stress of a lattice, Ω is a mean atom
volume, N is the number of atoms. Therefore, it is necessary to provide the relaxation of the
elastic stress caused by the difference of the atomic radii of boron and carbon. It is necessary to
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remark that the crystal growth proceeds at a temperature which is reasonably lower than the
Debye temperature, i.e. Тgrowth≈ 1800K< 2160K= Tθ, therefore, it can be treated as a low-
temperature one. Such a situation is natural for the martensitic transformations, where the elastic
stress plays the most important role. In this case, the crystal growth proceeds through the
formation of flat disks or plates, the value of elastic stress which depends on the h/R ratio, where
h is a thickness of a disk (a plate) and R is its radius (transversal size) [14], i.e., the thinner a
plate is, the better is the relaxation. The collapse of the vacancy disks (with higher boron
concentration) accompanied by the formation of the stacking faults can result (in a limit) in the
formation of two atomic layers of boron inside the system of the (111) diamond planes.
Therefore, it is direct analogue of the martensitic plate providing almost complete relaxation of
an elastic stress in a growing layer of the crystal. This very mechanism of the diamond surface
growth can provide a high growth rate and yield a layered structure observed in the HRTEM.

We analyzed the obtained diffraction patterns and plotted a combined stereoprojection
(SP) of the diamond and boron carbide B4C. The fragment of this SP is shown in figure 6. It
follows from this fragment, that the {111} of the diamond coincides with the (022̄3̄) and (2̄114̄)
of boron carbide with good precision. The circles in the figure mark the SP fragments where the
crystallographic planes of diamond and boron carbide are shown, the parallelism of which was
observed experimentally. It also follows from the SP that the (011̄0)B4C coincides with the
(11̄0)D. The orientation relationship between the crystal lattices of diamond and boron carbide
is the following:

(11̄0) (011̄0)

[001] [0001] . (3)

diam B4C

diam B4C

Figure 6. The fragment of the combined stereoprojection of boron carbide and diamond,
plotted in accordance with their mutual orientation observed experimentally.
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The lattice of the single-crystal fragments containing boron shown in figures 3 and 4 were
identified as В4С. Actually, in the TEM it is very difficult to distinguish between the known up
to the present time В4С and В13С2, since their lattices have very close lattice parameters. Thus,
for В4С a= 0.560 nm, c= 1.208 nm, whereas for В13С2 a= 0.563 nm and c = 1.216 nm. В4С
contains icosahedra consisting of 12 boron atoms and a C-C-C chain (figure 7). And if one of
the carbon atoms in this chain is replaced by the boron atom, the chain becomes the following
C-B-C [16]. For В13С2, the chains will be C-B-C and C-B-B [16]. The length of the bonds in
different chains will be different. Figure 7 shows a crystal lattice of boron carbide B4C [17] and
diamond oriented in accordance with (3). The fragment of the lattice (shown as a rectangle)
containing three carbon atoms (or, probably, one or two of them are substituted by the boron
atoms) has a size of approximately 0.3 nm along the [001] direction and 0.56 nm in the
perpendicular direction, whereas the corresponding distances in the (110) plane of a diamond
are 0.356 nm and 0.503 nm. So, during the boron carbide formation from the diamond, the
rearrangement of the atoms and a lattice deformation have taken place.

As was mentioned above, the investigations of BDD are in close connection with the
superconductivity observed in such crystals. The superconductivity was observed in the surface
layer of a BDD. It was noted [18] that the boron content in diamond CVD films decreased
significantly after the surface polish. In the same work it was shown that after polishing, the
diamond conductivity lowered. It was shown that boron content decreased gradually in the
depth of the surface [19]. The modulation of superconducting properties of a heavily boron-
doped diamond by tuning the surface electronic state was shown in [20]. We suppose that in our
case the superconductivity can appear due to the disorder of structure in the diamond lattice
layers saturated with boron (figure 5). Indeed, in [21] it was shown that the disorder plays a key

Figure 7. The schematic images of the lattices of boron carbide (left) and diamond
(right). (Only certain atoms are shown in diamond lattice in order not to overload a
scheme). The boron atoms (small black circles) compose dodecagons, which are located
in the corners of the B4C elementary unit cell. Carbon atoms are shown as larger black
circles. Planes (011̄0)B4C and (11̄0)D are parallel in accordance with the experimentally
observed orientation relationship. In this scheme they are marked by partial shading.
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role in the electronic structure and affects the critical temperature (Tc) of superconductivity of
the BDD.

Calculation [22] of the band structure of the BDD combined with the assumption of a
Bardeen–Cooper–Schrieffer (BCS) type pairing mechanism [23], allow one to suggest that
superconductivity arises from the coupling of phonons with holes at the top of σ-bonding
(valence) bands, in a way similar to MgB2 [5, 6]. Both the contraction of the reconstructed
bonds and the 2D nature of the surface states may exist in the BDD surface, they can also
induce a stronger electron–phonon coupling and lead to the larger value of the Tc [24]. Recently
[25, 26, 21] have calculated the dependence of Tc on the disorderly nature of boron in the
superconducting BDD. According to their results, a boron ion disorder induces the broadening
of the density of states at Fermi level, as well as the very short life time and mean free path due
to the large imaginary part of the self-energy. A micrometer-sized grain is separated from other
grains by a clearly visible straight boron-rich boundary.

Since a BDD contains inclusions of boron carbide as well, one should carefully consider
their role in superconducting behavior. The possibility of making superconducting materials
based on the boron carbide family is being explored [27], but so far it does not have any results.
In [28] the IR spectroscopy of boron carbide has shown its semiconductive behavior. No
evidences for the superconductivity were observed. At the same time, the possible occurrence of
superconductivity from hole doping boron icosahedra was studied in [29]. The possibility of
having high superconducting Tc in these systems was found. As a possible physical realization
of a metallic state B13C2 was considered, which is formed from B12 icosahedral units with one
hole per icosahedron. Using ab initio calculations, the authors have determined its normal state
properties, finding a moderate electron–phonon coupling and a large phonon logarithmic
average to the phonon frequencies. It was demonstrated that both properties are connected to the
B12 building blocks. Indeed, the local density of state at the Fermi level and the phonon modes
strongly coupled with electrons are localized on the icosahedra. Therefore, the presence of
boron carbide can also be considered as an origin of the superconductivity of a BDD.

4. Conclusion

BDDs are grown by a temperature gradient method. It has been established that the boron
accumulates in a surface layer of the (111) facet of a diamond in an approximately 1 μm thick
layer. The fluorescence view of the surface shows numerous equilateral triangles, which
become not equilateral (angles change) with the growth of boron amount in the BDD. The
introduction of boron atoms in a diamond yields two effects: the disorder of the {111} planes of
diamond and the boron carbide formation. We believe that the superconductivity in a BDD
observed earlier appears due to one of the two above-mentioned features. We have established
the orientation relationship between the diamond lattice and the B4C lattice. It is shown that in
the surface layer of the diamond lattice there appear some defect layers consisting of several
(111) planes distorted by boron atoms.
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