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Local boron environment in B-doped nanocrystalline diamond filmsT

Stuart Turner,* Ying-Gang Lu,” Stoffel D. Janssens,” Fabiana Da Pieve,” Dirk Lamoen,” Jo Verbeeck,”
Ken Haenen,” Patrick Wagner® and Gustaaf Van Tendeloo”

Received 18th June 2012, Accepted 6th August 2012
DOI: 10.1039/¢2nr31530k

Thin films of heavily B-doped nanocrystalline diamond (B:NCD) have been investigated by a
combination of high resolution annular dark field scanning transmission electron microscopy and
spatially resolved electron energy-loss spectroscopy performed on a state-of-the-art aberration
corrected instrument to determine the B concentration, distribution and the local B environment.
Concentrations of ~1 to 3 at.% of boron are found to be embedded within individual grains. Even
though most NCD grains are surrounded by a thin amorphous shell, elemental mapping of the B and C
signal shows no preferential embedding of B in these amorphous shells or in grain boundaries between
the NCD grains, in contrast with earlier work on more macroscopic superconducting polycrystalline B-
doped diamond films. Detailed inspection of the fine structure of the boron K-edge and comparison
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with density functional theory calculated fine structure energy-loss near-edge structure signatures
confirms that the B atoms present in the diamond grains are substitutional atoms embedded

tetrahedrally into the diamond lattice.

Introduction

Nanocrystalline diamond is a hugely attractive material because
of its extreme hardness, chemically inert surfaces, high Young’s
modulus and large band gap of 5.5 eV which can be readily
modified by addition of dopants. Boron doping of NCD leads to
a wide range of electronic transport properties with a critical
boron concentration for the metal-insulator transition between
2 x 10* and 3 x 10* cm>."* For boron concentrations above
102! em ™3, B:NCD is also known to be superconducting below
liquid helium temperatures.’

Much debate surrounds the question of the position and
coordination of the B dopants in this type of material. It was
recently shown using a combination of electron energy-loss
spectroscopy (EELS) and energy-filtered TEM (EFTEM) that
superconducting films with large micron sized grains exhibit
pockets of amorphous carbon material at the diamond grain
interfaces and triple points that are strongly enriched in boron.®
However this effect has never been verified in NCD films. The
reasons for this are obvious; the relatively low B concentration,
the small diamond grain size and the problems of specimen
preparation for NCD diamond hinder the acquisition of detailed
experimental data.
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In this work, conducting films of B-doped nanocrystalline
diamond in both plan-view and cross-section orientation will be
investigated by a combination of high resolution annular dark
field scanning transmission electron microscopy (HR-ADF-
STEM) and spatially resolved electron energy-loss spectroscopy
(STEM-EELS) performed on a state-of-the-art aberration cor-
rected instrument. Using these tools, the B concentration,
distribution and the local B environment in this type of thin
nanocrystalline diamond films will be determined. The coordi-
nation of B in the diamond film will be identified through
comparison of the experimental EELS fine structure to density
functional theory (DFT) calculated fine structure signatures.

Experimental section
Diamond film growth

The growth of the B:NCD layers on a Si substrate is described in
detail elsewhere.” In short: diamond growth was carried out in an
ASTeX 6500 series MPECVD reactor on a Si substrate that was
treated with a colloidal suspension of 5-10 nm detonation dia-
mond. The temperature was monitored by a Williamson Pro92
dual-wavelength pyrometer. Growth was performed in a CH4/H,
plasma with a methane concentration of 3%. Doping was
induced by trimethyl boron gas (B(CH3);) with a 5500 ppm B/C
ratio. The substrate temperature was 700 °C induced by 3500 W
of microwave power at a total pressure of 60 hPa (45 Torr). The
growth was stopped when the B:NCD layers reached a thickness
of ~240 nm and cooling down was done under hydrogen flow.
The thickness was determined ex situ, at standard ambient
conditions, from SEM cross-sectional measurements.
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TEM sample preparation

TEM samples were prepared both in plan-view and in cross-
section geometry. The samples were cut using a diamond wire,
stuck together head-on (for the cross-section samples) and hand
polished down to micrometer thickness. To thin the samples
down to electron transparency, the samples were polished by ion-
milling in a Balzers ion mill starting with a 8 kV beam untill film
perforation, continuing with a 5 kV beam for thinning and a 2 kV
beam for final polishing.

Scanning transmission electron microscopy and electron energy-
loss spectroscopy

High resolution STEM and spatially resolved EELS experiments
were carried out on a FEI Titan 80-300 “cubed” microscope
fitted with an aberration-corrector for the imaging lens and the
probe forming lens, a monochromator and a GIF Quantum
energy filter for spectroscopy, operated at 300 kV. ADF imaging
was performed using a convergence semi-angle « of ~21 mrad
and an ADF inner collection semi-angle of 22 mrad. STEM-
EELS experiments (Fig. 2 and 3) were performed using a
convergence semi-angle « of ~21 mrad and a collection semi-
angle § of ~100 mrad, using a beam current of approximately
80 pA. All spectra were acquired at an energy dispersion of
0.1 eV per pixel and an energy resolution of approximately 1.2 eV
(non-excited monochromator). The monochromator was not
excited as, due to the low B content in the samples, sensitivity was
the primary experimental concern.

EELS data in Fig. 4 was acquired in diffraction mode on a
Philips CM 30 microscope operated at 300 kV equipped with a
GIF 200 spectrometer, using a convergence semi-angle « of ~0.4
mrad and a collection semi-angle § of ~0.9 mrad, at an energy
dispersion of 0.1 eV per pixel and an energy resolution of
approximately 1.2 eV.

Chemical maps for the C signals (amorphous carbon and
diamond) were generated by fitting the carbon K-edge to known
references for diamond and amorphous carbon in the EELS
model®® software package. The B maps were generated by
plotting the intensity under the background-subtracted B edge in
each pixel using a 45 eV broad energy window. The EELS data
were first treated using principle component analysis (PCA) to
minimize the influence of random noise.’® When plotted, the
core-loss spectra were background subtracted, aligned using the
onset of the graphitic peak (at 284 eV) and normalized in
intensity to their maxima. Quantification of the EELS data was
performed using Hartree—Slater cross-sections in Gatan Digital
Micrograph.

ELNES calculations using density functional theory

Ab initio DFT-GGA (Generalized Gradient Approximation)
calculations using the PBE (Perdew—Burke-Ernzerhof) func-
tional were made using the all electron code WIEN2k, based on
the full potential linearized augmented plane wave method.'"'
The following values for the relevant parameters were used:
radius of the muffin tin (Ry1) = 1.35, Ryt X Kiax (basis cutoff,
i.e., the product of the smallest muffin tin radius in the systems
and the length of the maximum K-vector of the interstitial plane
wave basis) = 6.5; Gpax = 14.0.

The calculation of the doped system was performed on a 2 x
2 x 2 supercell with 64 atoms, constructed from a pure diamond
unit cell with lattice parameter 3.567 A, allowing for a relaxation
of the atomic positions and an isotropic expansion of the
supercell. The final relaxed lattice parameter was 3.598 A,
slightly bigger than the experimental value, as expected from the
GGA functional. The lattice parameters for the doped supercell
were not relaxed, due to the reported small lattice expansion of
boron doped diamond, especially in the case of substitutional
impurities.’®'* The results for the relaxed atomic positions were
in agreement with previous reports: the B impurity remained at
the lattice site, and its neighbors relaxed away by ~0.038 A with
respect to pristine diamond, suggesting that the defect underwent
a small Jahn-Teller distortion.'>!® The symmetry of the point
defect remained Ty, apart from a very small stretch (0.001 A) of
the C-B bond along the (111) direction with respect to the other
C-B bonds. The internal positions were also relaxed starting
from an initially displaced configuration of the impurity, with the
B atom displaced from the ideal position of the precursor C atom
by ~15% along the (111} direction. This was done in order to rule
out different stable final configurations for the small Jahn-Teller
distortion reported for this defect, in a similar manner to calcu-
lations performed on other dopants in diamond in the litera-
ture.'” The differences in the total energy after optimization were
of the order of 107> eV and the final bond lengths did not differ,
confirming the robustness of the relaxation.

The converged k mesh for the full Brillouin zone consisted of
2000 k points for ground state calculations and 750 k points for
the 2 x 2 x 2 supercell with 64 atoms used to calculate the
ELNES. B K-edge ELNES calculations were performed using
the full core hole approximation, i.e. introducing a frozen hole in
the excited orbital and smearing the charge uniformly in space.
No orientation dependence of the EELS spectra was considered,
i.e. the cross-sections were averaged over all possible directions
of the scattering vector with respect to the crystal, as no orien-
tation relation of the B K-edge was observed in earlier XAS
experiments.'® The structure was optimized allowing for a change
of atomic coordinates with a convergence of the total energy of
2 meV. The calculated ELNES spectra were broadened to mimic
instrumental broadening.

Results and discussion

Fig. 1 shows three ADF-STEM images of the B:NCD sample.
ADF-STEM imaging was performed using an ADF collection
inner semi-angle optimized to allow both diffraction and mass-
thickness contrast to contribute to the image formation in order to
make defects easily visible.” The close packing of the diamond
grains can be seen in the plan-view image in Fig. 1a. The diamond
grains are well-distinguishable, and have sizes ranging from 100 to
300 nm. Planar defects are abundant; many twin boundaries,
typical of nanosized diamond, are visible in a single diamond grain
in Fig. 1b as well as in the diamond grains viewed in cross-section in
Fig. 1c (indicated by arrows). The 71° angle between the twin
boundaries evidences that the twins are ¥ = 3 {I11} planar
defects.?*?*! Individual diamond grains are generally surrounded by
a thin amorphous shell. This is clearly visible in the plan-view
sample; the diamond particle in Fig. 1b is surrounded by a low-
contrast, continuous amorphous carbon shell of ~10 nm thickness.

This journal is © The Royal Society of Chemistry 2012
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Fig. 1 ADF-STEM imaging of a B:NCD film; low magnification ADF-
STEM image (a) showing diamond grains in the B:NCD film in plan-
view. Higher magnification ADF-STEM images showing diamond grains
with multiple {111}-type twin boundaries visible in plan-view (b) and
cross-section (c, indicated by arrows). In some cases the diamond grains
are surrounded by a thin amorphous shell (b).

No large triangular-shaped pockets are observed at the grain
junctions, in contrast with previous observations in micron-sized
polycrystalline boron-doped diamonds.® In ultrananocrystalline
diamond (UNCD) thin films, the morphology and electronic
structure of grain boundaries (GBs) can be changed by the
introduction of nitrogen.? In work by Bhattacharyya et al.,** a
model is proposed in which carbon 7 states in nitrogen-rich GBs
are responsible for the high electrical conductivity.

In order to gain insight into how the boron dopants are
distributed within the diamond grains, STEM-EELS measure-
ments were performed on both cross-section and plan-view
samples. To acquire the spectroscopic data, the so-called spec-
trum imaging technique was adopted.?* In this technique, the
electron probe is scanned over the sample and an EELS spectrum
is acquired in each point, together with an annular dark-field
signal as image reference.

In Fig. 2, a tight aggregation of several NCD grains in cross-
section is investigated by STEM-EELS. From the acquired
EELS spectra, boron (Fig. 2b), diamond (Fig. 2c) and amor-
phous carbon (Fig. 2d) maps are generated. The ADF-STEM
overview image in Fig. 2a does not show clear evidence for the
presence of an amorphous carbon shell surrounding the indi-
vidual diamond grains. However, the presence of such a shell is
confirmed by the amorphous carbon map in Fig. 2d, with a
thickness in the same order of magnitude as seen in Fig. 1b
(~10 nm). Even though the amorphous carbon map demon-
strates the presence of amorphous carbon at the grain bound-
aries, no enrichment of boron at these grain boundaries is visible.
On the contrary; the boron signal is evenly distributed over the
diamond grains and grain boundary regions.

a-C M a-Cc Wdiamond [liB

Fig.2 Elemental mapping of the B:NCD film in cross-section; (a) ADF-
STEM image of several diamond grains in cross-section orientation. (b—
e) Elemental maps showing the boron (b), diamond (c) and amorphous
carbon (d) distribution. (e) Color map.

Similar conclusions can be drawn from STEM-EELS data
acquired from several diamond grains in plan-view orientation
(Fig. 3). Again, the diamond grains are surrounded by an
amorphous shell. The boron map shows no enrichment of B in
the amorphous shell or at the grain boundaries between the NCD
grains. A third set of STEM-EELS results obtained from a single
NCD grain containing several planar defects (twins) is presented
in the ESI.¥ Also here, no preferential enrichment of B in the
amorphous carbon shell is detected. Even through enrichment of
B at defect centers can be expected in these types of samples, no
clear evidence for B enrichment at the twin boundaries can be
derived from the data. Enrichment of B at defects in single dia-
mond grains however remains a key question in the field and
therefore warrants further investigation in the future. In
conclusion, the STEM-EELS maps evidence the amorphous
nature of the shell surrounding the individual diamond grains,
but no specific boron enrichment at these boundaries is observed.
The elemental maps showing the distribution of boron
throughout the B:NCD films raise questions about the local
environment of the B dopants.

To gain insight into this local environment/coordination of the
B dopants, we performed electron energy-loss spectroscopy on

a-C
Fig. 3 Elemental mapping of the B:NCD film in plan-view; (a) ADF-
STEM image of diamond grains in plan-view orientation. (b-e)

Elemental maps showing the boron (b), diamond (c) and amorphous
carbon (d) distribution. (e) Color map.
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both diamond and amorphous-rich regions. The fine structure of
EELS edges (the so-called energy-loss near-edge structure
(ELNES) signature) is known to be sensitive to the local envi-
ronment of the excited atom through the projected density of
unoccupied states.>** The ELNES signature of the boron
K-edge and carbon K-edge in these films should therefore
contain information on the local B environment. To obtain a
sufficient signal to noise ratio for ELNES investigation, EELS
spectra were acquired from a diamond-rich and an amorphous
carbon-rich region in diffraction mode, using longer acquisition
times than for the STEM-EELS data.

In Fig. 4a, a typical EELS spectrum with the B K-edge at
190 eV and the C K-edge at 284 eV from a diamond-rich region is
displayed. The B : C ratio as measured from the spectrum is 2.2
at.%. The B and C K-edge ELNES signatures for the diamond-
rich region are displayed in detail in Fig. 4b. The boron edge has
been shifted over 94 eV for comparison with the carbon edge.
The overall ELNES signature for the carbon K-edge is typical for
diamond, with a maximum peak coinciding with a Is — o*
transition at 292 eV, arising from the sp’ hybridization of C in
diamond. The pre-peak at 285 eV coincides with the 1s — w*
transition and is typical of sp> hybridized carbon, which in this
case is a small amount of amorphous carbon at the diamond
grain boundaries.

Interestingly, the boron ELNES signature is highly similar to
the carbon/diamond fine structure. Apart from a similar small 7c*
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Fig. 4 EELS fine structure analysis of boron and carbon; (a) Typical
EELS spectrum from a diamond grain region showing the boron K-edge
at 190 eV and the carbon K-edge at 284 eV. Quantification yields a B : C
ratio of 2.2 4+ 0.2 at.%. (b) Comparison between a 2 eV smoothed boron
ELNES with the simultaneously acquired carbon ELNES from a dia-
mond region and (c) comparison between the smoothed boron ELNES
with the simultaneously acquired carbon ELNES from a amorphous
carbon-rich region, scaled to match the carbon K-edge. The boron edges
in (b) and (c) have been shifted to align with the carbon fine structure.
Quantification yields a B : C ratio of 2.8 + 0.3 at.%.

pre-peak, all four peaks A, B, C and D which are present in the
diamond ELNES are also present in the boron fine structure.
This implies that excited boron atoms are embedded in a similar
local environment to the excited carbon atoms. In other words;
the main fraction of boron atoms in the diamond-rich areas are
present as substitutional impurities, which is consistent with
previous XAS and XES spectroscopy results.'® A smaller fraction
is embedded into the amorphous grain boundaries and shells.
This is confirmed by the EELS data acquired from such an
amorphous region (Fig. 4c). The boron K-edge from the amor-
phous carbon-rich region is characterized by a narrow 7* peak
followed by a broad o* peak, similar to the fine structure of
amorphous carbon. Quantification of the B: C ratio in this
region yields a value of 2.8 £ 0.3 at.% B, which is very close to the
value in the diamond-rich region.

In an attempt to provide more accurate information on the
type of boron embedding in the diamond grains, we performed
detailed DFT calculations for the boron K-edge ELNES in the
case of substitutional boron in diamond. One ELNES calcula-
tion was performed with full relaxation of the atomic positions
surrounding the boron impurity; another was performed without
relaxation (see Experimental section for full details). The results
of the DFT calculations are plotted in Fig. 5 (top panel) together
with the experimental boron K-edge and carbon K-edge fine
structure from a diamond-rich region (bottom panel, replicated
from Fig. 4b). After relaxation, the boron ELNES signature is
found to be highly similar to the diamond ELNES, with peaks A,
B and C being reproduced. Interestingly, a small pre-peak is

relaxed

non relaxed

Intensity (a.u.)

Carbon / Diamond

0*

0 10 20 30 40 50
Energy Loss Above Edge Onset (eV)

Fig. 5 Comparison between the DFT calculated ELNES and experi-
mental data; top: DFT calculated B K-edge ELNES for substitutional B
in diamond with structure relaxation (full line) and without internal
structure relaxation (B at ideal C position; dotted line). Bottom:
comparison between the 2 eV smoothed boron ELNES with the simul-
taneously acquired carbon ELNES from a diamond region. The carbon
edge has been shifted to align with the boron fine structure.

This journal is © The Royal Society of Chemistry 2012
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present in the calculated boron spectrum, due to new states in the
diamond band gap. This peak, 8.7 eV before peak A, is clearly
present at a different energy-loss position than the ©* peak, but
has to date not been unequivocally observed experimentally. The
ratio of the peaks A, B and C in the calculated ELNES signature
does however not fully coincide with the experimental B ELNES,
even though the peak ratios can in general be reproduced well for
e.g. the carbon K-edge in diamond by DFT.?® The ratio changes
of peaks A, B and C are probably due to small changes in the
local bond length, similar to the peak ratio changes seen in
substitutional nitrogen in diamond.?® This is corroborated by the
ELNES signature for the non-relaxed substitutional boron
system; in this case the ratio of peaks A and B changes. This
could indicate that the environment surrounding the B impurities
is not fully relaxed but rather strained or stressed, causing the
peak ratios of peaks A, B and C to change.

Conclusions

Thin films of B-doped nanocrystalline diamond have been
investigated by a combination of high resolution annular dark
field scanning transmission electron microscopy and spatially
resolved electron energy-loss spectroscopy to determine the B
concentration, distribution and the local B environment.

Concentrations of ~1 to 3 at.% of boron were found to be
embedded tetrahedrally into the core of the NCD grains.
Elemental mapping of the B and C signals showed no preferential
embedding of B in grain boundaries or amorphous shells
surrounding the diamond grains, in contrast to earlier work in
literature.?”*® Detailed inspection of the fine structure of the
boron K-edge and comparison with DFT calculated fine struc-
ture ELNES signatures confirms that the B atoms present in the
diamond grains are substitutional atoms embedded tetrahedrally
into the diamond lattice.
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