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Abstract
Boron doped diamond (BDD) has great potential in electrical, and electrochemical sensing
applications. The growth parameters, substrates, and synthesis method play a vital role in the
preparation of semiconducting BDD to metallic BDD. Doping of other elements along with boron
(B) into diamond demonstrated improved efficacy of B doping and exceptional properties. In the
present study, B and nitrogen (N) co-doped diamond has been synthesized on single crystalline
diamond (SCD) IIa and SCD Ib substrates in a microwave plasma-assisted chemical vapor
deposition process. The B/N co-doping into CVD diamond has been conducted at constant N flow
of N/C∼0.02 with three different B/C doping concentrations of B/C∼2500 ppm, 5000 ppm,
7500 ppm. Atomic force microscopy topography depicted the flat and smooth surface with low
surface roughness for low B doping, whereas surface features like hillock structures and un-
epitaxial diamond crystals with high surface roughness were observed for high B doping
concentrations. KPFMmeasurements revealed that the work function (4.74–4.94 eV) has not varied
significantly for CVD diamond synthesized with different B/C concentrations. Raman
spectroscopy measurements described the growth of high-quality diamond and photoluminescence
studies revealed the formation of high-density nitrogen-vacancy centers in CVD diamond layers.
X-ray photoelectron spectroscopy results confirmed the successful B doping and the increase in N
doping with B doping concentration. The room temperature electrical resistance measurements of
CVD diamond layers (B/C∼ 7500 ppm) have shown the low resistance value∼9.29 Ω for CVD
diamond/SCD IIa, and the resistance value∼16.55 Ω for CVD diamond/SCD Ib samples.
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1. Introduction

Diamond is one of the semiconductors, exhibits unique
properties like high thermal conductivity, chemical inertness,
high mechanical hardness, wide bandgap, low dielectric
constant, high breakdown field, high hole mobility, and tun-
able negative electron affinity. Combination of these excep-
tional properties drives the diamond into a variety of
applications like electron field emitters, single-photon sour-
ces, biological and chemical sensors, microelectromechanical
devices, hard coatings, heat sinks, and high power electronics
[1–4]. Diamond is a wide-bandgap material, which enables to
introducing the variety of impurities into bandgap to tuning
the electrical and optical properties. The insulating diamond
could be converted to electrically conducting p-type by
doping with boron (B) and n-type diamond by nitrogen (N) or
phosphorus (P) doping [5]. In addition, doped impurities like
boron, nitrogen, silicon, and nickel lead to the formation of
boron-vacancy (BV), nitrogen-vacancy (NV), silicon-vacancy
(SiV), and nickel-vacancy (NiV) kind of diamond color
centers, which are emerging as single-photon sources for
quantum computing and quantum information processing,
bioimaging, and low magnetic field sensor applications
[6–10].

B is a substantial dopant element for the synthesis of
p-type diamond because B acts as an acceptor in the diamond
lattice thus boron-doped diamond (BDD) is a prominent
material for electro- chemistry due to its low carrier activation
energy∼0.37 eV, wide potential window, and low-back-
ground current [11]. Hence, BDD electrodes were employed
in several promising applications like electrochemical sensing
[12–14], electron field emission devices [15], wastewater
treatment [16], and electrodes for the construction of super-
capacitors [17, 18]. The B doping concentration in insulating
diamond defines its ability of conductivity, for instance at the
doping concertation of∼1018 cm−3 the insulating diamond
transforms to semiconducting diamond [19], whereas insu-
lating diamond converts to metallic at the B doping con-
centration above 1021 cm−3 [20]. However, the high doping
of B causes the degradation of the crystalline quality of the
diamond and around 10 % of doped B atoms could not act as
acceptors [21, 22]. Moreover, B doping is most effective and
has shown higher conductivity in large diamond crystals
(microcrystalline diamond) than in smaller nanodiamond
grains [23]. Therefore, the efficiency of B doping and related
properties in single-crystalline diamond (SCD) are decipher-
ing subjects for conducting research.

In addition, the co-doping of two elements into diamond
has demonstrated superior properties compared to single ele-
ment doping. High quality and low stress gem-SCD crystals
with high N concentrations have been prepared by co-doping of
N and hydrogen (H) into diamond in the high-pressure high-
temperature (HPHT) method [24]. B and sulfur (S) co-doped

diamond synthesized in HPHT process exhibited n-type
conductivity, and the addition of B enhanced the S doping
into diamond compared to single S doped diamond [25]. B/
H co-doped HPHT grown SCD samples showed p-type
conductivity with high carrier concentration and high con-
ductivity than B-doped diamond [26]. Theoretical studies of
B/N co-doped diamond have been demonstrated with n-type
conductivity and enhanced N doping efficiency by the
addition of B, B boosts the solubility limit of N in diamond
and decreases the lattice-relaxation energy [27]. Green dia-
mond crystals (nearly transparent) have been synthesized by
B/N co-doping into diamond using the HPHT process,
which illustrated the inhibition of N precipitation by
increasing the N solubility in the diamond [28]. The N-rich
B doped HPHT diamond samples have revealed a better
crystalline quality with increasing addition of B due to B–N
formation, p-type conductivity, and low Hall mobility due to
scattering occurred by N defects in the diamond lattice [29].

Karna et al synthesized B/N co-doped SCD samples on
Ibsubstrates at relatively high nitrogen doping levels
demonstrating enhanced growth rate with non-epitaxial
growth of doped diamond [30].In addition, they manifested
that increase of N doping level induces the decrease in elec-
trical conductivity, whereasdoes not reported the photo-
luminescence properties of grown samples [30].Issaoui et al
reported the use of B/N co-doping for application in vertical
power electronic components showing that nitrogen admix-
ture allowed for compensation of the strain induced by boron
incorporation in single crystal diamond [31]. The B/N co-
doped diamond films have beendemonstrated by Guoet al as
electrodes with enhanced electrochemical performance when
compared with standards BDD [32–34]. This effect was
attributed to the enrichment of CO groups and the increased
concentrations of sp2 phases in the co-doped films, what
allows for enhanced performance in electroanalytical appli-
cations [32].

Synthesis of high-quality NV center-diamond on HPHT
SCD substrates are attracting towards device fabrication in
quantum sensing applications [35]. The charge state control
of NV center is very crucial parameter for utilizing them in
quantum sensing applications [35, 36]. The boron presence in
NV center-diamond has been demonstrated the passive charge
state control of NV center by tuning towards NV° due to its
acceptor nature [37]. However, nitrogen related optical fea-
tures have been not achieved for lightly B doped CVD dia-
mond [38]. Therefore, influence of B concentration on the
formation of NV centers in CVD process is an ambiguous
topic for investigation. Next, the electrical and NV emission
properties of B/N co-doped CVD diamond/SCD substrates is
a prime subject in development of quantum and electro-
chemical sensor applications. Therefore, in the present
study, B/N co-doped CVD diamond has been overgrown
on SCD IIa and SCD Ib substrates using the microwave
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plasma-assisted chemical vapor deposition (MPACVD) pro-
cess. Three different B/N co-doped CVD diamond samples
have been synthesized by the addition of B/C∼ 2500 ppm,
5000 ppm, and 7500 ppm, with the inclusion of a constant N2

flow at 0.12 SCCM (N/C∼ 0.02) into growth plasma. Sur-
face topography of CVD diamond layers has been investi-
gated using atomic force microscopy (AFM), and Kelvin
probe force microscopy (KPFM) was employed to measure
the contact potential difference (CPD) to calculate the work
function of these CVD diamond layers. Photoluminescence
(PL) spectra of all these CVD diamond/SCD substrates were
obtained to examine the influence of high B doping in the NV
center’s formation and their emission characteristics. Elec-
trical resistance measurements were carried out at different
temperatures∼77 to 573 K to investigate the influence of
temperature on electrical resistance and estimation of activa-
tion energy (Ea) of the B/N co-doped CVD diamond layers.
X-ray photoelectron spectroscopy measurements were carried
out for investigation on B/N doping efficacy and its influence
on diamond quality.

2. Experimental methods

B/N co-doped diamond overgrown on the HPHT-SCD sub-
strates using a MPACVD system (2.45 GHz, Seki Technotron
AX5400S, Japan). Here, two types of SCD substrates have
been utilized to grow the B/N co-doped diamond, i.e. SCD
IIa (3×3 × 0.5 mm; New Diamond Technologies, Russia),
and SCD Ib (3×3 × 1.0 mm). SCD IIa consists of the
impurity levels of N <10 ppb and B<50 ppb, whereas the
SCD Ib substrate has the impurity levels of N<1 ppm and
B<0.05 ppm. Both the SCD IIa and Ib substrates have
consisted of (100) face orientation and edge orientation of
(110). Prior to the growth of B/N co-doped diamond, SCD
substrates were cleaned by the RCA process. Afterward,
RCA-cleaned SCD substrates were placed in the MPACVD
chamber and then subjected to H-plasma to clean the surface.
The H-plasma surface cleaning has been performed with a H2

flow rate of 600 SCCM, working pressure of 100 Torr,
microwave power of 1000 kW, substrate temperature of
900 °C, and process time of 10 min (table 1). B/N co-doping
was executed using diborane (B2H6) and N2 gases as dopant
precursors. Three kinds of B/N co-doped diamond samples
were prepared by [B]/[C] concentrations of 2500 ppm, 5000
ppm, and 7500 ppm with a fixed N/C∼ 0.02. B/N co-doped
diamond samples were grown using CH4∼12 SCCM,
H2∼600 SCCM, microwave power∼1300 kW, pres-
sure∼100 Torr, substrate temperature∼ 900 °C, and growth
time of 30 min (table 1).

Subsequently, B–N co-doped diamond/SCD samples
were annealed in a vacuum at 800 °C for 2 h. The high-
temperature annealing process leads to the formation of gra-
phite and oxide layers on the surface. Therefore, the annealed
SCD samples were cleaned using H2SO4:HNO3 (1:1) at
200 °C for 2 h, after that rinsed in DI water and dried in air.

The surface topography of B/N co-doped diamond/SCD
samples was observed by AFM. KPFM measurements were
conducted using a Veeco/Bruker Nanoman V microscope
equipped with a Nanoscope V controller for attaining the
work function of the B–N doped diamond/SCD samples. To
perform the KPFM measurements to measure the CPD, the
surface of the B/N doped diamond/SCD samples was
grounded using electrically conductive silver paint (Silver
Conductive Adhesive 503, Electron Microscopy Sciences).
CPD results were attained using the lift mode (two-pass
technique), where each line must be scanned twice, the first
tapping mode allows to observe the topography of the surface,
and the second one is performed at a certain distance (lift-up
height) from the sample surface, resulting in the measurement
of a surface charge or the CPD. In the present study, the
typical lift-up height of∼50–150 nm was maintained to avoid
unintentional contact of the scanning tip with the sample.
Nanoworld ARROW-EFM probes with a typical spring
constant of 2.8 N m−1 and resonant frequency of 75 kHz and
silicon tips with a tip radius of 25 nm on a silicon cantilever
with PtIr5 coating were used for scanning. The CPD of the
sample was estimated from the CPD histogram taken from the
whole scanned area. The work function of the samples was
calculated based on the calibration using a highly oriented
pyrolytic graphite (WF ∼ 4.6 eV).

Furthermore, polarization microscopy was utilized to
observe the dislocations and strain in the CVD-grown B/N
doped diamond layer on SCD substrates. The surface
morphology of the B/N doped diamond was observed using a
Keyence VHX-6000 3D digital microscope. Birefringence
photographs of the CVD layers were taken with an OPTA-
TECH LAB 40 POL microscope. Raman and photo-
luminescence (PL) spectroscopy measurements of the B/N
co-doped diamonds samples were performed using a Horiba
Jobin Yvon T64000 spectrometer equipped with three grat-
ings (600, 1200, and 1800) system. The excitation source is a
He–Cd (532 nm) laser with a power of 20 mW was focused
on the B/N doped diamond/SCD samples using an Olympus
MPFLN objective with 50× magnification. The PL mea-
surements were carried out with a unique integration time of 5
s for all samples. X-ray photoelectron spectroscopy (XPS)
measurements of the B/N doped diamond/SCD samples
were measured using an Escalab 250Xi spectroscope (Thermo
Fischer Scientific, UK) with a monochromatic Al Kα
source. XPS measurements were conducted only for the B/
C∼ 2500 ppm and 7500 ppm of B/N doped diamond/SCD
samples to check the success and influence of B/N doping
into CDV diamond layers. The electrical resistivity of B/N
co-doped diamond/SCD samples was measured at a low
temperature of 77 K to a high temperature of 573 K by
freezing and heating stage (THMS600, Linkam, UK), which
was connected to a four-probe setup. Heating and freezing
rates were maintained at a rate of 75 °Cmin−1. THMS600
was connected to the measuring source unit (Keithley 2400,
UK) and Arduino microcontroller, which is controlled by the
program written in Python 2.7.2 software on a standard PC.
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Table 1. Growth parameters of CVD diamond grown on SCD IIa and SCD Ib substrates.

CVD diamond P (Torr) H
2
(SCCM) CH

4
(SCCM) B

2
H6
a (SCCM) N

2
(SCCM) T (°C) Power (W) Time (min)

B/N diamond/SCD IIa B/C∼2500 ppm 100 600 0 0 0 900 1000 10
100 600 12 7.5 0.12 900 1300 30

B/N diamond/SCD IIa B/C∼5000 ppm 100 600 0 0 0 900 1000 10
100 600 12 15 0.12 900 1300 30

B/N diamond/SCD IIa B/C∼7500 ppm 100 600 0 0 0 900 1000 10
100 600 12 22.5 0.12 900 1300 30

B/N diamond/SCD Ib B/C∼2500 ppm 100 600 0 0 0 900 1000 10
100 600 12 7.5 0.12 900 1300 30

B/N diamond/SCD Ib B/C∼5000 ppm 100 600 0 0 0 900 1000 10
100 600 12 15 0.12 900 1300 30

B/N diamond/SCD Ib B/C∼7500 ppm 100 600 0 0 0 900 1000 10
100 600 12 22.5 0.12 900 1300 30

a

B2H6 is mixed in 2000 ppm of H2 gas.
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3. Results and discussions

As-received SCD IIa substrates have appeared colorless due
to lacking impurities, and as-received SCD Ib substrates
appeared in yellow due to their intrinsic N impurities.
Though, in the present study, B/N co-doping into CVD
diamond (with various B concentrations, N2 concentration
has been fixed at the flow of 0.12 SCCM) has been grown on
SCD IIa and SCD Ib substrates. Figure 1 presents the pho-
tographs of the B–N co-doped diamond grown on SCD IIa
and SCD Ib substrates. (These photographs have been cap-
tured before the annealing process.) Figure 1 (a) shows the
B/N co-doped diamond (B/C∼ 2500 ppm) on SCD IIa,
which appears as almost colorless. Whereas by increasing the
B/C∼ 5000 ppm (figure 1(b)), CVD diamond/SCD IIa
appeared in light blue color. Further, B/C concentration
increased to 7500 ppm, the CVD diamond/SCD IIa looks like
a blue diamond (figure 1(c)). The blue color of CVD diamond
layers is raised from the emission of boron vacancy (BV)
color centers, which have been formed during the diamond
growth in the CVD process. Figures 1 (d)–(f) represents the
photographs of B/N doped diamond grown on SCD Ib sub-
strates, here the color of CVD diamond layers has been
seeming similar to the color of SCD Ib substrates. The color
of B/N doped CVD diamond on both SCD IIa and SCD Ib
substrates has not been altered by the annealing process.

AFM surface topography images of B/N co-doped
diamond on HPHT-SCD substrates have been obtained
over the area of 10 μm × 10 μm to investigate the roughness
and surface morphology. AFM topography of the B/N

co-doped CVD diamond on SCD IIa has been shown in
figures 2 (a)–(c), for B/C∼ 2500 ppm to B/C∼ 7500 ppm,
respectively with constant N2 flow of 0.12 SCCM. The sur-
face of the homoepitaxial CVD diamond layer on SCD IIa is
flat and smoother for B/C∼ 2500 ppm [figure 2(a)] with
average surface roughness (Ra)∼ 1.31 nm and root mean
square roughness (Rq)∼ 2.26 nm has been observed because
of substrate’s good surface condition and low boron doping
levels. Further, hillocks with flat (FHs) and pyramidal (PHs)
shapes were formed [figure 2(b)] for the B/C∼ 5000 ppm,
due to stacking faults or dislocations at interface between
CVD layer and substrate, which were formed at the initial
stage of growth by the presence of metal impurities [39–41].
In addition, the hillock structures are favorably produced on
un-etchable and immobile defect sites, where the carbon
atoms are more reactive than normal surface carbons, results
in preferential growth of propagating the defect upwards [42].
However, enhancement of N-incorporation at hillock kind of
structures has been observed and which shown the path way
for identifying the hillock-localized NV center ensembles for
quantum technology applications [43]. The spherical-shaped
grains [unepitaxial crystals (UCs)] were observed on the CVD
diamond surface, these are mainly due to the fact that their
nucleation occurs at contaminants and the influence of growth
plasma [39, 44]. Monte Carlo Simulations described that the
UCs are formed by misoriented growth islands merging,
where each island forming a grain [42]. The Ra and Rq values
have been increased to 13.07 nm and 21.26 nm, respectively
for the CVD diamond layer grown with B/C∼ 5000 ppm on
SCD IIa.

Figure 1. Photographs of B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD IIa; (a) B/C∼ 2500 ppm (b) B/C∼ 5000 ppm
(c) B/C∼ 7500 ppm, and photographs of B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD Ib; (d) B/C∼ 2500 ppm
(e) B/C∼ 5000 ppm (f) B/C∼ 7500 ppm.
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Figure 2(C) exhibiting the surface topography of the
CVD diamond layer grown on SCD IIa with B/C∼ 7500
ppm, revealing the Ra and Rq values of 1.86 nm and 2.92 nm,
respectively. The surface of the CVD layer on SCD IIa
consists of UCs in the form of islands and patches
(figure 2(c)), which may be originating from the secondary
nucleation from the precipitation of boron at a high B doping
level [45]. Therefore, it confirms that B doping up to a
minimal level does not create any surface features, but
exceeding a certain level of B doping results in the formation
of UCs even for the high-quality type IIa SCD substrates.
However, the presence of metal impurities also can steer to
the formation of FHs and PHs, which are the reason for the
high surface roughness of CVD diamond/SCD IIa, grown at
a B doping concentration of B/C∼ 5000 ppm. The SCD
substrates were cleaned with acid mixtures and RCA process
before loading to the substrate, therefore the presence of metal
impurities on SCD substrates might be from the growth
chamber or the growth plasma. The metal impurities might be
the boron atoms, which did not participated in doping into
diamond at initial growth due to the presence of oxygen in
growth plasma [46].

Further, KPFM measurements of B/N co-doped CVD
diamond/SCD IIa substrates have been illustrated in
figures 2(d)–(f). The CPD values of 0.006–0.081 V for B/
C∼ 2500 ppm (figure 2(e)), 0.191–0.240 V for B/C∼ 5000
ppm (figure 2(f)), and 0.098–0.149 V for B/C∼ 7500 ppm
(figure 2(f)) have been observed for CVD diamond/SCD IIa
samples. The low CPD values are attained for low B doping
of B/C∼ 2500 ppm, and the CPD values have been
increased with B doping of B/C∼ 5000 ppm. However, a
further increase in B doping of B/C∼ 7500 ppm, results in a

decrease in CPD values. Furthermore, the CPD values of each
condition showing a distribution over the surface, which
indicates that even the CVD diamond surface is smoother and
not having any significant surface features like grains and
twins, the B and N doping might be not uniform. The CVD
diamond layer’s work function (j) has been calculated from
the CPD value of each sample, and the obtained j values are
4.93 eV, 4.47 eV, and 4.84 eV for B/C∼ 2500 ppm, 5000
ppm, and 7500 ppm, respectively. The resultant of CPD and j
values of CVD diamond/SCD IIa samples with different B
doping suggesting that the increase of B doping can decrease
the work function up to a certain level of B (saturation)
doping and further B doping might cause the increase in j of
CVD diamond/SCD IIa.

To investigate the substrate’s effect on the quality and
related properties of CVD diamond on SCD substrates, SCD
Ib substrates have been used to grow the B/N doped CVD
diamond with B doping levels of B/C ∼ 2500 ppm to 7500
ppm. Figures 3(a)–(c) shows the AFM surface topography
images of B/N co-doped CVD diamond on SCD Ib sub-
strates. Figure 3(a) exhibiting the surface topography of CVD
diamond/SCD Ib with doping of B/C∼ 2500 ppm, which
depicts the appearance of FHs, PHs, and UCs (UCs aligned in
rows). The FHS and PHs are formed because of stacking
faults or dislocations at the interface [39, 40, 44]. The UCs are
grown in CVD diamond layer due to contaminants and mis-
oriented growth islands merging [42]. Ra value∼2.41, nm
and Rq∼ 4.84 nm values are attained for CVD diamond/
SCD Ib grown with B/C∼ 2500 ppm, and corresponding
KPFM image has shown as figure 3(d), which reveals the
CPD values∼0.055 to 0.211 V. Further, FHs, PHs, and
conical shaped UCs were observed for the B/C∼ 5000 ppm

Figure 2. AFM topography of B/N co-doped CVD diamond on (with fixed N/C=0.02) SCD IIa; (a) B/C∼ 2500 ppm (b) B/C∼ 5000
ppm (c) B/C∼ 7500 ppm, and KPFM CPD images of B/N co-doped CVD diamond (with fixed N/C=0.02) on SCD IIa; (d) B/C∼ 2500
ppm (e) B/C∼ 5000 ppm (f) B/C∼ 7500 ppm.
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(figure 3(b)), the origin of these defects is mainly due to
stacking faults, dislocations at the interface, and boron
aggregates (which are increasing with high B doping)
[39, 40, 44, 46]. The surface roughness of CVD diamond/
SCD Ib with B/C∼ 5000 ppm has shown Ra and Rq values
of 3.73 nm and 6.45 nm. Figure 3(e) depicts the CPD image
of CVD diamond/SCD Ib with B/C∼ 5000 ppm, which
reveals the CPD values between 0.005 and 0.080 V.
Figure 3(c) exhibiting the surface topography of CVD dia-
mond/SCD Ib with B/C∼ 7500 ppm, which is revealing
rough surface with large aggregates with porous structure.
These aggregates are connected but not appearing as a con-
tinuous film and are mainly UCs formed randomly with high
density and Ra, Rq values of 7.60 nm and 9.52 nm are
observed for this sample. The corresponding CPD image of
the CVD diamond/SCD IIa is shown in figure 3(f), revealing
the CPD distribution of −0.002 to+0.063 V.

Polarization micrographs were collected from CVD dia-
mond layers grown on SCD IIa and SCD Ib substrates to find
the origin FHs, PHs, and UCs due to presence of defects in
diamond samples. Polarization microscopy is a widely used
characterization technique to identify the defects, dislocations
and strain in both the natural, HPHT and CVD-grown diamond
by observing the birefringence patterns, which ensued due to
changes in isotropic properties of diamond [47–49]. CVD
diamond/SCD samples were rotated with respect to the cross-
polarizers 0°, 45°, 90°, 135° and 180° to observe the bire-
fringence from the defects in CVD diamond samples. Figure 4
displays the polarization micrographs (collected at the angle of
90°) of the CVD diamond/SCD IIa samples. Figures 4(a)–(c)
showing the polarization microscopy images for before
annealing of CVD diamond/SCD IIa for B/C∼ 2500 ppm

(figure 4(a)), B/C∼ 5000 ppm (figure 4(b)), and B/C∼ 7500
ppm (figure 4(c)). These images are depicting no sign of
stacking faults or dislocations or strain-related birefringence
patterns, however, FHs, PHs kind of defects were observed on
the surface of CVD diamond/SCD IIa (figure 2(b)). The
inability in attaining the birefringence patterns from stacking
faults or dislocations caused by the formation of FHs/PHs
might be due to the large measuring area of polarization
microscopy and these defects are situated in few microns (The
size of FHs or PHs∼1–2 μm and measuring area∼ hundreds
of μm). Figures 4(d)–(f) exhibiting the polarization images for
after annealing of CVD diamond/SCD IIa samples grown with
B/C∼ 2500 ppm, B/C∼ 5000 ppm, and B/C∼ 7500 ppm,
respectively. The polarization micrographs of CVD diamond/
SCD IIa have appeared similar to the as-grown samples
(figures 4(a)–(c)), because of the high quality, lack of defects,
and negligible strain in SCD IIa substrates. The FHs and PHs
are only formed due to diamond growth plasma consisting of
boron, which may have induced the formation of stacking
faults and dislocations at the interface between SCD IIa sub-
strate and the CVD diamond layer.

Figures 5(a)–(c) illustrating the polarization micrographs
for before annealing of the CVD diamond/SCD Ib samples.
The star-shaped birefringence pattern has been observed from
the CVD diamond/SCD Ib sample grown with B/C∼ 2500
ppm (figure 5(a)). The weak birefringence of this sample
might be due to the strain in the SCD Ib substrate and not
from the homoepitaxial layer. Furthermore, CVD diamond/
SCD Ib samples grown using B/C∼ 5000 ppm (figure 5(b)),
and B/C∼ 7500 ppm (figure 5(c)) have shown the strong
cross-shaped birefringence pattern from the strain fields in the
SCD Ib substrates. Figures 5(b) and (c) shown the regions

Figure 3. AFM topography of B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD Ib; (a) B/C∼ 2500 ppm (b) B/C∼
5000 ppm (c) B/C∼ 7500 ppm, and KPFM CPD images of B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD Ib; (d) B/
C∼ 2500 ppm (e) B/C∼ 5000 ppm (f) B/C∼ 7500 ppm.
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with four bright petals. This birefringence pattern was earlier
observed by Pinto and Jones in the CVD-grown diamond as a
result of dislocations bundles in the crystal [49]. Hoa et al in
turn used experiments and a birefringence model to describe
unit dislocation in the HPHT and MPACVD diamond [47].
Furthermore, polarization microscopy images are collected
from the annealing performed CVD diamond/SCD Ib sam-
ples (figures 5(d)–(f)) to observe the influence of annealing on
defects and related birefringence. Figure 5(d) shows the
polarization micrograph of CVD diamond/SCD Ib grown

with B/C∼ 2500 ppm, which depicts the absence of star
shaped birefringence and the cross-shaped birefringence that
appeared after annealing. Figures 5(e)–(f) represents the
polarization micrographs of CVD diamond/SCD Ib of
B/C∼ 5000 ppm and B/C∼7500 ppm, respectively. The
cross-shaped birefringence has been observed from both of
these samples with high brightness after annealing. The
annealing process leads to migration of partial dislocations
and their merging into perfect dislocation, and vanishing of
Shockley stacking faults [50].

Figure 4. Polarization micrographs of B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD IIa; (a) B/C∼ 2500 ppm, (b)
B/C∼ 5000 ppm, (c) B/C∼ 7500 ppm showing for before annealing and (d) B/C∼ 2500 ppm, (e) B/C∼ 5000 ppm, (f) B/C∼ 7500
ppm, showing for after annealing [scale bar∼ 100 μm].

Figure 5. Polarization micrographs of B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD Ib; (a) B/C∼ 2500 ppm,
(b)B/C∼ 5000 ppm, (c)B/C∼ 7500 ppm showing for before annealing and (d)B/C∼ 2500 ppm, (e)B/C∼ 5000 ppm, (f)B/C∼ 7500 ppm,
showing for after annealing [scale bar∼ 100 μm].
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Raman spectra have been collected from the as-grown
CVD diamond on SCD IIa and SCD Ib substrates to inves-
tigate the carbon bonding characteristics and phases. Initially,
Raman spectra of as-received SCD substrates have been
collected (data not shown here) for reference. The char-
acteristic first-order Raman line of diamond has been centered
at 1331.41 cm−1 [full width half maximum (FWHM)∼ 4.38
cm−1] for SCD IIa, and 1331.11 cm−1 (FWHM∼ 4.86 cm−1)
for SCD Ib substrates. However, a defect-free and high-
quality diamond shows the first-order Raman line centered at
1332 cm−1 with FWHM value of 5–10 cm−1 [51]. The as-
received SCD Ib samples revealing a characteristic band shift
towards lower wavenumbers, i.e. blue shift, because the SCD
Ib substrates consist of a high density of N ensembles, as a
result, the blue shift is more prominent than the SCD IIa
substrates. The presence of impurities and related stress
causes the blue shift in as-received samples, however, the
amount of impurities in SCD IIa are very low due to its high
quality compared to SCD Ib.

Figures 6(a)–(d) shows the Raman spectra of CVD dia-
mond/SCD samples. Figure 6(a) showing the Raman spectra
of CVD diamond/SCD IIa samples, which illustrating the
characteristic first-order Raman line centered at a unique
Raman shift∼1330.65 cm−1 with different FWHM values
for different B/C doping levels. The CVD diamond/SCD IIa
samples demonstrated the FWHM values of 4.23 cm−1, 4.19
cm−1, and 4.22 cm−1 for B doping of B/C∼ 2500 ppm
[curve I in figure 6(a)], B/C∼ 5000 ppm (curve II in
figure 6(a)), and B/C∼ 7500 ppm (curve III in figure 6(a)),
respectively. Similarly, Raman spectra of CVD diamond/
SCD Ib samples (figure 6(c)) showing the first-order Raman
line at 1330.65 cm−1 with different FWHM values, i.e. 4.43
cm−1, 4.80 cm−1, and 4.88 cm−1 for growth conditions of B/
C∼ 2500 ppm (curve I. Figure 6(c)), B/C∼ 5000 ppm
(curve II. Figure 6(c)), and B/C∼ 7500 ppm (curve III.
Figure 6(c)), respectively. All these samples showed the high
intense first-order Raman line, which indicates the existence
of sp3 hybridization and no other phases of carbon [52].

Figure 6. Raman spectra of (a) B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD IIa; (I)B/C∼ 2500 ppm (II)B/C∼ 5000 ppm
(III)B/C∼ 7500 ppm, and (b)Raman spectra in the range of 400–800 cm−1 for identifying the response of B in CVD diamond; (I)B/C∼ 2500 ppm
(II) B/C∼ 5000 ppm (III) B/C∼ 7500 ppm. Raman spectra of (c) B/N co-doped CVD diamond layer (with fixed N/C=0.02) on SCD
Ib; (I) B/C∼ 2500 ppm (II) B/C∼ 5000 ppm (III) B/C∼ 7500 ppm, and (d) Raman spectra in the range of 400–800 cm−1 for identifying
the response of B in CVD diamond; (I) B/C∼ 2500 ppm (II) B/C∼ 5000 ppm (III) B/C∼ 7500 ppm.
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Different B doping levels of CVD diamond layers on
SCD IIa and SCD Ib have demonstrated a blueshift, even
more, downshift compared to the as-received SCD substrates.
Whereas, the narrowing of FWHM has been observed for
CVD diamond compared to SCD substrates, which indicates
the high quality of the homoepitaxial CVD diamond layer.
However, it should be noted that the first-order Raman line of
all these samples centered at 1330.65 cm−1 even with high B
doping. The N doping into CVD diamond leads to the blue-
shift because of low atomic radius compared to carbon, while
the B doping into CVD diamond results in redshift due to a
high atomic radius, by the B/N co-doping these two kinds of
shifts should be balanced [53]. Though in the present study
the N flow has been kept constant, and B doping has been
increased from B/C∼ 2500 ppm to 7500 ppm, therefore one
expects the number of B atoms doped into CVD diamond
should be higher than N atoms. In this scenario, the pre-
dominant B doping should lead to the redshift, however, in
the present study, high B doped samples exhibited the first-
order Raman line at 1330.65 cm−1, which is contradictory to
the [53]. High B doped polycrystalline diamond films have
shown the blueshift in our previous study [54], and char-
acteristic upshift of first-order Raman line has been observed
for N doped diamond films [55]. Therefore, the blueshift of
the first-order Raman line due to B doping should be balanced
by the redshift caused by N doping.

In addition, Raman spectra have been collected in a span of
200–800 cm−1 to investigate the B presence in the CVD dia-
mond. Figure 6(b) showing the broad peaks around 500 cm−1

attributed to the presence of boron in CVD diamond/SCD
IIa for boron doping of B/C∼ 2500 ppm (curve I in
figure 6(b)), B/C∼ 5000 ppm (curve II in figure 6(b)), and
B/C∼ 7500 ppm (curve III in figure 6(a)), respectively
[56]. Whereas, for low boron doping level of B/C∼ 2500
ppm in CVD diamond/SCD samples, Raman response of the
boron is less significant (curve I in figure 6(b)). Furthermore,
Raman spectra of CVD diamond/SCD Ib samples shown in
figure 6(d), which describing the response from the B for the
samples grown with B/C∼ 5000 ppm (curve II in
figure 6(b)) and B/C∼ 7000 ppm (curve III in figure 6(b))
demonstrating the vibration of boron in diamond [56].
However, the B response peaks are much wider due to the

background luminescence of the SCD Ib substrates. In case
the CVD diamond grown with B/C∼ 2500 not shown the
vibrations from B due to low doping levels and high back-
ground luminescence from substrate. Overall, the Raman
spectra of CVD diamond on SCD IIa and SCD Ib samples
are revealing the successful boron doping at average to high
boron injection into growth plasma. The bi-axial stress in
these SCD substrates has been calculated using the change in
the Raman shift [57], and the stress values∼0.3599 GPa and
0.5429 GPa are attained for SCD IIa and SCD Ib, respec-
tively. Similarly, the stress value in the CVD diamond was
also calculated as described in [57] and attained the stress
value of 0.8235 GPa for all the samples. The attained stress
value illustrating the strain in CVD diamond by B–N co-
doping, which is higher than the as-received SCD substrates.

PL spectra of CVD diamond/SCD IIa samples haven
collected before and after the annealing and shown in
figures 7(a)–(c). Before annealing, a sharp emission line at
573.64 nm has been observed from all these samples, which
are grown with B/C∼ 2500 ppm (curve I in figure 7(a)), B/
C∼ 5000 ppm (curve I in figure 7(b)), and B/C∼ 7500 ppm
(curve I in figure 7(c)). The sharp emission line at 573.64 nm
is attributed to the characteristic Raman line of the diamond
[58]. Furthermore, a small hump was observed nearly around
600 nm, to perceive this emission clearly, enlarged PL spectra
have been plotted in the range of 600–850 nm, and shown as
insets in the figures 7(a)–(c). The enlarged PL spectra is
revealing the emission at 613 nm, and 620 nm, which is
generally observed for the untreated HPHT substrates [59],
implying the emission is attributed to the substrate. In addi-
tion, PL spectra of the CVD diamond on SCD IIa demon-
strating no sign of any emission of diamond color centers like
NV centers, which are expected to be formed due to N
doping.

CVD diamond/SCD samples were annealed at 800 °C
for 2 h in a vacuum and subsequently cleaned with H2SO4+
HNO3 mixture at 200 °C for 1h to remove the few layers
of graphite, which were formed on the CVD diamond surface
during the annealing process. PL spectra of annealed, cleaned
CVD diamond/SCD IIa samples shown as curve II in figure 7(a)
for B/C∼ 2500 ppm, curve II infigure 7(b) for B/C∼ 5000 ppm
and curve II in figure 7(c) for B/C∼ 7500 ppm. PL of these

Figure 7. Photoluminescence spectra of B/N co-doped CVD diamond (with fixed N/C=0.02) on SCD IIa; (a) B/C∼ 2500 ppm: I. Before
annealing, II. After annealing. (b) B/C∼5000 ppm: I. Before annealing, II. After annealing. (c) B/C∼ 7500 ppm: I. Before annealing, II.
After annealing. Insets showing the enlarged PL spectra in the range of 600–850 nm.
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samples clearly showing the typical NV spectra ranging
from 550 to 800 nm [7, 8], however, zero phonon lines (ZPLs)
of NV° and NV− are not clearly visible due to strong phonon
sidebands (PSBs). PL spectra of the annealed CVD diamond/
SCD IIa samples confirming that the annealing process assists
in the formation of NV centers. Thus, the NV centers have been
created in the annealing process by the migration of vacancies
in the vicinity of substitutional N atoms at a temperature of
above 650 °C.

Figures 8(a)–(c) illustrating the PL spectra of CVD dia-
mond/SCD Ib for before annealing for samples grown with
B/C∼ 2500 ppm (curve I in figure 8(a)), B/C∼ 5000 ppm
(curve I in figure 8(b)), and B/C∼ 7500 ppm (curve I in
figure 8(c)). A sharp emission line has been observed at
573.64 nm, which is related to the Raman vibration line [58].
Due to high intensity of Raman line, the typical NV emission
has been not appeared clearly. Therefore, the enlarged PL
spectra (600–850 nm) of CVD diamond/SCD Ib shown as
inset in figure 8(a) for B/C∼ 2500 ppm, inset in figure 8(b)
for B/C∼ 5000 ppm, and inset in figure 8(c) for B/C∼
7500 ppm. The enlarged PL spectra of all these samples have
been demonstrating the emission line at 613 nm [59], a ZPL at
638 nm and wide PSBs from typical NV− emission [7]. NV
emission spectra have been observed only from the as-grown
CVD diamond on SCD Ib substrates rather not from the CVD
diamond on SCD IIa, even with unique growing conditions.
NV emission of as-grown CVD diamond/SCD Ib substrates
might be from the SCD Ib substrates because SCD Ib sub-
strates are containing the intrinsic N impurities, the NV
centers might be created in SCD Ib substrates while CVD
diamond growth at 900 °C. However, CVD diamond/SCD Ib
grown with B/C∼ 5000 ppm sample exhibiting quite dif-
ferent PL emission spectra by emission at 883 nm (spectrum
not shown) are attributed ZPLs of Ni related emission [60].
The emission of Ni impurities is from the SCD Ib substrates,
which are doped in the HPHT synthesis process. PL spectra of
annealed CVD diamond/SCD Ib samples shown curve II in
figure 8(a) for B/C∼ 2500 ppm, curve II in figure 8(b) for
B/C∼ 5000 ppm, and curve II in figure 8(c) for B/C∼ 7500
ppm. PL spectra these annealed samples exhibiting the
characteristic NV emission with PSBs [curve II in
figures 8(a)–(c)], similar to those as-grown CVD Diamond/

SCD Ib samples. In addition, a strong emission line at 572.5
nm, which is related to the Raman line of diamond [58]. In the
case of Ni-related emissions from CVD diamond/SCD Ib
grown with B/C∼ 5000 ppm was vanished after the
annealing process (PL spectrum not shown).

XPS spectra were collected to investigate the successful
doping of B and N atoms into the CVD diamond/SCD IIa
samples grown with low B doping (B/C∼ 2500 ppm) and
high B doping (B/C ∼ 7500 ppm) concentrations. The C 1s
core line of CVD diamond/SCD IIa samples growing with
B/C∼ 2500 ppm and 7500 ppm have shown binding energy
of 285 eV. Figure 9(a) depicts the C 1s core line of CVD
diamond grown with B/C∼ 2500 ppm, it is further decon-
voluted into five Lorentzian peaks such as peak at 284.84 eV
for C–C bonding of C–sp3 carbon (59.67 %), peak at 284.12
eV for C=C bonding of C–sp2 carbon (6.84 %), while peak at
285.61 eV for C–N bonding of N–sp3 carbon (18.65 %), peak
at 287.36 eV for N=sp2 carbon (5.83 %), and a small peak at
283.07 eV for B–sp3 carbon (1.01 %) [61–64].

The C 1s core line of CVD diamond grown with high
boron doping of B/C∼ 7500 ppm has been shown as
figure 9(b). The C 1s line further deconvoluted into five
peaks, which are depicted at 284.88 eV for C–C of C–sp3

carbon (29.34%), peak at 284.18 eV for C=C of C–sp2 car-
bon (44.85%), whereas other peaks at 285.7 eV for C–N
bonding of N–sp3 carbon (10.71%), at 287.36 eV for N=sp2

carbon (4.55%) and peak at 282.95 eV for B–sp3 carbon
(2.21%) [61–64]. XPS spectra confirming that low and high
levels of boron with constant nitrogen addition into growth
plasma lead to the effective addition of boron into CVD
diamond layers prepared on SCD substrates. High B doping
of CVD diamond demonstrating an increase in C–sp2 carbon
(6.84%–44.85%) and B–sp3 carbon (1.01%–2.21%), which
indicates the increase in B doping level into CVD diamond
resulting in enhancing the B doping concentration and
decrease in diamond quality (enhancing the non-diamond
phase). Furthermore, an increase in B doping also influencing
the N doping efficiency by decreasing the N–sp3 carbon
(18.65%–10.71%) and N=sp2 carbon (8.53%–4.55%).

Figure 9(c) illustrating the three deconvoluted B 1s peaks
at binding energies of 185.7 eV for B–sp3 boron, 188.2 eV for
B–sp3 carbon, and 191 eV for B–sp3 oxygen for CVD

Figure 8. Photoluminescence spectra of B/N co-doped CVD diamond (with fixed N/C=0.02) on SCD Ib; (a) B/C∼ 2500 ppm: I. Before
annealing, II. After annealing. (b) B/C∼ 5000 ppm: I. Before annealing, II. After annealing. (c) B/C∼ 7500 ppm: I. Before annealing, II.
After annealing. Insets showing the enlarged PL spectra in the range of 600–850 nm.
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diamond grown with boron doping of B/C∼ 2500 ppm [65].
Furthermore, the CVD diamond prepared by B/C∼ 7500
ppm showing the deconvoluted B 1s peaks at 185.7 eV for
B–sp3 boron and 187.5 eV for B–sp3 carbon (figure 9(d)),
which indicates that the doped B atoms form a bond with
carbon atoms and also the creation of the B dimers [65, 66]. B

1s peak intensities of B–B and B–C are increased with boron
doping concentration. Figure 9(e) shows the XPS spectra of
CVD diamond/SCD IIa grown with B/C∼ 2500 ppm,
describing the deconvoluted N 1s peak at a binding energy of
399.6 eV for N–sp3 carbon [10, 25]. Whereas, boron doping
levels of B/C∼ 7500 ppm (figure 9(f)), N 1s peak

Figure 9.XPS fitted curves of B/N co-doped CVD diamond/SCD IIa with boron doping level of B/C∼ 2500 ppm; (a) C 1s spectra (c) B 1s
spectra (e) N 1s spectra; XPS fitted curves of B/N co-doped CVD diamond/SCD IIa with boron doping level of B/C∼ 7500 ppm; (b) C 1s
spectra (d) B 1s spectra (f) N 1s spectra.
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deconvoluted into two peaks at binding energies of 399.7 eV
for N–sp3 carbon and 401.8 eV for N–sp2 carbon [10, 25],
which describes the inclusion of N atoms into CVD diamond
and bonding with carbon atoms. Though, the increase in
boron doping results in the formation of the C=N phase.

The CVD diamond/SCD IIa samples revealed the char-
acteristic electrical resistance values (at room temperature) of
680.76 Ω for B/C∼ 2500 ppm, 14.64 Ω for B/C∼ 5000
ppm, and 9.30 Ω for B/C∼ 7500 ppm at room temperature.
CVD diamond/SCD Ib samples shown the electrical resist-
ance of 2300.40 Ω for B/C∼ 2500 ppm, 345.70 Ω for B/
C∼ 5000 ppm, and 16.55 Ω for B/C∼ 7500 ppm at room
temperature. Furthermore, electrical properties of CVD dia-
mond films grown on SCD IIa and SCD Ib substrates have
been measured at temperatures ranging from 83.15 to 573.15
K. The measured resistance values at different temperatures
were plotted as resistance versus reciprocal temperature (R
versus I/T), and shown in figures 10(a) and (b) for CVD
diamond grown on SCD IIa and SCD Ib substrates, respec-
tively. The activation energy (Ea) of the B in CVD diamond
films was obtained by the Arrhenius law using the equation:
Ea=R × slope of [R versus 1/T], R∼ Rydberg constant
[66, 67]. Ea values of CVD diamond/SCD IIa samples have
demonstrating Ea∼ 3788.59 J mol−1 (39.3 meV) for CVD
diamond grown with B/C∼ 2500 ppm, Ea∼ the deconvo-
luted B 1s peaks at 185.7−171.38 J mol−1 (−1.8 meV) for
B/C∼ 5000 ppm, Ea∼ −92.81 J mol−1 (−1.0 meV) for
B/C∼ 7500 ppm. In addition, CVD diamond/SCD Ib
samples revealing theEa values of 2490.32 Jmol−1 (25.8meV),
809.86 J mol−1 (8.4 meV), and −10.66 J mol−1 (−0.1 meV)
for CVD diamond synthesized with B/C∼ 2500 ppm,
B/C∼ 5000 ppm, and B/C∼ 7500 ppm, respectively.

The Ea value∼930 meV has been obtained for undoped
polycrystalline diamond films [68]. Whereas, lightly doped
BDD films shown the characteristic Ea value is around
38 meV, which is nearly close to the Ea values for low B

doping of B/C 2500 ppm in this study [69, 70]. The R and Ea

values of CVD diamond films have decreased with an
increase in B/C up to 5000 ppm. These results, suggesting
the efficient B incorporation into the diamond lattice. The
addition of small amounts of N has an impact on enhancing
the electrical conductivity [71], the present study, the addition
of such low N flow might be beneficial for achieving lower
resistance values for samples doping with B/C∼ 5000 ppm
and 7500 ppm. However, the decrease in R-value is less
significant for samples grown with B/C∼ 7500 ppm, com-
pared to B/C∼ 5000 ppm, due to all the doped B atoms are
not act as acceptors and formed the complexes with other
atoms [21, 72]. In addition, the substrates have a prominent
effect on R values for CVD diamond films grown on SCD IIa
substrates demonstrated low R and Ea values.

4. Conclusions

To summarize, we have compared B/N co-doped diamond
layers on SCDIIaand SCDIbsubstrates grown by
MPACVD. Tuning of boron doping concentration has shown
asignificant influenceon plasma chemistry and layer com-
position. High-quality blue diamond was achieved at
SCDIIasubstrates at high B doping levels, whereas similar B
doping concentration resulted in degenerated light green color
at SCDIbsubstrates. A smooth surface with a roughness of
2.26 nm was attained for low B doping, whereas hillock-like
structures andunepitaxialdiamond crystals have been grown
for high boron doping levels pronounced at SCD surfaces.
Thein-situco-doping induces synergistically crystal defects,
which are even pronounced at average boron levels.Higher B
concentrations impacted the increase of N incorporation into
diamond layers revealed by XPS analysis. The increase of B/
N co-doping ratios was also responsible for the reduction of
nitrogen precipitation in CVD diamond promoting the

Figure 10. Temperature versus resistance measurements of (a) B/N co-doped CVD diamond/SCD IIa with boron doping of I. B/C∼ 2500
ppm, II. B/C∼ 5000 ppm, III. B/C∼ 7500 ppm. (b) B/N co-doped CVD diamond/SCD Ib with boron doping of I. B/C∼ 2500 ppm, II.
B/C∼ 5000 ppm, III. B/C∼ 7500 ppm.
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formation of increased density of NV centers displayed in PL
spectra. Nevertheless, an efficient NV emission was achieved
after thermal treatment of samples attributed to the migration
vacancies to form the NV centers. Doping by boron
decreases the work function down to 4.47 eV saturation level
followed by its increase for larger doping levels attributed to
the growth of sp2 degenerated diamond and formation of
boron-clusters, which influences the NV emission due to
quenching. The boron doping introduces impurities band
revealed surficial conductivity in the range of a few Ohms,
which is enhanced additionally by nitrogen co-doping parti-
cularly benefiting at low boron-doping. The tailoring of B/N
co-doping CVD diamond at SCD substrates allowed to
achieve high quality and low resistivity layers attractive in the
frame of joint quantum/electronicor electrochemical appli-
cations. Moreover, the inhomogeneous hillock defects dis-
tribution could be utilized for specific coherence effects of
NV centers for quantum sensing applications.
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