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Introduction

Abstract. Boron-doped diamond (BDD) films grown by chemical vapor deposition (CVVD)
exhibit unique electrical and optical properties owing to the non-uniform uptake of boron
dopants across grains. This study utilizes scanning probe microscopy and confocal micro-
spectroscopy techniques to elucidate the influence of grain-dependent boron incorporation
on the nano-electrical and local optical characteristics of polycrystalline BDD. The CVD-
grown BDD film contained crystallites up to tens of microns, while the surface comprised
200...800 nm grains. Scanning spreading resistance microscopy (SSRM) revealed
significant nanoscale resistance variations among individual grains, attributable to
differential boron distributions. No distinct grain boundary features were discernible in
SSRM data, likely due to the high boron doping of ~ 3-:10%° cm™. SSRM of the Au surface
of a BDD/Ti/Pd/Au contact indicated a comparable granular morphology but three orders
lower resistance. A network of more resistive grain boundaries was evident, modulated by
underlying BDD grain clusters. Photoluminescence spectroscopy showed characteristic
bands of nitrogen-vacancy centers and donor-acceptor pairs. Confocal Raman and
photoluminescence mapping elucidated substantial spatial heterogeneity in micrometer-
scale grains regarding crystal quality, boron and nitrogen concentrations, related to
preferential incorporation. The observed peculiarities in BDD’s structural and nano-
electrical characteristics stem from inherent growth inhomogeneities and grain-dependent
boron uptake influenced by defects and strain fields modifying local chemical potentials.
This multifaceted nanoscale examination provides critical insights into optimizing electrical
and optical properties of BDD films by controlling synthesis conditions and minimizing
defects for tailored performance in electronic, electrochemical, and quantum applications.
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range of applications, including micro/nano-electronic
devices, photoelectrochemical conversion of CO,, and as

Polycrystalline boron-doped diamond films, synthesized
using the chemical vapor deposition (CVD) technique,
have been the focus of extensive research due to their
unique electrical and optical properties. These properties
that are influenced by the grain-dependent boron uptake,
make boron-doped diamond films suitable for a wide

active or heat dissipation layers on electronic devices
[1, 2]. Boron-doped diamond (BDD) films have shown
great potential in electronics. The wide potential window
— outstanding robustness, low capacitance and resistance
to fouling of BDD — make it an attractive material
for developing electronic devices. For instance, BDD
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electrodes have been employed in promising applications
like electrochemical sensing, electron field emission
devices and electrodes for constructing super-capacitors
[3]. Boron-doped diamond films can also be used in
quantum computing and information processing
applications. Introducing the impurities, such as boron
and nitrogen, into the diamond can form color centers,
acting as single-photon sources for quantum computing
and quantum information processing [3]. In
electrochemistry, BDD has been used extensively due to
its intriguing properties. BDD is the mechanically most
robust electrode material available to electrochemists.

In addition, when the diamond surface is hydrogen-
terminated, the diamond conduction band edge lies above
the vacuum level, resulting in a negative electron affinity
(NEA). This property allows the diamond to act as a
solid-state electron emitter, forming solvated electrons
under UV light illumination. These solvated electrons
can be termed a green, universal reducing agent with
high power. Heavily boron-doped, nanostructured
diamond electrodes with enhanced light absorption have
been developed for the photoelectrochemical conversion
of CO, under solar illumination. These electrodes have
shown high formic acid production rates at low catalyst
deposition times and increased catalyst stability on the
diamond surface [2]. Boron-doped diamond electrodes
are widely used for electrochemical water treatment.
Oxidation of water on these electrodes can occur via an
alternative pathway, producing the hydroxyl radical,
which is desirable for water treatment applications [4].

Boron acts as a p-type dopant in diamond,
introducing positively charged holes into the diamond
crystal lattice, thereby making the diamond to be
conductive. The degree of conductivity is directly related
to the boron concentration; at a doping concentration of
around 10% cm™3, the insulating diamond transforms into
a semiconducting diamond, and at the concentrations
above 10%' cm 3, diamond becomes metallic [3, 5-7].
Intermediate doping (10%°...10%° cm™) causes nearest
neighbor hopping conduction. The boron dopant
distribution within individual grains of a diamond film
can vary, leading to local property variations. For
instance, areas with a higher concentration of boron
dopants may exhibit different electrical and optical
properties compared to areas with a lower concentration
of dopants. Boron incorporation is not uniform across
polycrystalline films due to differential uptake in grains
with  different  orientations. Boron incorporates
preferentially into (111) oriented grains as compared to
(100) grains by a factor of ~10 [6-8]. This results in
variations in electrical conductivity and electrochemical
activity between differently oriented grains. At low
doping, boron substitutes for carbon in the lattice. Boron
also goes into interstitial sites at higher doping and
accumulates at defects. High levels of doping damage
crystal structure integrity. Raman spectroscopy shows
decreased intensity and increased FWHM of the diamond
peak, indicating more disorder with higher B-doping

[3, 9]. Boron atoms can accumulate at grain boundaries,
leading to changes in the electrical and electrochemical
properties of the material. However, the exact effects can
depend on the specific characteristics of the grain
boundaries and the surrounding material [6, 10]. The
boron doping process can also lead to formation of
defects within the diamond lattice, such as dislocations
and twin boundaries. These defects can further influence
the material properties, often leading to an increase in the
content of localized sp>bonds in diamond, which can
affect the material electrical and optical properties [11].

The ability to manipulate the electrical properties of
CVD diamond films via boron doping has introduced
numerous opportunities in electronics, electrochemistry
and photonics. However, comprehensive research is
required to elucidate the effect of grain-dependent boron
uptake on these films’ nano-electrical and local optical
characteristics. Such comprehension is pivotal for
optimizing devices that employ boron-doped CVD
diamond films and broadening their application
spectrum.

Despite the significant advancements, there remains
to be more literature addressing the peculiarities of the
structural, optical, and electrical attributes of BDD at the
single-grain level. However, the feasibility of nanoscale
characterization of micro/nanocrystalline BDD films
using a scanning probe microscope (SPM) has been
substantiated. Conductive atomic force microscopy
(AFM) delineates current distribution, indicating grain
disparities [6, 7, 10]. Kelvin probe force microscopy
(KPFM) has revealed grain work function variations
[3, 6]. The relationship between seed density, doping,
and interfacial electrical resistance has been ascertained
via scanning spreading resistance microscopy (SSRM)
[12, 13]. Additionally, the influence of elevated
temperatures on the oxidation processes of heavily
boron-doped diamond electrodes was assessed, and a
bimodal nature of BDD conductivity, marked by a
progressive rise in the proportion of low conductivity
zones, was detected using SRRM, dependent on the BDD
crystallographic structure [14].

Photoluminescence (PL) spectroscopy is often used
to study diamond structural defects and complexes [15,
16]. Micro-PL mapping, in particular, was used to study
the spatial distribution of defects, such as SiV [17] and
NV [18-20] centers in CVD diamond films and non-
epitaxial diamond inclusions. Micro-Raman spectroscopy
was applied earlier to estimate the incorporation of boron
to different crystal faces of polycrystalline CVD-
diamond [21], to detect secondary phases of graphite and
amorphous carbon at grain boundaries [22], and to study
the development of elastic strains [23, 24].

This paper is aimed to delve into the impact of
grain-dependent boron uptake on the nano-electrical and
local optical properties of these polycrystalline boron-
doped CVD diamond films using coplanar scanning
probe microscopy and micro-Raman/photoluminescence
spectroscopy.
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2. Experimental details

The boron-doped p-type polycrystalline diamond films
were grown on a Si substrate using the microwave
plasma CVD method (MPCVD). The resultant diamond
film exhibited moderate boron doping, reaching
concentrations up to 2.8-10" at./cm® as determined using
secondary ion mass spectrometry (SIMS). The film
presented a columnar crystalline structure with a {110}
texture orientation. The average crystallite size was
60 um with a standard deviation close to 20 pm.
Subsequently, the silicon substrate underwent a chemical
etching process, producing a free-standing diamond
wafer. This wafer was then thinned and polished to
achieve an RMS of 15 nm, resulting in a final thickness
of 100 um. Subsequently, to conduct electrical studies
[25, 26], chmic Ti (28 nm)/Pd (100 nm)/Au (200 nm)
contacts were formed using magnetron sputtering on a
diamond substrate heated to 350 °C. A set of test
structures was prepared using photolithography to
determine the contact resistance using the TLM method.

The NanoScope Illa Dimension 3000™ SPM was
employed for surface morphology characterization and
for mapping local resistivity using SSRM. The SSRM
measurements were performed in contact mode, applying
solid platinum probes with a nominal tip radius of less
than 20 nm. The Ti/Pd/Au planar contact was used as the
ground electrode.

Confocal micro-Raman and PL imaging were
carried out using the Horiba Jobin-Yvon T-64000
spectrometer, outfitted with an Olympus BX41
microscope and a motorized XYZ scanning stage. Raman
measurements were made at ambient temperature using a
backscattering geometry. The lines of KIMMON KOHA
IK5651R-G He-Cd laser with the wavelengths 325
(3.82eV) and 442 nm (2.81 eV) and the line of the
Spectra-Physics EXLSR-532-150-CDRH solid-state laser
with the wavelength 532 nm (2.33 eV) were used for
excitation. The laser beam was focused onto the sample
surface using a 100%/NA 0.9 objective, yielding a spot
approximately 0.6 um in diameter. A Linkam Scientific
Instruments THMS600 micro-temperature cell cooled by
liquid nitrogen was used to measure PL spectra at 77 K.
Spatial 2D Raman and PL micro-mapping was performed
using a motorized XYZ scanning table with a scanning
step of 0.1 pm.

3. Results and discussion

In our previous studies of monocrystalline diamond
materials, comprehensive experimental characterization
precisely demonstrated the anisotropic doping in HPHT
diamond crystals, with peak boron incorporation
observed in the {111} growth sectors [27, 28]. Micro-
FTIR mapping highlighted a pronounced, growth-sector-
dependent distribution of uncompensated boron impurity,
decreasing in concentration from approximately
7-10® cm™ in {111} growth sectors down to around
2:10" cm™ in {001} growth sectors. This trend was

further corroborated by micro-Raman mapping, as
evidenced by the relative intensity of additional phonon
peaks associated with boron incorporation. The
electronic properties of intersectoral boundaries were
elucidated using scanning KPFM. Theoretical analysis
suggests that the observed variation in the work function
between the growth sectors is consistent with the
increased boron doping (and elevated Fermi level
position) in {111} as compared to {001} growth sectors,
following the anticipated variations in boron doping.

Furthermore, we examined the morphology and electrical
properties of growth defects in boron-doped HPHT
diamond crystals and multisectoral plates by using
scanning probe microscopy techniques, complemented
with micro-Raman and micro-FTIR mapping [28]. This
comprehensive characterization elucidated the relation-
ship between morphological defects, strain fields, boron
distribution, and local electrical properties. Selective
chemical etching was employed to uncover dislocation-
related etch pits (EPs) on single crystal growth facets and
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Fig. 1. (@) AFM height map and (b) corresponding SSRM
resistance map of the CVD-grown BDD film. (c) Typical I-V
curves from two randomly selected nano-grains. Inset: optical
microscopy image showcasing micro-grains within the structure
of CVD film.
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Fig. 2. (a) AFM height map and (b) corresponding SSRM map for the BDD film. (d) AFM height map and (e) corresponding SSRM
map for the BDD/Ti/Pd/Au multilayer contact. The associated histograms of resistance are presented in (c) for the BDD film and (f)

for the multilayer contact.

plates sectioned in various orientations. EPs morphology
and gradient densities were associated with underlying
defects and variations in dislocation density.

Protrusions uniformly distributed on the plates were
interpreted as manifestation of dislocations decorated by
regions with lower boron concentrations, inferred from
the selective etching rates. Micro-Raman mapping near
the EPs revealed a diminished intensity and broadening
of the diamond peak, suggesting an elevated boron
concentration within the pits. The Raman frequency
shifts indicated compressive/tensile strain  fields
surrounding the dislocations.

Moreover, SSRM revealed resistivity discrepancies
at EPs and protrusions. Specifically, pits manifested a
resistivity approximately 25% lower than that in growth
sectors, whereas protrusions exhibited a resistivity 25%
higher, denoting respective boron concentrations. These
observations underscore the variations in localized
electrical properties adjacent to dislocations. The
findings advocate for the preferential utilization of (110)-
oriented HPHT diamond, where dislocation-related
current leakage defects are minimized.

This work explores the local structural properties
and their corresponding nanoelectrical characteristics in
CVD polycrystalline diamond films based on previously
developed methodologies. The free-standing BDD
samples were analyzed from the seed side. While the film

volume contains crystallites with dimensions spanning
tens of microns, as visualized by optical microscopy, the
studied surface comprises nanocrystal grains ranging
200...800 nm in size (Fig.1). A weak linear pattern
remained after the mechanical polishing can be observed,
yet the RMS value determined with AFM remains below
15nm across a 15x15 pum field. The variations in
resistance among individual grains and between grain
clusters are depicted in the corresponding SSRM map
(Fig. 1b). Notably, the resistance of the more pronounced
surface features often exceeds that of the features in
recessed regions. The fluctuations in resistance and
height of the polished surface features are likely
attributed to differences in boron dopant uptake. One
would expect some reduction in resistance and
mechanical hardness in diamond samples with higher
boron concentrations. Representative current-voltage
(1-V) curves from two arbitrarily chosen nanograins are
presented in Fig. 1c, revealing a noticeable linear 1-V
relationship with minimal deviation based on the
direction of the applied bias. Consequently, the electrical
contact between the platinum SSRM tip and the CVD
film is nearly ohmic.

The detailed SSRM maps are adduced in Fig. 2.
There are no notable grain boundary features within the
resistance data. Individual grains exhibit consistent
resistance contrast, which can shift abruptly between
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adjacent grains or grain clusters with similar resistance
values. This observation agrees with previous studies,
which suggest that grain boundaries manifest electrical
activity primarily in the cases of low boron doping.
Given a pseudo-ohmic tip-surface contact, where
resistance remains unaffected by the applied voltage, and
the appropriate selection of both bias voltage and tip-
surface interaction force to mitigate parasitic resistance,
the SSRM maps predominantly reflect the spreading
resistance R. Under these conditions, the resistivity p can
be expressed as p=4aR, where a denotes the radius of
the tip-surface contact. Simultaneously, the relationship
between  resistivity and  carrier  concentration

pz(q(nun + pup))l, where q represents the elementary

charge, n/p — electron/hole concentration, and p —
associated mobility. Given these assumptions and
presuming a prevailing hole concentration with consis-
tent mobility, the SSRM maps can be interpreted as a
qualitative representation of boron dopant distribution
across individual grains in the CVD film. The resistance
histogram in Fig. 2c distinctly showcases its multi-modal
nature; the series of peaks potentially correlate with
incremental shifts in boron content within the CVD
diamond film grains. As detailed in the accompanying
table inset, the relative resistance/resistivity variations
between grains span from 20 up to 120%. Similar
variations can be postulated for boron distribution across
the film grains.

The same SSRM data were acquired on the Au
surface of Ti/Pd/Au contact for comparison, as depicted
in Fig. 2d-2f). The metal contact generally exhibits a
comparable granular structure, with grain sizes ranging
from 200 to 500 nm and resistance values that are three
orders of magnitude lower. Through the fine structure of
Au film, the large clusters of higher/lower resistance of
BDD film are visible. The average size of these clusters
is approximately 2 um, and their shape directly aligns
with the clusters formed by grains of analogous
resistance within the diamond film. A notable feature of
this metal contact film is the presence of high-resistance
grain  boundaries. This network of intergranular
boundaries is clearly visible in Fig. 2e. The resistance of
this network is 10...13% (~14 kOhm) higher than that in
the central regions of the grains. The corresponding
resistance histogram is also multimodal, although with
fewer peaks. The specific resistance values of 50, 120
and 145 kOhm can be attributed to grains within the
uppermost layer of the Au contact.

The described peculiarities revealed with SSRM can
be addressed to inherent inhomogeneities of the diamond
grown using the MPCVD method on non-native
substrates. Boron doping facilitated with plasma
sputtering is affected by many factors, including plasma
temperature, ion concentration and the nuances of local
crystalline growth. Crucially, the interrelation of
morphological defects, strain fields and boron
distribution play a significant role. Our prior research has
indicated that regions surrounding dislocations possess

diverse boron concentrations, probably resulting from the
combined effects of strain fields and doping mechanisms.
These defects and dislocations can modify local chemical
potentials, rendering some areas more receptive to boron
incorporation. The subsequent deposition of an Au film
over a Ti/Pd barrier adds another layer of complexity.
The Ti and Pd serve as anti-diffusion barriers, which
could modify Au deposition behavior, potentially leading
to distinct Au grain boundary configurations exhibiting
increased resistance. The Pd, in particular, might induce
the Au film nucleation and growth behavior, resulting in
grain boundaries that are especially prone to conductivity
disruptions. The Au film displays a granular structure with
200...500 nm grain sizes. These structures inherently
possess grain boundaries where atomic configurations are
less ordered. These transitional zones between grains can
prevent electron movement, elevating resistance. Electron
scattering increases at these boundaries, reducing
electron mobility. Even with the Ti/Pd barrier in place,
interactions between the BDD film and the overlying Au
are distinguishable. The evident clusters of differential
resistance from the BDD layer beneath the Au layer hint
at possible charge interaction sites, which can modulate
the resistance pattern of the Au layer above. This complex
interplay of material properties, growth processes and
subsequent interactions highlights the importance of multi-
scale characterization in understanding and optimizing
the performance of nanoscale materials and devices.
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Fig. 3. (a) SSRM map of a BDD film fragment, depicting the
surface post-metal contact deposition process (left side, labeled
as “surface”) and showcasing the side and bottom of a crater
post-SIMS etching (right side, labeled as “border” and “crater”).
(b) Presents the resistance profile along the indicated dotted
line. Note that the SSRM map integrates two distinct scales on
the left and right sides. The transition between these scales is
delineated by a dashed line along the border/crater boundary.
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The SSRM data revealed a difference of
approximately 460 MOhm between the surface of the
processed film and the subsurface layers of the BDD film
sputtered via SIMS. Fig. 3 illustrates both the SSRM map
and the corresponding linear profile of the BDD film
post-metal contacts deposition, as well as the bottom of
the SIMS-etched crater. The left portion of the SSRM
map displays micron-sized clusters with varying
resistance levels, including clusters with exceptionally
high resistance values in the range of 10** to 10 Ohms.
Notably, an ultra-high resistance band, approximately
10 um in width, is observed along the boundary of the
crater. This elevated resistance might be attributed to
surface passivation or contamination during the contact
processing. Furthermore, the clusters and the near-
continuous band of ultra-high resistance can likely be
traced back to the sputtering peculiarities of the BDD
film during SIMS and its subsequent oxidation and
passivation when being exposed to air caused by the
reactive nature of a freshly sputtered surface. In contrast,
the bottom region of the SIMS crater exhibits uniform
resistance, consistent with that of the initial film.

The PL spectra (Fig. 4a) of the studied CVD
sample at room temperature and excitation with the
energy from the range 2.33...3.82 eV show emission
bands typical for CVD diamond with nitrogen and boron
impurities. In the PL spectra, besides the Raman F4 band
of diamond with a frequency of ~1330 c¢cm*, radiation
bands are recorded, usually attributed to the radiation of
defective complexes with participation of nitrogen and
boron impurities. Under excitation with the energy 2.33
eV, bands with the spectral positions 2.155 and 1.946 eV
are present in these spectra, which are the zero-phonon
lines (ZPL) of the NV® and NV nitrogen-vacancy
centers, respectively, with a wide phonon sideband on the
low-energy side.

When the excitation energy is increased up to
2.81 eV, the emission bands with the energies 2.65 and
2.59 eV are additionally recorded in the spectra (Fig. 4a),
which in the samples co-doped with nitrogen and boron
are attributed to the recombination of donor-acceptor
pairs (DAP), where nitrogen is the donor, and boron is
the acceptor [16, 29]. The ZPL 2.65 eV with a phonon
sideband within the 2.45...2.6 eV region is attributed to
the nearest neighbor nitrogen-boron pair N? +B? [16].

The band at 2.59 eV, by its spectral position, low half-
width and sufficiently high intensity, can be attributed to
the recombination of donor-acceptor pairs, which
tentatively refers to split nitrogen-carbon interstitial
associates with boron (Nl(;l)i B, [16].

The nature of the broad emission band with the maxi-
mum near 2.32 eV (band B in Fig. 4) is not precisely
known; in the literature, this band is associated with
boron impurity in diamond, and its relative intensity
increases with boron content in diamond, and at the con-
centrations up to < 0.1 ppm it shows a fine structure, and
at higher concentrations appears as one widened band [30].
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Fig. 4. PL spectra of the studied CVD diamond plate under
excitation with the wavelengths 325 nm (3.82 eV), 442 nm
(2.81 eV) and 532 nm (2.33 eV) at the temperatures 300 (a) and
77 K (b).

With a further increase in the excitation energy up
to 3.81 eV (325 nm), redistribution of the intensity of the
emission bands occurs in the PL spectra (Fig. 4), and a
broad band with the energy close to 2.83 eV is recorded
in the high-energy part of the spectrum, which, according
to literature data, is caused by dislocations [30]. As
expected, the temperature reduction down to 77 K
(Fig. 4b) allowed us to distinguish the structure of the
defective PL bands more clearly. Also, it revealed several
additional emission bands. In particular, a PL band with
the maximum of 1.682 eV is recorded in the spectra due
to the defective center of SiV, which is considered
promising for developing single-photon emitters [31-34].
As previously reported, the PL band of SiV centers has a
non-monotonic intensity dependence on the concentra-
tion of Si in diamond with a gradual increase at low
concentrations of silicon ~ 5-10'" cm™ and concentration
damping at higher levels of doping, and also shows a
significant enhancement in the region of non-epitaxial
diamond inclusions, which is due to the peculiarity of
their geometry and the spatial orientation of SiV centers
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Fig. 5. Optical image of the sample surface in the areas near the contact/crater and surface/crater boundaries, the areas of p-PL and
u-Raman maps are marked in red (a); intensity distribution of PL bands of NV° and NV~ centers at the surface/crater boundary at
Eexc = 2.33 €V (b); maps of the intensity, half-width and frequency of the Raman F,4 band of diamond, and the PL bands of the NV?
and DAP centers at the surface/crater (c) and contact/crater (d) boundaries at E,,. = 2.81 eV; intensity distribution of the dislocation-
induced PL band at 2.83 eV at the contact/crater and surface/crater boundaries at E,. = 3.82 eV (e). T =300 K.

along the (111) direction [17]. The intensity of this PL
band is higher for the nucleation side of the sample (not
shown here), which may indicate silicon atoms diffusion
from the substrate into the CVD film during the growth
process.

The relative intensity and shape of the PL bands
related to defects differed for the spectra measured in
different areas of the sample — on the surface, border and
bottom of the SIMS crater. To find out the features
of the spatial distribution of defects along the depth and
surface of the CVD sample under study, we further
carried out spatial 2D mapping of Raman and PL
spectra at the boundary of the crater with a metal

contact and with the initial CVD surface (Fig. 5a). The
area measured has been correlated to that shown in
Fig. 3a.

The 2D maps (Fig. 5b-5d) of intensity distribution
of the NV° (2.155 eV) and NV~ (1.940 eV) emission
bands, as well as donor-acceptor pairs (DAP) bands at
2.65 eV (Fig. 5b-5d) revealed significant spatial hetero-
geneity in the form of grains with a lateral size of the
order of unities of micrometers with different intensity of
PL bands, which is obviously caused by combined
variation of crystal quality, defective and impurity
composition in individual grains of a polycrystalline
CVD film. In particular, this may be a sign of the
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different content of nitrogen and boron impurities in
different grains of the polycrystalline film and at grain
boundaries, which was previously observed by means of
scanning photoelectron microscopy [35], high-resolution
electron microscopy and electron energy loss spectro-
scopy (STEM-EELS), which showed a predominant
embedding boron impurity in defective areas and on the
boundaries of twins [36]. It should also be noted that the
intensity maps of the PL bands of the NV° and NV~
centers (Fig. 5b) generally correlate with each other,
while the NV° and DAP bands (Fig. 5d) show a certain
anticorrelation, which reflects the heterogeneous
conditions for the preferable incorporation of boron and
nitrogen impurities and formation of different types of
structural defects inside the growing CVD film.

The intensity distribution of the F,, Raman band
with a frequency of ~ 1332 cm™ is also heterogeneous
(Fig. 5c), which indicates spatial heterogeneity of the
crystalline quality and impurity composition. A certain
correlation is observed between intensity maps of Raman
and PL bands: the higher intensity of the Raman band
(better crystal quality) mainly corresponds to the lower
intensity of the PL bands of defects (lower concentration
of defects). The above observation also agrees with the
correlations observed on the maps of the intensity, half-
width and frequency of the Raman F,4 band (Fig. 5¢),
where the higher intensity corresponds to the lower half-
width of the F,y band, indicating better crystalline
quality. On the other hand, the frequency position of the
Raman band can depend on the content of defects and
impurities, particularly boron and nitrogen, and on the
strains developing with doping and having a non-uniform
character at the grain boundaries. In general, doping with
boron and nitrogen impurities at low concentrations can
manifest itself in the Raman spectra as a decrease in
intensity, a low-frequency shift and a broadening of
the F,y band due to an increase in the lattice constant
and disordering [37, 38]. At higher boron content of
~2-10® cm® (~ 1000 ppm) or higher, a decrease in the
intensity, a low-frequency shift and asymmetric
broadening of the F,4 peak is observed due to the Fano
interaction between optical phonons and the electronic
continuum [39, 40]. However, for CVD diamond films
grown on Si substrates, residual compressive strains may
develop upon cooling from the growth temperature to
room temperature due to the difference in the coefficients
of thermal expansion of the substrate and the film, which
may further increase at high levels of boron doping
(> 10,000 ppm) due to formation of secondary phases of
graphite, amorphous carbon or excess boron at grain
boundaries [24]. In our case, secondary carbon phases at
grain boundaries were not registered. Therefore, it can be
assumed that residual compressive deformations in the
CVD film can cause the observed slight high-frequency
shift of the F,q band.

The spatial distribution of the intensity of the de-
fective PL band with an energy of 2.83 eV (Fig. 5b-5c),

caused by dislocation-type defects, regardless of a
particular spatial heterogeneity, did not reveal notable
granular structure. Instead, the intensity of this PL band
is higher on the surface of the CVD film and smaller in
the crater and border areas. It can be assumed that this
effect is caused by dislocations arising in the near-surface
region of the diamond film during its mechanical
processing (polishing). Instead, ion beam etching
gradually removes the disturbed layers.

4. Conclusions

We have carried out a detailed examination of the
influence of grain-dependent boron incorporation on both
the nano-electrical and local optical properties of
polycrystalline boron-doped CVVD diamond films. Using
the integrated approach combining scanning probe
microscopy with optical Raman and photoluminescence
micro-spectroscopy mapping, we were able to derive
nuanced insights. Significant nanoscale variations in
electrical resistance were identified among individual
grains, spanning 200...800 nm laterally, and also
between grain clusters. It has been interpreted as non-
uniform boron dopant distribution across individual
grains. Interestingly, the absence of noticeable resistive
variations at grain boundaries has been ascertained to
stem from a comparatively high level of boron doping.

The distinct multi-modal resistivity distribution,
evident through a series of peaks and relative resistivity
disparities (ranging from 20 up to 120%) between grains,
alludes to the distribution of boron content inside these
CVD diamond film grains. In juxtaposition, resistance
maps of the Au surface of the Ti/Pd/Au contact
showcased a granular morphology, grain dimensions
oscillating between 200...500 nm, but with resistance
figures markedly lower — three orders of magnitude in
fact. Additionally, a discernible network of high-resistive
boundaries was evident, presenting a resistance 10...13%
elevated, as compared to their grain counterparts.
Furthermore, substantial clusters showcasing pronounced
resistance variability on the Au surface were determined
to be influenced by the underlying diamond film grain
clusters, which intriguingly modulated the Au layer
resistance even in the presence of the Ti/Pd anti-diffusion
barrier.

This interrelation of material characteristics, growth
dynamics and ensuing interactions underscores the
imperative of multiscale characterization, especially
when the objective is comprehending and refining the
efficacy of nanoscale materials and devices. Correlative
confocal Raman and PL mapping, particularly through
analysis of 2D maps elucidating the intensity, frequency,
and linewidth of the Raman F,; peak coupled with
emission bands of specific nitrogen-vacancy centers and
donor-acceptor pairs, reaffirmed pronounced spatial non-
uniformities in grains. These non-uniformities were
discerned to be closely linked with the amalgamated
fluctuations in crystal quality and concentrations of both
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boron and nitrogen impurities at both the granular and
boundary levels. Conclusively, the distinct structural and
nano-electrical traits observed in BDD films can be
traced back to their intrinsic non-uniformities and the
grain-specific boron uptake, a process significantly
swayed by morphological irregularities and strain fields
that adjust local chemical potentials, thus making certain
zones more amenable to boron integration.

In summary, we propose an advanced monitoring
approach for the MPCVD deposition process to achieve a
more uniform boron doping distribution, which can
potentially enhance the film overall electronic properties.
Addressing the minimization of morphological defects
and strain fields during deposition is crucial for ensuring
a consistent and defect-free film. These efforts would
ensure that local chemical potentials are uniformly
distributed, leading to more homogeneous boron
incorporation throughout the film. Furthermore, the
optimized post-deposition annealing or other post-
processing treatments can mitigate the adverse effects of
inherent inhomogeneities, offering a more predictable
and repeatable film quality, especially beneficial for
device applications.
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BnauB BOynoBYBaHHsA GOpy B KpHCTAJiYHi 3epHa HA HAHOEJEKTPHUYHI Ta JIOKAJbHI ONTHYHI BJIACTHBOCTI
JIeroBaHoro 6opom moJikpucraiaiyaoro CVD-anma3sy

A.C. Hikonenko, II.M. JlutBun, B.B. Crpenabuyk, L.M. J[lanunenxo, C.B. Mamora, S.5. Kynpuk,
FO.10. Ctyopos, T.B. Koajienko, C.O. IBaxneHko

Amnoraunis. Jlerosani 6opom anmasHi mosikpucTaniyHi wiiBku (BDD), oTpuMaHi METOIOM XIMIiYHOTO OCA/KCHHS 3
mapoBoi ¢asu (CVD), MarwTh yHIKanbHI EICKTPUYHI Ta ONTHYHI BJIACTHBOCTI, 3yMOBJICHI HEPIBHOMIPHUM
BOYZIOBYBaHHAM OOpy B 3epHa IUTIBKA. Y POOOTI 3 BUKOPHUCTAHHSIM METOJIB CKaHYIO4Oi 30HIOBOi MIKpOCKOMIi Ta
KOH(OKaIBbHOT MIKPOCHEKTPOCKOIIIT JOCTI/VKEHO BIUIMB JIETYBaHHS OOpPOM Ha JIOKAIbHI HAHOEIEKTPUYHI Ta ONTHYHI
BractuBocTi mIiBok BDD. O6’em mniBok BDD ckiamaBcst 3 KpHUCTANiTIB PO3MIpOM y KiUTbKa JECATKIB MIKpOH, a
noBepxHs — i3 3epeH posmipoMm 200...800 uM. Ckanyroua Mikpockomis omnopy posrtikanus (SSRM) BusiBuia cyrreBi
Bapiallii eJIeKTPUYHOr0 OTOPY 3€PEH Ha HAHOPIBHI, IO MOB’SI3aHO 3 OCOOIMBOCTSIMH HEPIBHOMIPHOTO BOYIOBYBaHHS
6opy. Ha xaprax SSRM He BUSBIEHO 0COOIMBOCTEH OIOpPY, IMOB’I3aHUX i3 MDK3EPCHHUMH TPAHUISIMH, 0 € THIIOBUM
JUIst TTBOK 13 BHCOKHM BMicToM Gopy ~ 3-10™ em®. Amanis SSRM nosepxni Au kontakry BDD/Ti/Pd/Au BusiBus
moAi0HY 3epHHUCTY MOP(OJIOTIIO IIOBEPXHI, alle 3 OTIOPOM HIDKYUM Ha TPH MOPSAKH. /I BEpXHBOTO MIapy 30J10Ta BXKE €
XapaKTepHUM HasBHICTh YITKO BHMOKPEMJICHMX MDK3epeHHUX rpaHulb. CrocrepexyBaHa Mepexa MDK3epeHHHX
TpaHMIb i3 MiIBUIICHUM OTIOPOM KOpEJoe 3 Kinacrepamu 3epeH BDD. dortontoMiHecieHTHA CIIEKTPOCKOTIis oKa3aja
CMYTH  a30THO-BAaKaHCIHHMX IEHTPIB Ta JOHOpHO-akmenTopHux map. KoHdokampHe pamaHIBCBKE Ta
(OTOIOMIHECIICHTHE KapTyBaHHsS BUSBWIM 3HAa4HY HPOCTOPOBY HEOJHOPIAHICTh Yy BUTJISII 3€peH MIKPOMETPOBOTO
MacmTady MOA0 CTPYKTYPHOI SKOCTI KPHCTalliB Ta KOHIEHTpamii Oopy Ta a30Ty BHACHINOK X HEOTHOPIITHOTO
BOyJI0BYBaHHs. BusBIICHI CTPYKTYpHI Ta HAHOEIEKTpHYHI 0coOauBocTi BDD-IUTiBOK 3yMOBIIEHO HEOJIHOPITHOCTAMU
pocty Ta BOyZOBYBaHHAM OOpy B KpHCTaJiuHi 3€pHa IDTIBKH, BIUIMB SKAX IOCHIIIOETHCA NePeKTaMH Ta
nedopManifHIMU MOJISIMHU, IO 3MIHIOIOTH JIOKaJbHI XiMiYHI moTeHmianu. OTpuMaHi pe3ynbTaTd € BayKINBUMH JUIS
MOTJTHOJIEHOTO PO3YMIHHS NUIAXIB ONTHMI3allil €JEKTPUYHUX 1 ONTHYHUX XapakTepucTuk BDD-miiBok, mo MaroTh
3HAYHUH HOTEHIial B eICKTPOHHUX, EJICKTPOXIMIYHUX Ta KBAHTOBHUX 3aCTOCYBAaHHSX.

KarouoBi cioBa: neroanunit 6opom CVD-anmas, QoTtosomiHecleHIis, paMaHiBChbKa CIEKTPOCKOIIS, CKaHylo4a
MIKPOCKOIIisl OTIOPY PO3TiKaHHS, ONTHUYHI, ENIEKTPHYUHI Ta CTPYKTYPHI BIACTUBOCTI.

Nikolenko A.S., Lytvyn P.M., Strelchuk V.V. et al. Impact of grain-dependent boron uptake on the nano-electrical ...
387



