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ARTICLE INFO ABSTRACT

Keywords: We have compared the total boron content and hole carrier concentration values obtained from various
Diamond destructive and non-destructive quantification methods in boron doped nano-crystalline diamond films prepared
Boron doping over a range of doping levels, using microwave plasma enhanced chemical vapour deposition. Destructive
I;;:Zf;:pic secondary-ion mass spectrometry and relatively unreported glow discharge optical emission spectrometry were
Relative complemented by non-destructive Raman, spectroscopic ellipsometry and van der Pauw Hall measurements.
Hall Measurement techniques are discussed, including details of the glow discharge optical emission spectrometry

technique; use of different laser powers and wavelengths, fitting parameters for Raman spectroscopy, and
improved ellipsometry modelling. Finally, measured values are compared and discussed regarding their viability
for estimation of total boron and electrically active boron in doped nano-crystalline diamond layers.

1. Introduction

In recent decades diamond (sp3-bonded carbon) has been actively
studied because of its outstanding properties, which today benefit many
industrial applications [1]. In addition, heavily boron (B) doped dia-
mond with metallic type conductivity is acknowledge as one of the best
materials for fabrication of electrodes in electrochemical applications, e.
g., water treatment [2], chemical sensing [3] or dye sensitized solar cell
[4]. Typically, boron doped diamond (single crystal, micro-crystalline or
nano-crystalline), is grown from a mix of Hy and CH4 plus the addition of
B in the form of trimethylborane (TMB) - B(CH3)3 or diborane — ByHg
using microwave plasma enhanced (MW PECVD) [5,6] or hot filament
[7,8] chemical vapour deposition techniques with a substrate temper-
ature of 600-1000 °C. Recently, we have reported on the synthesis of
boron doped nano-crystalline diamond (BNCD) layers grown utilizing
scalable microwave plasma enhanced CVD systems with linear antenna
delivery (MW-LA-PECVD) [9].

Measurement of boron concentration, [B], is an important feedback
parameter and is typically determined by methods including: secondary
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ion mass spectroscopy (SIMS) — a destructive, but sensitive and widely
accepted relative measurement; Hall van der Pauw (assuming the
acceptor concentration is equal to the hole concentration), a non-
destructive and widely accepted measurement relevant to possible
electronic applications, which requires contact preparation; or Raman
spectroscopy a non-destructive, simple and quick technique, but which
becomes more complex with increasing non-diamond carbon species,
dopants and other impurities. However, Raman has been reported to
enable the determination of boron concentration [10]. In our recent
work we have demonstrated that atomic boron concentration can be
determined either from the width or position of the unperturbed phonon
density of states (PDoS) or diamond zone centre phonon (ZCP) lines for
heavily doped single crystal diamond [11], in this work we extend this
method to BNCD layers. Additionally, spectroscopic ellipsometry (SE)
and glow discharge optical emission spectroscopy (GD-OES) are possible
alternative techniques. SE is a non-destructive optical technique, which
has in-situ capabilities, important for monitoring layer properties during
deposition. SE using different approaches and optical models has pre-
viously been reported for the ex-situ characterization of the optical

Received 15 December 2022; Received in revised form 3 March 2023; Accepted 4 March 2023

Available online 11 March 2023
0925-9635/© 2023 Elsevier B.V. All rights reserved.


mailto:taylor@fzu.cz
www.sciencedirect.com/science/journal/09259635
https://www.elsevier.com/locate/diamond
https://doi.org/10.1016/j.diamond.2023.109837
https://doi.org/10.1016/j.diamond.2023.109837
https://doi.org/10.1016/j.diamond.2023.109837
http://crossmark.crossref.org/dialog/?doi=10.1016/j.diamond.2023.109837&domain=pdf

A. Taylor et al.

properties of BNCD films [9,12,13,14], here we described model pa-
rameters which affect the estimation of free carriers in BNCD and pre-
sented the most reliable way for SE estimation of hole concentration.
Relatively unreported for such samples [15], GD-OES offers another
alternative. This destructive, sensitive, matrix independent and quick
technique has been used here for the first time to quantitatively analyse
such films. Each technique for B estimation has benefits and drawbacks,
therefore, here we aim to compare all techniques to highlight
differences.

2. Experimental

BNCD layers were deposited using an ASTeX 5010 (Seki Technotron,
Japan) deposition system with the following conditions: 0.5 % CHy4
diluted in Hj, gas pressure = 50 mbar, microwave power = 1150 W,
substrate temperature ~ 750 °C and a growth duration = 2.5 h. Boron
doping was obtained by the addition of TMB in the gas phase to give B/C
ratios of 500, 1000, 1500, 2000, 2500, 3000, 3500 and 4000 ppm. In
addition, a multi-layer sample with increasing steps of B/C (60 min for
500 ppm and 45 min for all other steps) across the same range separated
by short (15 min) undoped layers was prepared for SIMS and GD-OES
analysis. For the deposition of BNCD layers two types of substrates
were utilized: high temperature glass (Corning Eagle XG) and conduc-
tive silicon substrates (ON Semiconductor Czech Republic s.r.o.). Prior
to loading into the deposition chamber, substrates were cleaned in an
ultrasonic bath using acetone, isopropyl alcohol, HySO4/H205 and
rinsed in DI water. Substrates were then seeded with a nanodiamond
dispersion (NanoAmando®B) in water (0.2 g/1) using a spin coater. In
addition, just prior to seeding, conductive Si substrates were dipped in a
mixture of 1 % HF and 0.1 % HCI (to remove any native oxide layer) and
then immediately seeded and placed in the deposition chamber and
pumped down to vacuum.

The surface morphology of deposited layers was observed by scan-
ning electron microscopy (SEM) using a Tescan FERA3 tool. Layer
thickness of BNCD layers on conductive Si substrates, with cleaved
edges, was measured from cross section SEM observations.

Raman spectroscopy was carried out on layers on glass substrates at
room temperature using a Renishaw InVia Raman Microscope with a
laser spot size of 2 pm at wavelengths of 325 nm (0.2 mW), 488 nm (6.5
mW @ 100 %) and 785 nm (17.0 mW @ 100 %) with varying laser
power to assess quality and layer composition. To evaluate the effect of
laser power, prior to all measurements, a BNCD4op layer deposited on
glass was used. Using neutral density filters, placed in the laser path, the
total laser power was varied from 1, 5, 10, 50 and 100 % for 488 nm and
785 nm wavelengths. At 488 nm from 1 to 50 % laser power no changes
were observed, however at 100 % an extra peak at cca. 1590 cm™!
appeared, see Fig. SI1. This peak is recognised as being the graphitic G
peak, indicating that at this laser power there is enough localised
heating to enable graphitisation of the diamond surface. This effect was
witnessed over various spots, with varying magnitude, however no
damage was observed with the Raman microscope (x50 objective). At
785 nm a similar effect was observed, however this time clear damage to
the BNCD layer was observed, see Fig. SI1, again this effect was observed
over various spots. Therefore, for the Raman apparatus used in this
investigation a laser power maximum of 50 % at 488 nm (3 mW) and
785 nm (8 mW) was used to ensure high signal strength without any
damage to the BNCD layer, which could in turn affect layer quality and
even [B] evaluation. At 325 nm, subtraction of the signal from the glass
substrate was necessary to extract the BNCD signal. This is likely due to a
combination of a weak diamond signal and decreased transmission in
the glass substrate at lower wavelengths, 60 % at 325 nm, than at higher
wavelengths, > 90 % at 488 nm [16]. Indeed, at higher wavelengths no
significant substrate signal was observed, see Fig. SI2. For determination
of boron concentration, the fitting methods described in [10,17,18]
were compared.

For electrical measurements Ti (20 nm)/Au (100 nm) triangle
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contacts were evaporated on BNCD layers on glass substrates in the
corners of a square (~10 x 10 mm?). Resistivity and Hall voltage were
measured by the differential van der Pauw (vdP) method in a four-point
arrangement at room temperature (298 + 1) K, using a Keithley 6221
current source and two electrometers, a Keithley 6514, with a Keithley
2182A nanovoltmeter, which recorded the voltage difference between
the electrometers, together with a Keithley 708B switching matrix.
Pulsed (quasi-DC) measuring mode was used to compensate for parasitic
thermoelectric signals and short time drifts. A magnetic field of £0.4 T
was applied.

Secondary-ion mass spectrometry depth profiles were obtained using
a magnetic sector SIMS IMS-7f (CAMECA). Parameters used for SIMS
measurements were the following: primary ion beam 02+ at 10 keV
impact energy, 37 Deg impact angle, and 50 nA ion current, raster size
150 um x 150 um, analysed area 63 um diameter, secondary ion ac-
celeration voltage 5 kV, energy window 25 eV, positive polarity of the
secondary ions (1'B+, 12C+, 28Si+), mass resolving power 2000. Oxygen
flooding at 1.6 x 107° mbar in the analytical chamber was used to
mitigate differences in matrix effects between BNCD and single crystal
diamond doped with !B at a constant concentration of T.10%! at cm 3,
which was used as a reference material for calibration of the concen-
tration scale. The depth scale of the profile was calibrated using a SEM
BSE image of the cross-sectional lamella for the BNCD part and an ex-situ
measurement of the crater depth with a stylus profilometer DektakXT
(Bruker), both under assumption of different, but constant sputter rates
for the BNCD layer and silicon substrate. The profile at the BNCD /Si
interface was manually corrected to remove artificial transitional
effects.

Glow discharge optical emission spectroscopy [19], was used to
analyse the composition of the BNCD multilayer on conductive Si sub-
strates. In GD-OES the sample is sputtered layer-by-layer in a glow
discharge and the emission spectrum of the atomized sample material is
recorded as function of time, thereby providing depth-resolved infor-
mation about the sample composition. Analysis of B-doped diamond by
GD-OES was reported in [20], but without information about the
methodology used, and in [15], where an approach based on matrix-
specific sensitivity factors (the “ICF method”) was used for analytical
interpretation of the data. Additionally, undoped diamond like carbon
layers were analysed by GD-OES in [21,22]. In this work, a sputter rate-
corrected calibration [23] was established for the B-C-Si system, based
on B-alloyed steels, B-alloyed Ni alloy, high-Si steels and cast iron (a
high C), reference materials. A unique feature of glow discharge exci-
tation is that it is virtually matrix-independent and the relation between
sample composition and signal response is the same for a wide range of
materials [19]. Calibration functions for boron (B I, A = 208.96 nm) and
carbon (CI, A = 165.70 nm) are shown in Fig. SI3. Analyses were made
using a GDA750 HR spectrometer (Spectruma GmbH., Germany), in a dc
discharge in argon, with a 2.5 mm-diameter anode, at 800 V, 15 mA.
Further details are reported in our recent paper [24], solely devoted to
the methodology of GDOES analyses of doped diamond layers.

SE measurements were carried out using a variable angle Mueller
matrix spectroscopic ellipsometer J.A. Woollam Co. RC2 over the
spectral range from 0.73 to 4.13 eV (300-1700 nm) and at an angle of
incidence from 60 to 70° with 5° steps. The structure of BNCD films for
optical analysis was approximated by a model consisting of a single layer
on the parameterized semi-infinitive bulk substrate, thick enough to
prevent incoherent back-side reflection affecting the acquired spectra.
Surface roughness was considered using Bruggeman effective medium
approximation (50 % of void and 50 % of BDD) [25]. Parametrized
optical constants were obtained on the blank substrate from the same
wafer series. Spectral dependence of BNCD electric permittivity was
therefore parameterized using three different models. These models
combine the sum of Drude and Tauc-Lorentz (TL) terms with respect to
the wavelength range. The principal model operates over the whole
wavelength range (300-1700 nm) and combines the contribution of
inter-band electronic transitions represented by Tauc-Lorentz (1) term
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ey (a classical approach to derive the optical constants of single crystal
diamond) and the intra-band electronic transitions in the IR spectral
range covered by the Drude term (2) [9]. Inter-band electronic transi-
tions occur between ¢ bands (sp® hybridized C), = bands (sp? hybridized
C in BDD grain boundaries) or between ¢ and = [9,26]. Tauc-Lorentz
term is then expressed as

er(E) = &n +ien

2
E>E, 6, = w.l
(E2-E}) +BrEr E

E<E,:e,=0 (€Y

where Ay is the amplitude, Eg is the bandgap energy and Br is the
spectral broadening. Tauc-Lorentz function can be also used to compare
the quality of BNCD layers with optical constants of single crystalline
diamond, which does not contain any defect sites, i.e., sp> hybridized C
[9]. In contrary, intra-band electronic transitions in BNCD are mainly
caused by the absorption of light by free carriers in the valence band and
are described by the Drude term ep (2).

ep = £—(A)/ (E* +iBE) 2

Hence, when a boron atom replaces a para-continue carbon atom and
accepts one electron, the free carriers are dominantly represented by
free holes. The free hole concentration Nf (3) and mobility x (4) can be
then derived from two Drude parameters of amplitude A and broadening
B using the value of a free hole effective mass of m* = 0.3 m, as follows
[27],

n*e’N,
A= e (hw,)’ = ew (EO; mi) ®)
B="¢ @)
mu

where w;, stands for plasma frequency of collective charge excitation and
€ 1s a high frequency permittivity contribution. The second model also
considers both Drude and T-L contribution but using a narrower range of
wavelengths (400-1700 nm) and thus eliminates the spectral region
with the greatest degree of depolarization in the UV part of spectra due
to light scattering on the BNCD rough surface. The last model used in-
volves only Drude’s contribution and is limited to the wavelength region
beyond 800 nm. This last modification can reduce the deviation between
the experimental data and the theoretical model, which is mainly
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expressed by a mismatch between the Tauc’s model and experimental
data in the UV region with a higher depolarization rate. In contrary, the
single crystal diamond reference sample was analysed using only the T-L
contribution over the whole spectral range 193-1700 nm (6.42-0.73
eV).

3. Results and discussion

SEM investigation, see Fig. 1, confirmed coalesced films with no
pinholes and a morphology typical for nano-crystalline diamond with a
well-defined grain shape for all selected samples. Layers show the same
morphology as reported in [28], which reported a preferential {011}
texture along with a contribution from {111}. Thickness measurements
from cleaved cross sections taken from the centre of each sample
confirmed thicknesses to be in the range typical for BNCD layers, i.e.,”
400-500 nm.

Electrical characteristics of samples were investigated by 4-point
resistivity and Hall concentration measurement by the vdP method. As
the investigated layers were grown on insulating glass substrates char-
acteristics of BNCD films were solely measured. Resistivity values
ranged from 0.1 Q.cm (BNCDsqp) to 0.002 Q.cm (BNCDyggp). Carrier
concentrations ranged from 0.23 x 10%! em™2 (BNCDsgo) to 4.47 x 10%!
em ™3 (BNCD4og0). These concentrations are very close or above the
metal-insulator transition in boron doped diamond [29] therefore we
can assume that all boron acceptors are fully ionized in our samples and
measured hole concentration values are equal to the net (uncompen-
sated) acceptor concentrations. The acceptor concentration values
determined under the above assumption are in the same range as values
calculated from Raman, discussed below, which estimates “active” B in
the diamond lattice; this suggests that the compensation rate of [B], e.g.,
by N contamination, in the investigated samples is low.

Fig. 2 shows a GD-OES depth profile of the multi-layer sample,
compared with a SIMS profile from the same sample. Boron concentra-
tion profiles are matching with a slight difference in the thickness
scaling. With respect to the aim of this work, this is an excellent result,
where we have a relative comparison of the same sample in a series with
a single variable parameter (i.e., boron doping). A remarkable feature of
diamond, related to GD-OES, is that it exhibits an extremely low sput-
tering rate in a glow discharge (lower by a factor of ~30-50 than that of
typical metals). To our knowledge, no other material with a comparably
low sputtering rate has so far been reported to be analysed by GD-OES.
Quantitative interpretation of our GD-OES data was based on the
approximation of matrix-independent emission yields [23]. The thereby
supported calibration model has been successfully used in the analysis of
a wide range of materials, is widely accepted and produces accurate

Fig. 1. SEM micrographs of cross-sectional views of investigated samples showing BNCD layer thickness and morphology.
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Fig. 2. SIMS & GD-OES [B] profiles of BNCD with B/C = 500 to 4 k ppm with
undoped interlayers.

results. Nevertheless, it has a semi-empirical character and as such needs
to be subjected to extensive testing in any new analytical application.
This is typically done by comparison with other methods, while using
the concept of metrological traceability [23], including rigorous esti-
mates of the uncertainties associated with such analyses [24].

Raman spectroscopy was initially used for comparison of the three
excitation wavelengths, UV (325 nm), visible (488 nm) and infrared
(785 nm), across all B/C ratios, see Fig. 3. This revealed that at 325 nm
the band at cca. 1530 cm ™, is enhanced. This band is also visible at 488
nm, but with lower intensity, whereas at 785 nm it is not present. This
band is close to the position identified as trans polyacetylene (TPA) in
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[30], however the accompanying feature at 1150 cm ™' is absent.

Moreover, the trend of higher sensitivity to non-diamond carbon as
excitation wavelength increases, as reported in [31], is not seen, sug-
gesting that this peak is related to a different effect. A similar effect can
also be seen in [32]. B related features at 500, 1250 and shifted 1332
em™! peak are visible for all wavelengths, sensitivity to B related fea-
tures increases with laser wavelength, for example in sample BNCDsgg
with 785 nm excitation the 500 and 1250 cm™! peaks are present,
whereas at lower wavelengths they are either not well resolved or ab-
sent. The combination of bands at ca. 1530 cm ™! and the appearance, or
not, of B related features is important when considering which fitting
method to use to estimate [B].

For comparison of [B] estimated from Raman spectra, three fitting
methods were selected: I) Mortet et al. Carbon, (2020) [18], II) Mortet
et al. Carbon, (2017) [16] and III) Bernard et al. Diamond and Related
Materials Volume, (2004) [10], for each excitation wavelength. For
Method I) the fitting tool at [33] was used. This method uses the shift of
the position and the broadening of the sp® peak with increasing defect
density (assumed to be exclusively boron in this method) in the dia-
mond. However, other imperfections of the crystal also contribute to the
broadening and the shift of the peak, e.g., substitutional nitrogen, va-
cancies, dislocations, etc. This makes the analysis of BNCD Raman
spectrum uncertain as this material is very different from single crystal
diamond, on which this model is based, i.e., presence of sp2 carbon, and
other crystalline defects, such as twining [34]. Nevertheless, to evaluate
the worthiness of this method, fitting was carried out. Two fitting ranges
were used a) standard range (1100-1500 cm 1) and b) a narrower range
(1200-1400 cm ™) to reduce any effect from Raman signal at ca. 1525
cm™L. The other 2 methods rely solely on the position of the 500 cm ™!
band, which from a fitting point of view is simpler. Fig. 4 shows the
results of these fitting methods, with SIMS values for [B] as a guide, for
estimation of [B] for each excitation wavelength. At 325 nm data is
rather scattered and does not follow any expected trend for all methods.
This is likely due to interference from the 1525 cm ™! feature and limited

1 1 1 1 1

a BNCD 500 BNCD 1000

BNCD 1500 BNCD 2000

1 1 Il 1 1 1 1 Il

Intensity (a.u.)

BNCD 2500 BNCD 3000

BNCD 4000

/N

400 800 1200 1600 400 800 1200

1600 400 800 1200

1600 400 800 1200 1600

Wavenumber (cm™)

Fig. 3. Comparison of 325 (black), 488 (red) and 785 nm (blue) Raman spectra from all investigated samples. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)
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Fig. 4. Comparison of Raman fitting methods used for [B] estimation with 325 nm excitation (left) 488 nm excitation @ 50 % laser power (centre) and 785 nm

excitation @ 50 % laser power (right).

B related features in comparison with other excitation wavelengths. At
488 nm Method I) initially provides data which does not follow the trend
of II) and III) both of which follow the same trend, especially at high B/
C. However, when the fitting range is reduced, and therefore reduces the
signal from supposedly non-diamond carbon, but not entirely removed,
e.g., there could still be a hidden contribution from any graphitic D
peaks at 1350 cm ! and TPA at 1150 cm’l, [B] follows the same trend as
Method II) and Method III) indicating the quality of the fitting carried
out. At 785 nm [B] values calculated from Method I) do not follow the
trends seen in Method II) Method and III), this could be due to the strong
contribution of PDoS compared to ZCP line. Using the SIMS [B] values as
a guide, it can be seen that 488 nm excitation provides a narrower
spread of values from all methods, and from these Method I) with the
narrower range (1200-1400 cm_l) gives the most consistent results, i.e.,
increase in [B] with B/C without large deviations close to SIMS values
up to B/C = 3000 ppm. Whereas [B] values estimated from Method II)
and Method III) are consistently higher or lower, respectively. There-
fore, Method I) with the narrower range with 488 nm excitation was

used for comparison with all other techniques.

Spectroscopic ellipsometry as the second non-destructive method
was used to determine the concentration of free carriers in BNCD films.
Derived optical properties using all three models on the BNCD samples
are shown in Fig. 5 in the form of spectral dependence of extinction
coefficient. Optical parameters of single crystal diamond (n and k) are
included in Fig. SI4 and Tab. SI1. Obtained parameters of Drude and T-L
terms of the principal model are listed in Table 1. The first important
observation shows us that the dependence of the observed free carrier
concentrations follows the same trend as the other complementary
techniques used. Thus, as the B/C ratio increases, the BNCD layers show
increasing absorption (Drude term amplitude) in the IR part of spectra.
This absorption is related to an increase in free hole density and there-
fore naturally with the concentration of uncompensated boron. How-
ever, compared to other techniques, a certain degree of saturation can be
observed for higher B/C ratio values. This saturation was observed for
all three models used, which can be caused by higher optical absorption
in the layers with higher B/C ratio and then decreasing value of light

25

Hole concentration (10%° cm™)

1.8

{ Boron ratio: Ellipsometric model: Ellipsometric model:

1.6 500  ----- TL + Drude (300- 1700 nm)  _#Z% || - = TL + Drude (300 - 1700 nm)

] 1000 - --TL + Drude (400 - 1700 nm) — o — TL + Drude (400 - 1700 nm)
14— 1500 —— Drude (800 - 1700 nm) —— Drude (800 - 1700 nm) ,..~;""“"" .
K | — 2000 e
3 — 2500
= 1.2
& | ——3000
8 1.0 - —— 3500
g | —4000
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o |
c
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X
m -

0.4
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Fig. 5. Spectral dependence of extinction coefficient as a function of B/C ratio (left) and the concentration of free carriers to B/C ration with respect to the
ellipsometry model used (right).
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Table 1
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Ellipsometry model parameters of BNCD samples using the Tauc-Lorentz and Drude approximation over the spectral range 300-1700 nm. Values marked by * were
fixed to control the fit on the values determined for undoped and doped BDD films [9].

Tauc-Lorentz Drude Model parameters
A Br Eg Eo €00 A B Ep Thickness Roughness MSE
ev eV eV Y eVv? eV eV nm nm
BNCDso 8.11 0.82 ~0 7.01 3 1.33 0.88 0.67 559 16.8 26.7
BNCD;000 4.79 1.97 ~0 5.78 3 4.14 1.14 1.18 473 16.3 25.2
BNCD1 500 3.50 2.74 ~0 5.35 3 5.74 1.30 1.38 452 16.0 25.5
BNCD2000 5.01 6.56 ~0 4.86 3 6.06 1.05 1.42 375 13.3 19.3
BNCDas00 418 5.05 ~0 6.12 3 7.12 1.36 1.54 466 16.0 22.1
BNCD3000 4.37 2.70 ~0 6.31 3 8.54 1.53 1.69 428 17.8 19.6
BNCD3s00 4.93 3.54 ~0 6.66 3 9.20 1.55 1.75 403 17.9 16.3
BNCDa000 5.60 5.89 ~0 7.19 3 9.32 1.52 1.76 408 17.7 15.5
Single crystal 292.4 3.45 5.58 9.93 - - - - Bulk 3.69 3.40
penetration depth, see Fig. SI5. Light is therefore absorbed in the volume
of the sample and information is only obtained from the near surface :' OSII\IAS ST ' ' ' ]
region. This issue can thus be compensated by preparing samples of L DO e : S
lower thickness. Moreover, the incorporation of boron in diamond is “"g L w Ellipsometry o7 s L
known to cause a shift in the UV part of diamond absorption edge and S | ®vdP __§—*% A vy o
then influences the parameters of the Tauc-Lorentz oscillator. Together ) —8 v L
with the thin nanocrystalline nature of the investigated samples and the g ! v v
associated depolarization in the UV, see Fig. SI6, fitting with the prin- B 10 3 y . B
cipal model (TL + Drude: 300-1700 nm) obtained values exhibiting g‘ C 7 :5 .}: ]
higher MSE values in the range between 15.5 and 26.7 compared to the e T / g ,.,e::/ vv 1
reference single crystal diamond, 3.40. Therefore, the fitted spectral § I s §‘° L i % ¥ E
range was first reduced by the part with the highest degree of depolar- ° I : 3 |
ization (TL + Drude: 400-1700 nm) and then further into the IR, R E b4 1
considering only the Drude contribution (Drude: 800-1700 nm). These ) f iLow i
model updates achieved a better fit between the measured data and the 1 u = i _
. . .. . . r [B] - SIMS (10%° cm?) b
model used, while maintaining consistency between the obtained data L R T R A . .
for free hole concentration and mobility (see Fig. 5 & Tab. SI2). From 1000
this it can be concluded that the uncertainty in the model is mainly due B/C (ppm)

to the contribution in the UV region, but most importantly this does not
affect the ellipsometry determination of the free carrier concentration.
In comparison with other work [9], it is thus clear that not fixing the
parameters of the model using TL a Drude contribution does not have a
significant effect on obtaining the values of the investigated parameters
of free hole concentration and their mobility. Considering the above-
mentioned, values calculated from the principal model are used as a
comparison for other methods. The only fixed parameter in the models
used is the value of high frequency permittivity contribution which is &4,
= 3 for models including T-L term and ¢, = 4 for model with only
assumed Drude contribution [27,35]. Spectra of refractive index are
Kramers—Kronig related (not shown) with extinction coefficient. Sam-
ples with low boron content (BNCDsq) have higher refractive index and
their value reached 2.24 (600 nm). Since the optical parameters of Tauc-
Lorentz oscillator does not vary dramatically (except for the sample with
the lowest B concentration) we can conclude that the diamond quality is
consistent for all samples and increases with the observed reducing
absorption in the visible and UV parts. As the TL oscillator reached
values of Eg close to zero and then converge to the form of a classical
Lorentz oscillator, we can then conclude that samples with high B/C
exhibit metallic character, as was also observed in the previous van de
Pauw measurements. Free hole concentration and their mobilities
derived from the Drude term are summarised in Table 1.

When comparing all techniques described above for [B] or hole
concentration in BNCD, see Fig. 6 and Tab. SI3, we can see that all
methods follow the same trend as B/C increases and that values are
rather consistent across all methods. At the lowest B/C, values for [B]
have the widest spread, suggesting limitations in sensitivity, i.e., in-
crease in errors, for some methods.

SE using refined modelling methods, systematically, gives values for
hole concentration lower than SIMS and other methods. However, the
SE models used show good agreement between each other and therefore

Fig. 6. Comparison of all techniques used for [B] / Hole concentration in BNCD
grown with B/C from 500 to 4000 ppm. Insert shows values versus SIMS to
highlight any non-linearity.

a high degree of universality compared to, for example, the results of B
concentration estimated from Raman spectra with different fitting
methods.

For Raman spectroscopy it should be considered that this technique
measures the quantity of a defect or defects, i.e., defects other than B can
contribute to the Raman signal. This contribution, therefore, can lead to
a higher estimation of specific defects [17,36]. So, when comparing
Raman with other techniques we should consider that we are comparing
B related Raman features, which may consist of contribution from
electrically active B and non-electrically active B along with an un-
known contribution from other defects. Therefore, the [B] estimation
from Raman may indeed be higher than vdP and if we consider non-
diamond defects, the effect could even be higher than SIMS and/or
GD-OES.

Regarding the choice of fitting method, Method I) (488 nm) was
chosen as it gave the most consistent results, up to B/C = 3000 ppm,
with [B] values close to that of other techniques. If we compare Method
II) and Method III) (488 nm), which both use the position of the 500
cm ! band, we can see that Method III) gives consistently low values,
whereas Method II) gives high values, suggestion that both may either
over or underestimate the true [B] value.

The influence of boron at grain boundaries should also be considered
but is a complex and unresolved problem. From the Raman spectra we
may estimate the sp> content to be ~1 %. If we take this value as a
measure of grain boundary volume and assume that B incorporation in
the grain boundary is comparable with that in the grain bulk [37], the
low sp? content suggests that the total contribution from B in the grain
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boundaries is very low. Even if each method has a different sensitivity to
boron in grain boundaries, we can roughly estimate that the grain
boundary effects will also be of the order of 1 % of the acquired signal.
Such a value is smaller than typical measurement errors, which are
discussed in detail below. Therefore, in the samples reported here it is
unlikely that the effect of boron at the grain boundaries would be
observed. For example, at medium B/C range in Fig. 6 we see that
Raman, vdP, SIMS and GD-OES give similar values, which may indicate
that the quality of the BNCD layers is high, i.e., non-active [B] in grain
boundaries and/or defects has minimal effect on the Hall effect
measured. Such behavior is possible only if the grain boundary has
higher or comparable resistance than the grain itself [38]. This strongly
differs from the grain boundary electrical properties observed in ultra-
nanocrystalline diamond [39].

Finally, we should consider the accuracy of each method. For SIMS,
based on counting statistics, the uncertainty (1-sigma precision) was ~1
%. However, data can be subjected to a systematic deviation from the
“true” values due to differences in the matrices between the calibration
single crystal diamond sample and the analysed sample. To determine
this deviation a new reference with the same matrix would be required,
but even if this is produced by implantation of a known [B], there is still
open questions relating to the difference in uptake of boron in BNCD, e.
g., at grain boundaries and defect sites, between implantation and MW
PECVD processes, which should be taken into account when comparing
SIMS values for [B] to other methods for the reference.

For SE the variability of the A parameter in the Drude model, from
which the hole concentration is estimated, analysis shows that any error
is within the displayed data points. Errors in Hall concentration mea-
surement include systematic errors of the vdP method due to contact
finite size and contact off-edge position. Finite element simulations
indicate that these errors make the measured concentration higher than
their “true” value and can reach, depending on sample mobility, up to 6
% for the contact geometry used in this case. Furthermore, random er-
rors in Hall constant measurement should be considered, which have
been established, using statistic evaluation, as being ~5 %. Additionally,
even though alternating current pulses have been used to suppress
parasitic thermoelectric effects and instrument errors, at very low Hall
voltages, < 0.1 pV, which are below the absolute instrument error range,
0.5 pV, systematic voltmeter errors can occur. Therefore, the total error
in Hall concentration has been estimated as 8-20 %, with the upper limit
corresponding to the lowest measured voltages, i.e., for samples with the
highest B doping levels.

Concerning any uncertainty in GD-OES data, Fig. 6 shows a good
correlation with the other methods, except for the lowest point at 500
ppm B/C. This data point comes from a depth of >2000 nm, where a tail
in the data, which is caused by contribution from simultaneous sput-
tering of the shallower depths at the rim of the erosion crater. Overall,
there is no concern regarding noise and counting statistics, as the ac-
quired signal was high. Therefore, any possible errors would largely be
due to a systematic deviation from the calibration function. Although
GD-OES is not matrix dependant, there might still be a matrix effect, i.e.,
a slightly different response from BNCD than from the ferrous reference
samples used in calibration measurements. Usually, work involving the
same matrices for calibration and investigated sample, quote a relative
error of <3 %, therefore here we may increase this possible error up to
~10 %. Possible errors from Raman spectra acquisition and fitting are
also low. However, the chosen method for comparison, Method I) with
488 nm excitation and a narrow fitting range, highlights the need for
improvement in the fitting parameters for estimation of [B] at high
boron doping levels, due to the weakly pronounced and/or poorly
resolved ZCP peak. Therefore, optimum Raman acquisition, e.g., exci-
tation wavelength, and fitting conditions are needed for improved [B]
estimation of highly doped BNCD.

Finally, to highlight the validity of the above discussed comparison
we should compare the values for hole concentration obtained by vdP
with all others. If we assume full ionisation, no compensation and
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measurement error, [B] values obtained from SIMS and GD-OES should
follow the trend and not fall below this threshold as the value for active
boron acceptors cannot be higher than the total [B]. Fig. SI7 shows that
for <™2.0 x 10%! cm 2 this is the case, however at >"2.0 x 10%' cm 3 we
can see values below the threshold. As discussed above, these anomalies
may be corrected using improved reference matrixes for both, and/or
improved vdP measurements, assuming over estimation of the values
reported due to the discussed possible errors. As mentioned previously,
clearly the ellipsometry model requires further optimization. Values
estimated from Raman Method I) with 488 nm excitation and a narrow
fitting range can be seen to be accurate for determining hole concen-
trations, with some scatter at >~2.0 x 10*! cm~2 indicating that im-
provements in the fitting may be required.

4. Conclusion

BNCD layers have been prepared with varying [B] - hole concen-
trations. Samples were investigated with various common and rare,
destructive, and non-destructive techniques, using relative, calibrated
and/or fitting/modelling techniques to extract values. Glow discharge-
optical emission spectroscopy was demonstrated for the first time over
arange of B/C to give values following the same trend as secondary ions
mass spectroscopy. Raman spectroscopy was studied in detail to high-
light importance of choice of excitation conditions and fitting method,
showing that up to moderate doping levels, fitting of the shift of the
position and the broadening of the sp> peak gives acceptable values.
Modelling used in spectroscopic ellipsometry was extended to improve
models used for hole concentration estimation, which closely matched
values from vdP. Overall, considering possible errors and different
contributions, values for [B] estimated from SIMS, GD-OES, Raman and
vdP give consistent results. This suggests that spectroscopic ellipsometry
could benefit from a suitably chosen standard that would possibly adjust
the method offset and further benefit from the versatility of the models
used, which give consistent results when changing the fitting parame-
ters. Finally, it can be said that all demonstrated methods have advan-
tages and disadvantages, e.g., simplicity or complexity, destructive or
non-destructive, which should be considered depending on when/
how/why the [B] - hole concentration values are required.
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