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The main subject of this study are molecular structures and optical properties of boron-doped diamond films with
[B]/[C]ppm ratio between 1000 and 10 000, fabricated in two molar ratios of CH4–H2 mixture (1 % and 4 %). Boron-doped
diamond (BDD) film on the fused silica was presented as a conductive coating for optical and electronic purposes. The scanning
electron microscopy images showed homogenous and polycrystalline surface morphology. The Raman spectroscopy confirmed
the growth of sp3 diamond phase and sp2 carbon phase, both regular and amorphous, on the grain boundaries, as well as the
efficiency of boron doping. The sp3/sp2 ratio was calculated using the Raman spectra deconvolution method. A high refractive
index (in a range of 2.0 to 2.4 at λ = 550 nm) was achieved for BDD films deposited at 700 °C. The values of extinction
coefficient were below 1.4 at λ = 550 nm, indicating low absorption of the film.
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1. Introduction

It has been known for years that diamonds
have impressive physical properties including me-
chanical, thermal [1], electrochemical [2], elec-
tronic [3, 4] and biological [5]. A diamond is opti-
cally transparent in a range from ultraviolet through
visible to the far infrared [6]. This results in mul-
titudinous possibilities of technological applica-
tions which include optoelectronic switching de-
vices, optical coatings, wide-band IR optical win-
dows or chemical corrosive operations and high
temperature resistance. The diamond has the char-
acter of a wide bandgap semiconducting material
with Eg = 5.45 eV. But when we dope it with
boron, it becomes p-type semiconducting material
with exceptional electrochemical properties [7].
Boron doped diamond (BDD) film is an excel-
lent electrode material which has a wide electro-
chemical window, from −1.25 V to 2.3 V in wa-
tery electrolytes, compared to a standard hydrogen

∗E-mail: matficek@pg.edu.pl

electrode (SHE) [8] and chemical stability in harsh
environments including great biocompatibility [9].
These properties make BDD excellent for use in
multitudinous applications including electrochem-
ical sensing [10, 11], biosensing [12, 13], electro-
catalysis or wastewater treatment.

For obtaining high-quality diamond thin films,
chemical vapor deposition technology is widely
used. There are two most common techniques
of synthesizing BDD. The first is a hot-filament
CVD (HF-CVD), the second is microwave plasma-
assisted CVD (MW PA CVD) in-situ doping with
boron precursors. The density of boron dopant
ranges in MW PA CVD process from 1016 atoms
per cm−3 to 1021 atoms per cm−3. P-type semi-
conducting materials transform into a semimetal
with dopant density at 2 × 1020. Practical appli-
cations require optimized structural and morpho-
logical properties such as surface smoothness, opti-
cal transparency or electrical conductivity. Growth
parameters, such as gas mixture, pressure, dopant
density or temperature influence in a high degree
structure and morphology. Electrical and optical
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properties are also altered with a change in boron
dopant density which has been confirmed in the lit-
erature [14]. An investigation, conducted by Liao
el al. [15], has ended with the conclusion that av-
erage grain size of a diamond film decreases up to
10 times with increasing boron density. This effect
is caused by re-nucleation which results in smaller
crystallite creation on primary larger diamond crys-
tals. Recently, Lu et al. [16] have shown a direct
visualization of boron dopant distribution and con-
cluded that boron dopant clearly demonstrates its
presence in the diamond lattice connected with en-
richment at twin boundaries and defect centers.

Some papers focused on boron doped dia-
mond optical transparent electrodes can be found.
Kromka et al. [17] explored the impact of low-
temperature MW CVD process on optical proper-
ties of nanocrystalline diamond film fabricated on
silicon and quartz substrates. The films showed a
transmittance of ca. 70 % and high refractive in-
dex of 2.34 at 550 nm wavelength. Furthermore,
Potocky et al. [18] demonstrated refractive index
of 2.2 nm to 2.4 at 550 nm on a quartz substrate
grown in a temperature below 400 °C. The opti-
cal properties of diamond layers strongly depend
on the deposition temperature [19].

Gajewski et al. [20] investigated undoped
and low-doped nanocrystalline diamond films de-
posited on monocrystalline silicon in terms of opti-
cal parameters, especially the photocurrent and op-
tical absorption coefficient.

Work carried out by Bennet et al. [21] con-
firmed increasing influence of boron doping on op-
tical and morphological properties of BDD, sug-
gesting that an area of high conductivity correlates
with a high boron doping level along with elec-
trical conductivity heterogeneity of boron-doped
poly-/microcrystalline diamond surfaces. The men-
tioned films have explicit optical properties such
as UV-Vis refractive index close to that of un-
doped and composite NCD films as well as un-
usual nonzero extinction coefficient due to high
boron sub-gap absorption in IR. Boron doping was
used to obtain conductive diamond films. In gen-
eral, the ability to prepare low-resistivity diamond
thin films stimulated the present research effort to

develop electrochemical and optical applications of
this material. The sp2 carbon could also contribute
to the films conductivity. Besides that, the amount
of conductive carbon (graphitic, even B contain-
ing) at the grain boundaries increases with B ad-
dition and supports further charge transport mech-
anisms. Moreover, B doping produces a material
with many different conducting regions, and possi-
bly different conducting pathways and conduction
mechanisms [21].

Spectroscopic ellipsometry was performed by
Zimmer et al. [22], on heavily doped BDD films for
determining their optical properties. An NCD film
was deposited on Si wafers at the mean dopant level
[B]/[C] of 6500 ppm with the complex index of re-
fraction calculated from the Lorentz model [23].

Nevertheless, there is still a deficiency of in-
formation about optical and electrical properties of
boron-doped diamond films deposited on transpar-
ent substrates in the UV-Vis-NIR region and their
spectral dependences. Those critical parameters are
crucial for developing integrated sensors [24] or
opto-electrochemical bio-sensing devices [25].

In this research, we applied a two-step pretreat-
ment procedure of fused silica substrates to achieve
high seeding density and BDD film homogene-
ity. At first, we used pre-treatment of fused sili-
con dioxide substrates in hydrogen plasma. Then,
the substrates were seeded by spin-coating with
PVA mixed with diamond slurry based on di-
ethyl sulfoxide (DMSO) and diamond nanoparti-
cles. The main point of this study were the opti-
cal and electrical properties of boron-doped dia-
mond films ([B]/[C]ppm ratio between 5k and 10k)
in two molar ratios of CH4–H2 mixture (1 %
and 4 %). The main motivation for starting this
research originated from optimization of growth
process parameters of chemical vapor deposition
to obtain BDD films with enhanced optical and
electrical properties for optical fiber coating [24],
opto-electroactive electrodes for energy conver-
sion, optical sensors and spectroelectrochemistry.
Thin boron-doped films were deposited by MW
PA CVD method on fused silica substrates. Micro-
Raman spectroscopy was used to examine molec-
ular structure of the BDD films (sp3/sp2 band
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ratio) and ex situ spectroscopic ellipsometry (SE)
was used to measure optical properties, thickness
and roughness in UV-Vis-NIR wavelength range.
Morphological evaluation was done on the data ob-
tained with scanning electron microscope (SEM).

2. Experimental
The boron-doped diamond films were synthe-

sized in a MW PA CVD system (SEKI Tech-
notron AX5400S). Mirror polished fused silica
glass slides (10 mm × 10 mm; 1 mm thick) were
used as substrates for experiments. The glass sub-
strates were pre-treated in hydrogen plasma as re-
ported by Bogdanowicz et al. [26]. The seed-
ing process included spinning of thin film from
home-made nanodiamond suspension. The detona-
tion nanodiamond (DND) slurry preparation pro-
cedure has been reported in the literature [10, 26].
The power of microwaves was kept at 1300 W. Sub-
strate temperature was kept at 700 °C by an in-
duction heater and measured by a thermocouple at-
tached to the backside of a molybdenum substrate
stage.

The CH4–H2 mixture was kept in this study at
1 % and 4 % of gas volume at 300 sccm of total
flow rate. The process pressure was 6.66612 kPa.
The doping level of boron in the gas phase,
expressed as [B]/[C]ppm ratio, was 1000 ppm,
2500 ppm, 5000 ppm and 10 000 ppm using di-
borane (B2H6) as a dopant precursor (Table 1).
A set of undoped diamond films was fabricated
for direct boron effect comparison. The growth
time was 60 min.

A scanning electron microscope with a tung-
sten wavelength region source and variable cham-
ber pressure (VP-SEM) was used to inspect the sur-
face of the synthesized thin films. The molecular
composition of the films was studied by means of
Raman spectroscopy using Raman confocal micro-
scope (InVia, Renishaw, UK). The relative sp3/sp2

band ratio was defined from the relation of Ra-
man band areas of: (I) sp3 diamond lattice line
(1332 cm−1), (II) D band assigned to sp2 phase
(1350 cm−1) and (III) G band assigned to distorted
sp2 phase (1520 cm−1 to 1600 cm−1).

Spectroscopic ellipsometry investigations were
carried out with a phase-modulated ellipsometer
Jobin-Yvon UVISEL (HORIBA Jobin-Yvon Inc.,
Edison, USA). The investigated wavelength region
was 250 nm to 800 nm with a step less than 0.5 nm.
The experiments were carried out at room temper-
ature using an angle of incidence fixed at 60° and
the compensator set at 45°. The incidence angle re-
sulted from Brewster‘s angle of fused silica sub-
strate. DeltaPsi software (v. 2.4.3) was employed
to determine the spectral distributions of refrac-
tive index n(λ) and the extinction coefficient k(λ)
of the diamond films.

3. Results and discussion
3.1. Surface morphology of boron-doped
diamond films

The boron-doped diamond films morphology
which were grown on fused silica is presented in
Fig. 1. The films were deposited at a temperature
of 700 °C at different methane concentrations and
[B]/[C] ratios in plasma. Highly crystalline dia-
mond films were obtained for 1k and 5k [B]/[C]
ratio for both methane concentrations (1 % or 4 %).

The growth rates of the films were estimated by
ellipsometry and are listed in the Table 1. The ob-
vious increase of growth rates of the diamond films
was observed for the higher methane admixtures.
In contrast, the higher boron concentration in the
plasma provided slowdown of diamond growth ki-
netics. Furthermore, the higher doping level pro-
moted a decrease of average grain size, and re-
duced the roughness of the films as revealed by
SEM images. This phenomenon is attributed to sp2

phase growth induced by boron complexes causing
surface re-nucleation processes. Such graphitic sp2

phases are much more intensively etched by hydro-
gen rich plasma (ca. factor of 3), what leads to the
lower effective growth rates [27].

The obtained films are not fully covered, which
can be observed in the image of 1k [B]/[C]ppm ra-
tio. It can be explained by less effective nucle-
ation and substrate surface termination with oxy-
gen with positive zeta potential, suppressing inter-
actions with the nanodiamond slurry [28]. In case
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Table 1. A set of samples and the corresponding deposition parameters.

Sample CH4 [%] [B]/[C] ratio [ppm] Growth rates [nm/min]

BDD1-0k 1 0k 6.4
BDD1-1k 1 1k 7.7
BDD1-5k 1 5k 7.1
BDD1-10k 1 10k 7.1
BDD4-0k 4 0k 12.3
BDD4-1k 4 1k 14.9
BDD4-5k 4 5k 13.7
BDD4-10k 4 10k 11.6

Fig. 1. Scanning electron microscope images of boron-
doped diamond films for ([B]/[C]ppm = 0; 1k;
5k; 10k) deposited on fused silica glass at tem-
perature of 700 °C for two different methane
concentrations (1 % and 4 %) in the gas
mixture.

of 5k [B]/[C]ppm ratio, the polycrystalline, facet-
rich morphology was obtained for both methane
concentrations. The 5k [B]/[C]ppm, films are con-
tinuous and fully encapsulated. Furthermore, it is
well-known that boron doping influences crystal-
lite size. With increasing boron level in gas phase,
the obtained crystallites become smaller. The dif-
ference of crystallite sizes is clearly seen in Fig. 1
for 1 % and 4 % methane concentration.

Fig. 2. Scanning electron microscope image of boron-
doped diamond film (BDD1-5k) deposited on
fused silica. The exposed cracks due to internal
stress in the diamond layer can be seen.

In case of [B]/[C]ppm ratio of 10k for both
methane ratios, the layers are continuous. How-
ever, those layers differ from other samples ex-
hibiting tiny crystallites and significantly higher
sp2 phase contribution as revealed in the Raman
spectra (Fig. 3).

It is worth noting that BDD films deposited on
fused silica substrates tend to crack due to inter-
nal stress in the diamond layer, as illustrated in
Fig. 2. It could also be the result of thermal expan-
sion coefficient difference between diamond film
and fused silica glass [29].

3.2. Raman spectroscopy

The Raman spectroscopy is a common tech-
nique for analyzing different forms of carbon lay-
ers. The wide variety of carbon forms arises from
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the dependence of their properties on the ratio
of sp2/sp3. This relation significantly depends on
methane concentration in the deposition process.
The modification of properties of BDD films, in
particular their conductivity, is possible thanks to
boron doping.

The Raman spectrum of boron-doped diamond
film (in ratio [B]/[C]ppm = 5k) deposited on fused
silica at 4 % methane concentration is shown in
Fig. 3. Decomposition of the peaks was made by
Lorentzian function. The values of linewidth (full
width at half maximum FWHM) and integral in-
tensity of the peaks in the Raman spectrum of
BDD4-5k are listed in Table 2.

Fig. 3. Normalized Raman spectrum of BDD4-5k
([B]/[C]ppm = 5k, obtained at 4 % methane
concentration, with peaks decomposition by
Lorentzian function.

The Raman spectrum of BDD4-5k consists of
a strong narrow line at ∼1317 cm−1, which is
assigned to sp3 diamond line corresponding to
the vibrations of two interpenetrating cubic sub-
lattices [30]. Due to boron doping, the diamond
line has changed its position from its typical posi-
tion of 1332 cm−1 (Fig. 3). This shift is associated
with the decrease in the number of pure diamond
cells [31, 32].

In the spectrum there are also two characteristic
lines around 1360 cm−1 and 1550 cm−1, which are
attributed to sp2 carbon. The first one is described

as disorder (D), the second as graphite (G). There
are also present second order 2D peak around 2600
and D + G overtone ∼2850 cm−1 [33].

Fig. 4. Raman spectra of boron-doped diamond films
([B]/[C]ppm = 0k, 1k; 5k; 10k) deposited on
fused silica at temperature of 700 °C at two dif-
ferent methane concentrations ((A) – 1 % and
(B) – 4 %). The undoped samples have been
shown for comparison.

The effect of boron doping on the diamond lat-
tice can be observed at 1230 cm−1 and 500 cm−1.
Moreover, these bands have not been observed in
the reference undoped samples. Their origin is not
obvious, but their position agrees approximately
with two maxima in the phonon density of states
(PDOS) [34]. The diamond purity of BDD4-5k film
was calculated from a relative Raman cross section
of diamond to graphite ratio of 1/50 as follows:

Cd = 100 Ad/(Ad +
∑Ai

50
) (1)

where Ad and Ai are areas of the fitted curves
corresponding to 1317 cm−1 diamond peak and
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Table 2. Position, integral intensity, full width at half maximum and origin of the peaks in the Raman spectrum of
BDD4-5k.

Position [cm−1] Integral intensity FWHM [cm−1] Origin

500 38 232 boron in diamond lattice
1230 38 117 boron in diamond lattice
1317 17 42 diamond peak

1353 108 165 D peak

1545 105 135 G peak

2628 42 466 2D peak

2865 51 367 D + G overtone and CH3stretching

the graphitic bands, respectively [35]. The es-
timated diamond purity (Cd) for BDD4-5k was
approximately 80.

The Raman spectra of boron-doped carbon
films obtained at different methane and boron con-
centrations in the gas mixture are shown in Fig. 4.
Based on the peaks analysis for different methane
concentrations, it can be seen that the diamond line
decreases and broadens with increasing boron con-
tent in the film. The changes in bandwidth are at-
tributed to internal stress in the diamond layer.

The differences in boron concentration (for 4 %
methane concentration) can be confirmed by the
growth of the bands at 1232 cm−1 and around
495 cm−1 (Table 3) which is typical of a highly
boron doped carbon [36]. Their growth is in good
agreement with the shift of position of the Raman
band assigned to diamond towards lower values of
optical transmission.

Table 3. Integral intensity of the band around 495 cm−1

for samples obtained at 4 % methane concen-
tration.

Sample Integral intensity

BDD4-1k –
BDD4-5k 38
BDD4-10k 73

In the Raman spectrum of BDD1-1k, one can
notice a diamond band around 1332 cm−1 from
sp3 phase. This spectrum is a sum of G, D, 2D
bands areas, D + G overtone and CH3 stretch
area. The presence of strong 2D peak in some

spectra suggests that sp2 lattice is regular (like in
graphene or in nanotubes) contrary to sp2 amor-
phous carbon [37]. However, we have not observed
significant influence of this feature of molecular
composition (regular or irregular sp2 carbon) on
optical properties of the films.

The Raman spectrum of BDD1-5k shows also
a mixture of sp3 and sp2 carbon phases, but it
resembles more sp2 carbon lattice than sp3 dia-
mond crystal lattice. It can also be caused by reso-
nant enhancement of Raman signal from sp2 phase
by green laser. A similar composition of diamond
phase with strong regular sp2 can be observed in
BDD4-1k. For samples having 10k ppm of boron,
the diamond band can be seen only as a weak
finger, which confirms disorder caused by boron
and presence of sp2 structure. The spectrum of
BDD1-10k consists of crystalline sp2 and amor-
phous carbon. Raman spectra analysis confirms the
morphologic analysis taken by SEM.

3.3. Optical properties of boron-
doped diamond films

In order to extend the optical characteriza-
tion, the ellipsometry parameters Ψ and ∆ were
measured for the BDD films. The parameters
were obtained at room temperature for 70° angles
of incidence in the wavelength of 260 nm to
830 nm. The dispersion of the diamond films was
fitted to the Tauc-Lorentz oscillator (TL) model.
The fitting process was widely described in our
previous work [14]. Subsequently, the estimated
optical model was fitted to the experimental data
employing the nonlinear Levenberg-Marquardt
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Fig. 5. Variation of optical indices for boron-doped dia-
mond films obtained on fused silica slides at (A)
1 % and (B) 4 % methane admixture and various
boron doping levels.

regression method and mean-square error of min-
imization (MSE) [35]. As a result of the analysis,
the refractive index n(λ) and extinction coefficient
k(λ) were obtained [36].

Fig. 5 shows spectral variation of n(λ) and
k(λ) for diamond films deposited at 1 % and
4 % methane admixture with varied boron con-
centration in gas phase process at 700 °C dur-
ing a 60 min process. For all deposited diamond
films, the refractive index decreases with increas-
ing wavelength values showing regular dispersion
in considered wavelength range. This dependence
exhibits usual behavior near the band gap of elec-
tronic transition. The only exception is the highly
boron-doped diamond, where the n values dis-
play a slight shift towards higher wavelengths.
The obtained values of the refractive index at
λ = 550 nm are high, varying from 2.19 to 2.30
for BDD films deposited at 1 % methane admix-
ture and from 2.34 to 2.39 at 4 % methane admix-
ture, excluding the heavily doped BDD1-5k film.

The decreasing n values are attributed to boron in-
corporation in the BDD structure, as revealed by
Raman studies (Fig. 4). The increased boron dop-
ing level stimulates structural imperfections like
twin boundaries and planar incoherent defects due
to the local boron enrichment [16]. Local structural
studies show that these boron rich regions reveal
also higher concentrations of non-diamond forms
and sp2 hybridized allotropes [38, 39].

Both increased boron concentration and sp2

phases increase extinction coefficient, and so in-
trinsic absorption of the films. The increase of k is
attributed to the free carrier absorption (electrons
and holes) and could be observed as a near-IR tail
(wavelengths > 500 nm). It could be connected
with an acceptor level of boron dopant located at
0.38 eV from the top of the valence band as dis-
cussed in [40]. Furthermore, the high content of sp2

phase generally decreases refractive index of the
films lowering the density of films, which is par-
tially associated with optical density.

The variation of the extinction coefficient is
shown in Fig. 5. The BDD films deposited at 1 %
methane concentration reach lower k values than
those deposited at 4 %, with all being below 0.09
and 0.11, respectively. It is shown that boron dop-
ing with [B]/[C]ppm below 5k results in extinc-
tion coefficient below 0.06 which indicates low
light absorption. Heavily doped films exhibit an in-
crease in k(λ) values with increasing wavelength,
which is abnormal behavior of extinction plot. High
extinction coefficient results in limited possible ap-
plication in optical devices.

4. Conclusions
Summarizing, the boron-doped diamond films

were deposited in MW PA CVD process at
different methane concentrations and [B]/[C]ppm
ratios in plasma, on fused silica glass. Highly crys-
talline diamond films were obtained for 1k and
5k [B]/[C]ppm ratios at both methane concentra-
tions (1 % or 4 %). It is worth noting that BDD
films deposited on fused silica substrates tend to
crack due to internal stress in the diamond layer or
thermal expansion coefficients difference between
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the film and glass substrate. Raman spectroscopy
confirmed the presence of diamond sp3 phase in the
deposited films (band at about 1332 cm−1). Thus,
the results are generally in good agreement with the
results of the SEM analysis. However, only in se-
lected samples these diamond nanocrystals domi-
nate the film structure (e.g. BDD4-5k). The rest of
the samples contain both diamond sp3 crystal and
regular sp2 carbon structures. Moreover, the effi-
ciency of boron doping was confirmed by a shift of
Raman line to 1318 cm−1 and occurrence of new
Raman bands at 495 cm−1 and 1231 cm−1, which is
in good agreement with optical constants decrease.
It is shown that boron doping with [B]/[C]ppm be-
low 5k results in extinction coefficient below 0.06
which indicates a low light absorption required for
optical devices.
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