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Abstract. This paper presents boron-doped diamond (BDD) film as a conductive
coating for optical and electronic purposes. Seeding and growth processes of thin
diamond films on fused silica have been investigated. Growth processes of thin
diamond films on fused silica were investigated at various boron doping level and
methane admixture. Two step pre-treatment procedure of fused silica substrate was
applied to achieve high seeding density. First, the substrates undergo the hydrogen
plasma treatment then spin-coating seeding using a dispersion consisting of detonation
nanodiamond in dimethyl sulfoxide with polyvinyl alcohol was applied. Such an
approach results in seeding density of 2 x 10'° cm™. The scanning electron microscopy
images showed homogenous, continuous and polycrystalline surface morphology with
minimal grain size of 200 nm for highly boron doped films. The sp’/sp? ratio was
calculated using Raman spectra deconvolution method. A high refractive index (range
of 2.0-2.4 @550 nm) was achieved for BDD films deposited at 500 °C. The values of k

were below 0.1 at A=550 nm, indicating low absorption of the film. The fabricated
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BDD thin films displayed resistivity below 48 Ohm cm and transmittance over 60% in

the visible wavelength range.

1. Introduction

Diamond films have outstanding physical properties: mechanical, electrochemical,
electronic, thermal and biological. Optically diamond is transparent from the ultraviolet,
visible to far infrared region, resulting in many possible technological applications including
optical coatings [1,2], optoelectronic switching devices [3], wide-band IR optical windows or
high temperature and chemical corrosive operations [4]. Diamond is a wide bandgap
semiconductor with E; = 5.45 eV but when doped with boron its becomes p-type
semiconducting material with outstanding electrochemical properties [5,6]. Boron-doped
diamond (BDD) films are a great electrode material that have a wide electrochemical window
from -1.25 to +2.3 V in aqueous electrolytes compared to standard hydrogen electrode (SHE)
[7,8], high anodic stability [9], chemical stability in harsh environments [10,11], and
biocompatibility [12,13]. These remarkable properties make BDD useful for many
applications e.g. electrochemical sensing [14—16], biosensing [17,18], electrocatalysis [19—
21], and wastewater treatment [22-24].

Chemical vapor deposition (CVD) technology allows for the production of high-
quality diamond thin films. The two most common techniques to synthesise BDDs are hot-
filament CVD (HF-CVD) [25] and microwave plasma-assisted CVD (MW PA CVD) in-situ
doped with boron precursors [26]. The boron dopant density, achieved by using MW PA
CVD, ranges from 10'° to 10?! atoms cm™ and p-type semiconducting materials transform to
semimetal for the dopant density at 2-10%° [25]. The various applications require that
structural and morphological properties be optimized: smoother surfaces, optical transparency
or electrical conductivity. Growth parameters such as gas mixture, temperature, pressure and
boron dopant density influence not only the morphology and structure (sp*/sp? ratio) [27,28],
but also electrical and electronic properties or optical transparency. Boron dopant density has
significant influence on all of these properties which has been confirmed by literature. The
average grain size on the diamond film decreases up to 10 times with increasing boron density
and was investigated by Liao el al. [29]. Boron introduces re-nucleation which result in the
creation of smaller crystalline on primary higher diamond crystals. Recently, Lu ef al. [30] has
shown a direct visualization of boron dopant distribution and has concluded that boron
dopants clearly demonstrate the presence in the diamond lattice and an enrichment of these

dopants within twin boundaries and defect centres.
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Several papers report optical properties of BDD films deposited on silicon substrates.
Gupta et al. [31-33] applied spectroscopic ellipsometry (SE) to investigate BDD films with
varying boron density. Hu e/ al. [34] and Gupta et al. [33] show ellipsometric angles ¥, A and
dielectric constants in a range of 200 up to 1230 nm (1.0 + 5.5 eV). Zimmer et al. [35]
investigated heavily boron-doped nanocrystalline diamond films wusing spectroscopic
ellipsometry. NCD film was deposited on Si wafers at the mean dopant level [B]/[C] of 6500
ppm and with the complex index of refraction calculated from the Lorentz model in the VIS-
NIR range (up to 950nm). Next, Gajewski et al. [36] investigated the optical parameters,
namely, photocurrent and optical absorption coefficient in undoped and low-doped
nanocrystalline diamond films deposited on monocrystalline silicon. The results of spectrally
resolved photocurrent and photothermal deflection spectroscopy in the low energy range,
between 0.5 and 1.0 eV, confirmed that boron as well as sp’ carbon phases in the grain
boundaries govern the optical-absorption process.

A few reports can be found that focus on boron doped diamond optical transparent
electrodes. Stotter et al. [37,38] enhanced boron doped diamonds electrodes to
spectroelectrochemistry studies in the UV wavelength region showing good transparency at
50 — 60%. Mermoux et al. [39] used confocal Raman imaging to study OTEs for samples with
a thickness of 380 um. Remes et al. [40] investigated the optical properties of undoped NCD
film on fused silica by using photothermal deflection spectroscopy, calorimetry and dual
beam photocurrent spectroscopy. Kromka et al. [41] investigated the impact of low-
temperature MW CVD process on optical properties of nanocrystalline diamond films (NCD)
on silicon and quartz substrates; the films displayed a transmittance of ca. 70% and a high
refractive index of 2.34 at 550 nm of wavelength. Potocky et al. [42] showed a refractive
index of 2.2 to 2.4 (@550 nm) on quartz substrate for growth temperature below 400 °C. The
optical properties of diamond layers strongly depend on deposition temperature [43,44]. In
addition, various boron doping has a crucial impact not only on electronic properties but also
on optical properties. A boron dopant introduces an acceptor level located at 0.38 eV from the
top of the valence band [45,46] shifting both absorption edge and refractive index.

In our previous works we reported seeding in different suspensions (water / DMSO)
for obtaining diamond films [47] or growth of BDD on fused silica [MMS] but only for one
doping level. Scorsone et al. proposed seeding in a solution composed of polyvinyl alcohol
(PVA) and detonation nanodiamond (DND) particles but it was studied just on Si wafers.
PVA was chosen due to its ability to form thin films as well as its high viscosity and high

solubility in water and surfactants [48,49].
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To the best of our knowledge, there is still a lack of information about optical and
electronic properties of boron-doped diamond deposited on fused silica substrates and their
boron concentration dependence. These parameters are critical for developing the integrated
optical sensors [50,51], transparent electronics [52] and optoelectrochemical biosensing
devices [53,54].

In the present study we applied a novel two step seeding process of fused silica
substrates to achieve high seeding density and BDD film homogeneity. First, we used pre-
treatment of fused silica substrates in hydrogen plasma. Then, substrates were seeded by spin-
coating with PVA mixed with diamond slurry, the latter based on diethyl sulfoxide (DMSO)
and diamond nanoparticles. The main novelty of the paper is the study of optical and
electrical properties of undoped and boron-doped ([B]/[C]ppm ratio between 1000 and 10000)
diamond films in two molar ratios of CHs-H> mixture (1% and 4%). Our motivation to present
this investigation has been derived from the optimization growth parameters process of the
chemical vapour deposition to achieve BDD film with enhanced optical and electrical
properties for the purposes of fibre optical coating and opto-electro active electrode for energy
conversion, 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 molecular structure of the BDD films (sp’/sp’ band ratio). Optical
properties, thickness and roughness in VIS-NIR wavelength range were investigated by
means of ex situ spectroscopic ellipsometry (SE). Moreover, the optical band-gap
energy E; was obtained using Tauc’s plot. Electrical properties were investigated 4-point

probe method.

2. Experimental

2. 1. Fused silica glass pre-treatment

The mirror polished fused silica glass slides were used as a substrate for experiments
(10x10 mm; 1 mm thick). Before treatment, the quartz slides were cleaned for 5 minutes in an
ultrasonic bath containing acetone, rinsed in 2-isopropanol and then dried.

The substrates then undergo the hydrogenation in the plasma. The process was
performed in microwave H; plasma at 1300W for 60 min. During the process the total flow of
gas reached 300 sccm and the pressure was kept at a level of 50 Torr. Hydrogenation was
supposed to change surface termination and wetting properties, which decrease seeding

density of diamond thin films. The seeding process included spinning of thin film of DND
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seeding media by use of spin-coater (Laurell WS-400B, USA). The home-made DMSO-PVA-
DND suspension with nanodiamond concentration of 0.25% w/w in DMSO/PVA were used

in experiments. The DND slurry preparation procedure has been reported elsewhere [55].

2. 2. CVD diamond deposition on fused silica glass

The BDD electrodes were synthetized in an MW PA CVD system (SEKI Technotron
AX54008S). Substrate temperature was kept at 500°C during the deposition process. Highly
excited plasma was ignited by microwave radiation (2.45 GHz) [56,57]. The plasma
microwave power, optimized for diamond synthesis, was kept at 1300 W. The molar ratio of
CHy-H> mixture was kept in this study at 1% and 4% of gas volume at 300 sccm of total flow
rate. The base pressure was about 107 Torr and the process pressure was kept at 50 Torr. The
doping level of boron in the gas phase, expressed as [B]/[C] ratio, was 0, 1000, 2500, 5000
and 10 000 ppm using diborane (B2Hs) dopant precursor. The growth time was 60 minutes,
producing polycrystalline films with thickness from 300 to 700 nm. All the different

parameters of deposition for each sample are listed in Table 1.

Table 1. A set of samples and the corresponding deposition parameters.

Sample CHs  [BJ/[C] ratio [ppm] T.[°C]

[Yo]
Q10 1 0 500
Q11 1 1000 500
Q125 1 2500 500
Q15 1 5000 500
Q110 1 10000 500
Q40 4 0 500
Q41 4 1000 500
Q425 4 2500 500
Q45 4 5000 500
Q 4 10 4 10000 500

2. 3. Analytical methods
The water contact angles were measured by the sessile drop method (drop volume ~0.5

ul) using a home-made contact angle meter equipped in B/W high resolution CDD camera.
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The determination of the angle between the solid surface and the tangent of the drop was
performed by computer control. Three measurements were performed on each surface, and
arithmetic means and standard deviations were calculated by using Origin 6.1 software
package (OriginLab Corp., Northampton, USA).

A scanning electron microscope (S-3400N, Hitachi, Japan) with a tungsten source and
variable chamber pressure (VP-SEM) was utilized to inspect the surface of synthesized thin
films. The surface topography was examined with an atomic force microscope (AFM)
(Veeco Nanoman V, Veeco Instruments Inc., New York, NY, USA) in tapping mode. The
imaging tapping mode and standard Si tips were used to perform the surface characterization.
The scan size was 2 um X 2 pm.

The molecular composition of the films was studied by means of Raman spectroscopy
using Raman confocal microscope (Horiba LabRAM ARAMIS, Japan). Spectra were
recorded in a range of 200-3500 cm™! with an integration time of 2 s, using a 532 nm diode
pumped solid state (DPSS) laser in combination with a 100x objective magnification (NA =
0.95) and 50 um confocal aperture. The relative sp’/sp? band ratios were determined by
deconvolution of Raman spectra with use of Gramms/Al Suite (ThermoScientific, USA) and
comparison of integral intensity of a band assigned to diamond (approx. 1332 cm™) and a
wide “G” band assigned to distorted sp’ phase (between 1520 and 1600 cm™).

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 250-800 nm with a step of less than 0.5 nm. The
experiments were carried out at room temperature using an angle of incidence fixed at 60°
and the compensator was set at 45°. The incidence angle resulted from Brewster‘s angle of
quartz glass substrate. DeltaPsi software (v. 2.4.3) was employed to determine the spectral
distributions of refractive index n (A) and the extinction coefficient k (A) of the diamond films.

The BDD deposited on fused silica were studied by 4-point probe for electrical
characterization. Prior to the measurements, the Ohmic contacts (Ti/Au) were deposited on
the BDD samples. The room temperature resistivities were measured by four-point probe
placed in a straight line with equal interprobe spacing (s = 1.5 mm). The needle-like probes
with a radius of 100 pm were utilized. The size of samples was 1 x 1cm. The correction factor
of 0.86 was taken into account during resistivity estimation due the finite sample size [58,59].
A source meter (Keithley 2400, UK) was used as a current source applied to the external

probes. The current was gradually increased from 0 up to 100uA with a step of 1uA. Voltage
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on the internal probes was measured with a VA multimeter (Appa 207, Taiwan). Each sample

was measured 10 times at four various surface points and averaged resistivity was presented.
3. Discussion and results

3. 1. Surface properties and film composition

The PVA-DMSO-DND slurry contact angle measurements were investigated to study
the influence of hydrogenation on the surface wetting of fused glass substrates. Water-based
wetting studies has been presented as the reference. The hydrogen modification of fused silica
glass with microwave plasma treatment leads to strongly changed contact angles in

comparison to the bare glass surfaces (see Figure 1).

300 a 240 c BB ' d

8.30 deg
PVA-DMSO-DND
@ bare glass E
60° b g
PVA-DMSO-DND by SARY L .~ 8 44.10 deg

H,O @ H,-treated glass

@ H,-treated glass ; N
Seeding density of 2 x 101 cm2

Figure 1. Wetting properties of fused silica substrate before and after hydrogenation

treatment.

Both the HoO and the PVA-based DND slurry results in a similar level of contact
angles recorded at bare, untreated fused silica substrates (6~30+2°). However, the
hydrogenation of fused silica induces increase of contact angle up to 6=60+2° in case of H20
wetting. This increase of hydrophobicity is attributed to hydrogen termination of the surface
inducing charge [60] and surface energy shift [61].

In case of PVA-based slurry wetting, we have observed quite the opposite effect. The
hydrogen treatment provides enhanced wetting of substrate and considerably smaller contact
angles with values close to 6=0+2°. The mechanism is supposed to be the same as before. The
bare fused silica substrates are predominantly terminated by oxygen or hydroxyl groups. Such
substrates exhibit semi-hydrophilic character mainly due to the negative surface charge. The
hydrogenation of fused silica introduces partial hydrogen termination inducing a considerable

shift towards positive charges.
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The polyvinyl alcohol is known to form aggregates with round the surface of
nanoparticles contributing towards the negative charge behaviour [62]. Thus, the negatively
charged PVA-based DND slurry shows enhanced wetting and adsorption due to electrostatic
interactions with positively charged hydrogen treated fused silica. Finally, enhanced wetting
of the surface by PVA-DMSO-DND slurry produces relatively high seeding of 2 x 10! cm™!
as measured by AFM image estimation and illustrated in Figure 1D.

The laser Raman spectroscopy is a powerful technique for characterizing the
distinctive energies of the chemical bonds or for distinguishing between different phases of
the same material, such as diamond or graphite. Raman spectra of boron-doped diamond films
with different boron and methane concentration in the process gas mixture has been illustrated
in Figure 2.

The intensity bands in the Raman spectra of deposited BDD films attributable to
diamond lattice at 1318-1333 cm’', and nanocrystalline diamond at 1126-1136 cm™' were
registered in heavily doped-diamond films. Moreover, the differences in boron content in
samples can be confirmed by the growth of the band at 1231 cm™ and a decrease in signal
intensity above 1650 cm!, which is typical for a highly boron doped CVD diamond [63]. The
line near 1220 cm™! is likely to be caused by the effect of boron on the diamond lattice, and its
appearance in the spectrum is independent from the presence of the sp? carbon phase in the
films. This finding is supported by the results obtained in [64], where boron-doped
homoepitaxial diamond was studied, and in [65], where diamond, synthesized at high
pressures and temperatures was studied. Moreover, the authors of [66] performed ab initio
calculations of the properties of the diamond lattice in which some of the carbon atoms were
replaced by boron atoms and showed that apart from a maximum at 1289 cm™! (which is close
to the diamond line at 1333 cm™!). The D band at 1346 cm™' can be assigned to the mixture of
amorphous sp? and sp® carbon, while the G band at 1556-1558 cm’, to sp?> amorphous

carbon.
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Figure 2. Raman spectra of boron-doped diamond films ([B]/[C]=0; 1000; 2,500; 5000;
10000 ppm) deposited at fused silica in temperature of 500°C vs. two different methane

concentrations (1% and 4%) in gas mixture.

The authors of [67] calculated that for [B]/[C] ratio of [B]/[C]=2000 and 20,000 ppm, the
shifts of the Raman scattering peak of diamond films relative to natural diamond peak at 1332
cm ! were about 0.5 and 3.6 cm™! that correspond to a tensile residual stress of 0.2 and 1.2
GPa, respectively. This increase of residual stress agrees with the results observed by Wang et
al. [68], which were attributed to impurities band formed when a metallic like conductivity
character of doped films is observed, in the most times, at boron concentration of around 10!
cm 3. It is important to remember that even heavily doped films with boron concentration up
to 10%° cm ™ have shown good quality and crystallinity verified by Raman spectroscopy and
SEM morphology.

As the boron concentration increases, the intensity of the line at 1231 cm™! grows in respect to
the diamond line, which was shown to decrease and shift toward low frequencies. This
inversely proportional dependence of the line intensities is assumed to be associated with an
increase in the number of cells in which a boron atom substitutes for a carbon atom (i.e. with
a decrease in the number of purely diamond cells). The larger electron shell radius of boron
results in an increase in the lattice parameter [69,70] and a 5% [66] decrease in the elastic
constant as compared to that of the C—C bond. These factors explain the shift in the diamond
line toward low frequencies. A similar shift in Raman lines was observed not only in doped
diamond but also in other structures, such as amorphous carbon nitride [71].

This finding has been confirmed by a significant decrease in the band assigned to diamond

and low sp’/sp’ band ratio listed in Table 2. The full width at half maximum (FWHM) of
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diamond band was in the range that is typical for CVD diamond (10-12 cm™) for low doped
diamond samples (see Table 2). As [B]/[C] ratio increases, the FWHM of diamond band get
broadened up to ca. 40 cm™ or 70 cm™ for 1 and 4% CHa grown samples respectively. Since
the diamond structure became more distorted, the relative sp*/sp? band ratio of diamond films
decreased as listed in Table 2.

The shifting of the Raman bands assigned to diamond and the changes of bandwidth (FWHM)
are attributed to local stresses at film/fused silica interface, which results from non-epitaxial
deposition of diamond on an amorphous substrate and non-homogeneous boron doping
incorporation creating sp’ rich clusters. These findings are in agreement with sp’/sp’ band
ratio trend and with previous works [23] reporting BDD growth at monocrystalline Si wafers.
It is worth noting that the diamond structure is much more affected by [B]/[C] or % of CH4

when films are deposited on fused silica than crystalline materials i.e. Si, metals.

Table 2. The ratio of sp°/sp’ Raman bands, and the FWHM of the Raman band (1332 cm™)

estimated for BDD samples deposited on fused silica.

Samol sp’/sp? sp> peak position FWHM
ample
(rel.) (cm™) (ecm™)
Q10 0.471 1331.2 10.7
Q11 0.397 13324 12.3
Q125 0.233 1324.3 13.6
Q15 0.164 1322.9 28.9%
Q 110 0.173 1319.4 37.8%
Q40 0.249 1331.2 12.2
Q41 0.173 1331.2 16.3
Q425 0.096 1328.8 26.4
Q45 0.071 1314.6 56.6*
Q410 0.050 1300.4 68.2%

* the uncertain values due to peak interferences and Fano effect.

The surface analysis of boron-doped diamond films, taken by SEM (see inset Figure
3), showed a variation of surface morphology as a function of doping. An average grain size
of 0.5-1 um was obtained at low doping levels but the grain size decreased as the doping

level increased, reaching values of approx. 200 nm. Miryata et al. [72] and Cifre et al. [73]
10
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reported analogous results, attributed to the boron effect, which enhanced the nucleus
formation during the first step of growth. Consequently, higher doping levels promote a
smaller grain size, lower growth rate and lower roughness as compared with the values
obtained using low doping levels [29,68,74].

The growth rate g of BDD films was investigated independently by spectroscopic
ellipsometry and stylus profilometer and averaged. The deviation of thicknesses obtained by
both methods was not higher than 20%. Figure 3 illustrates the variations in average growth
rates versus [B]/[C] gas phase and methane admixture. The influence of methane admixture is
known and obvious [75,76]. The increase of CH4 flow from 1% up to 4% doubled the g of

all BDD films achieving values of approx. 4 nm min' and 8 nm min’!

respectively. A
comparable growth rate has already been reported for fused silica [42]. Independently on the
methane admixture, the increase of boron doping level first enhances kinetics of the diamond
growth (up to [B]/[C] 1000 ppm). The primer increase of g... is followed by slowing and
saturation of BDD growth. The higher boron incorporation impairs growth kinetics mainly
due to the more intensive distortion of the diamond lattice and synthesis of non-diamond form
rich in boron pairs and sp’ hybridised allotropes [77]. Moreover, the values of surface
roughness (SRL) of BDDs are also presented in Figure 3. The ellipsometrically estimated
SRL are significantly smaller than film thicknesses or crystallites size, keeping the values
below 50 + 5 nm. The most reasonable explanation for the observed phenomena is the
heteroepitaxial diamond nucleation and growth. The characteristic columnar films structure

exhibits various planar crystallite size with relatively flat surface , predominantly composed

of {100} and {111} faces when grown on a non-diamond substrates [78].

11
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Figure 3. Thickness and surface roughness (SRL) of the BDD samples deposited on the fused
silica estimated by stylus profilometer and spectroscopic ellipsometry. Growth rates of BDD
films are placed in plot for comparison of time kinetics. Insets: SEM micro-images of BDD

surface (3 x 2 um) taken with magnification of 10 000 x.

3. 2. Optical properties

The ellipsometric parameters ¥, 4 were measured for 70° angles of incidence in the
wavelength from 260 nm to 830 nm at room temperature. A five-layer structural model
(ambient/SRL-surface roughness layer/BDD/intermix/glass — substrate) was applied to the
samples in order to determine the effective thickness of SRL, and the thickness of BDD film
and its effective complex dielectric function (&) = &; + ie, = (71)?, where &, i, and (71)? are
the real part, the imaginary part of (£)and the effective complex refraction index,
respectively. The top layer has a composition of the film with spaces filled with air. Such
approach allowed for estimating the average roughness of the films. The thickness of intermix
layer [79] had been derived in the previous investigation and was set as 2 nm for all samples
in this study. The optical responses of roughness and intermix layers were estimated using
Bruggeman effective medium approximation (EMA) [79,80]. The diamond film has been

assumed to be an isotropic, homogeneous material and its dispersion was fitted to the Tauc-

12
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Lorentz oscillator (TL) model. This model has been used recently for amorphous
semiconductors by Gioti et al. [81,82]. TL model is also widely applied to model the
dispersion of the optical properties of a-C, a-C: H [83] as well as diamond polycrystalline
films [84]. The model is a combination of the Tauc joint density of states [81] and the
quantum mechanical Lorentz oscillator model [82]. The TL model fits to the dielectric
functions of a class of amorphous materials. The parameters of the TL model were fitted for
each of the analysed films.

Finally, the assumed optical model was fitted to the experimental data using the non-linear
Levenberg- Marquardt regression method and mean-square error of minimization (MSE) [85].
As a result of SE analysis, the thickness and optical constants, i.e. refractive index n(4) and

extinction coefficient k(4) were obtained.
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Figure 4. Variation of optical constant for boron-doped diamond films obtained on quartz

slides at various boron doping level and methane admixture.

Spectral variation of n(2) and k(4) for diamond films deposited at 1% and 4% of methane
versus different boron concentration in process gas phase at 500°C during a 60-min process
are presented in Figure 4. All the deposited diamond films show normal dispersion of

refractive index in studied wavelength range. The n decreases with increasing wavelength,

13


http://mostwiedzy.pl

A\ MOST

exhibiting a typical behavior near the band gap of electronic transition. Just in case of 4%
CHa, the n values of highly boron-doped diamonds are slightly shifted towards higher
wavelengths in comparison to a single-crystal diamond (SCD) and other BDD samples.

The achieved values of n were high, ranging from 2.0 to 2.4 for BDD films deposited with
low and medium boron doping level (Figure 4AC). Hu ef al. [43,44] reported the values of n
between 2.31 and 2.34 for NCD films, while Gupta et al. [86] determined the n values
between 1.7 and 2.1 for microcrystalline diamond (MCD) films at 4= 632 nm. The n values,
when compared to SCD, indicate lower physical and optical density of films [87,88]. In
general, the refractive index decreases as the doping level increased (see Figure 4 and 6). The
observed effect is attributed to boron incorporation in the BDD structure. A similar effect,
namely a decrease in the film refractive index with increasing level on boron-doped diamond
has also been observed for other carbon-based films obtained with plasma methods [76]. Most
likely, the samples contain more C-H defects, boron pairs, sp’ hybridized phases as revealed
by Raman studies (see Figure 2). The increased boron doping level stimulates distortion of
tetrahedral lattice.

The k values as illustrated in Figure 4BD were below 0.06 and 0.2 at 550 nm for 1% and
4% of methane admixture respectively. Boron doping with [B]/[C] below 5000 ppm results in
extinction coefficient much below 0.05, indicating low light absorption over the BDD film.
That parameter is critical for optical application of deposited BDD films. The highest level of
boron doping, while showing low resistivity, cannot be applied in optical devices due to high
k values. The highly boron doped films ([B]/[C] > 5000 ppm) exhibits abnormal character of
extinction plot; higher values with increasing wavelength. Our pervious IR studies showed
that the energy of the absorption line ranges to 0.29 eV, which is close to the boron acceptor
level (0.38 eV) formed during the incorporation of the B atoms in the diamond lattice [89].
This effect was also discussed in [45,46,90]. This also means that the critical boron
concentration needed for the metal-insulator transition was achieved for the produced highly
boron doped films.

The estimated optical constants variation implies the transmittances of grown BDD films.
Figure 5 presents intrinsic transmittance for BDD films in the wavelength range of 250 nm to
850 nm calculated using the determined optical constants and thickness. The transmittance of
layers with low or medium [B]/[C] reaches over 60% in the VIS-IR range. Such transmittance
values are sufficiently high with regard to a possible application of the films in optical sensing
[91], while the highly boron doped films (i.e. Q 1 10) reveal a critical decrease in

transmittance to ca. 40% when compared to other grown samples. The effect is even more
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pronounced (i.e. Q 4 10) in the case of 4% of CH4 admixture than for BDD grown with 1%

methane addition.
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Figure 5. Transmittance of BDD films deposited at fused silica substrates vs various boron

doping and methane admixture.

The transmittance values correspond directly with the molecular structure — sp*/sp’
(see Figure 2 and Table 2). The Q 4 10 sample was very opaque, with the transmittance of
about 30%. This characteristics was caused by an abundance of the sp? like “cauliflower” [92]
structure during the early stage of film growth. Next, it can be noticed that the transmittance
decreases with both the concentration of boron during diamond growth and methane
admixture increasing. It is also worth noting that Figure 5 shows transmittances of BDD films
with various thicknesses resulting from different g.a values. While the Q 1 X samples
achieves average thickness half smaller than Q 4 X ones, they finally result in a similar or
slightly higher transmittance level. If the growth time will be optimized to produce films with
similar thickness, the higher transmittances will be obtained for 4% of CHa, mostly due to the
smoother surface and smaller crystallites size limiting the light scattering effects.

The comparison of refractive index at 550 nm and optical band gap values for different

boron-doped levels in diamond and two different methane concentration in gas mixture are
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shown in Figure 6. The optical band gap Eqopt Wwas determined from the absorption
coefficient o by using a Tauc plot [93]. The Tauc plot analysis indicates that band-to-band

indirect transitions are more probable than direct transitions. Therefore, the band gap values

)1/2

were estimated by extrapolating the linear portion of the (a/v)"’~ vs. v plot, where /v is the

photon energy, to (akv) 2

et al. [94], Hu et al. [34] or Taylor et al. [95].

=0. This assumption is supported by other reports delivered by Lee
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Figure 6. Refractive index recorded at 550 nm and in-direct optical band gaps of BDD
samples with increasing boron concentrations and various methane admixture.

Both estimated parameters decrease with increasing boron doping level.
The Egopt trend was compared with the refractive index changes to show the agreement of
Tauc estimation. Furthermore, the higher methane admixture (Q 4 X) pronounces this
influence and makes the trend more radical. The gap Eqopt significantly decreases from 3.7 eV
estimated at [B]/[C] of 0 ppm sample down to 2.15 eV and 2 eV achieved for the Q 1 10 and
the Q 4 10 films respectively. The obtained values of the optical band gap are reasonably
small compared to that achieved previously by Sobaszek et al. [89] or by Hu et al. [34] with
Si wafers. Nevertheless, the gap estimated here Egope values are close to that presented for

heavily boron-doped NCD films by Zimmer et al. [35] or for B-NCD by Taylor et al. [95]
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grown with monocrystalline silicon. The variation of optical band gap correlates directly with

the higher refractive index, accordingly the similar phenomena stands behind its changes.

3. 3. Resistivity investigation of BDD films

The four-point probe method was used to measure the resistivity of BDD films
deposited on fused silica. The reference samples of BDD films deposited at thick silicon oxide
have been shown and discussed for comparison. While the film thickness was much smaller

than the distance between the probes, the surface resistivity was calculated from formula (1):

T V
'T'h'fz (1),

where V' is the voltage measured at the internal probes, / is the current value applied to the
external probes, 4 is the film thickness and f; is the correction factor [58,59].

Figure 7 illustrates the surface resistivity dependence of boron doped-diamond films in
function [B]/[C] ratio, which was determined by studies of 4-point probe followed by
estimation by equation (1).

It is evident that a higher [B]/[C] level leads to a decrease of BDD film resistivity.
However, this trend shows non-linear character. The primary reduction of resistivity versus
[BJ/[C] ratio is followed by its saturation or just slight decrease. This non-linear trend in
resistivity is known as the border between metallic and hopping conduction [96]. In case of
BDD deposited at fused silica, it was observed that with the increase of [B]/[C] concentration
in gas phase from 0 ppm to 2500 ppm, the film resistivity significantly drops from 4 kQ cm to
value of 48 Q cm and then there is a slight decrease in film resistivity to 35 Q cm and
15 Q cm for samples with [B]/[C] ratio of 5000 and 10,000 ppm respectively. The methane
admixture has also influence of the film resistivity of highly boron-doped samples (Q X 5,
Q X 10) causing a shift from 35 Q cm and 15 Q cm down to 18 Q cm and 10 Q cm, when
changed from 1% to 4%.
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Figure 7. Surface resistivity of BDD films vs various boron doping level and methane
admixture in the plasma. The BDDs deposited on fused silica and silicon wafer covered by

thick SiO; have been presented for comparison.

It is worth noting that the reference BDD samples result in a reasonably small
resistivity comparing to fused silica grown ones, but both trends are in direct agreement. The
BDD surface resistivity recorded at thick oxide substrates reaches approximated values of
100, 10 and 5 mQ cm for 1,000; 5,000 and 10,000 ppm of [B]/[C] respectively. The authors
attribute this effect to differences in structure of both substrates influencing distortion of
diamond lattice (i.e. smaller crystallites size, decreased thickness, and higher sp’ content or
impurity states in band gap) [97]. Unlike its related thick SiO» crystalline phase, fused silica is
amorphous material with a macroscopic inversion symmetry that promotes growth of non-
diamond phases. Besides, it could be easier dehydrated by hydrogen rich plasma generating
oxygen species [98,99] responsible for boron incorporation saturation [100]. Furthermore, the
smaller resistivity might also be caused by charge tunnelling effect to the Si wafer substrate,
which is driven by the impurities in thermally fabricated thick oxide films.

Summarizing, the surface resistivity of BDD films grown at fused silica are about one
order higher than the values reported at monocrystalline Si wafers [101,102]. It is worth

mentioning that the higher resistivity of fused silica based BDDs could be an effect of lower

18


http://mostwiedzy.pl

A\ MOST

thickness, diffusion of the carriers on the smaller grains or defects induced by amorphous
structure of substrates. Moreover, Tsigkourakos et al. [103] reported that the undoped DND
seeds lead to the presence of non-conductive areas at the diamond film — substrate interface,
impacting strongly on the interfacial resistance which becomes proportional to the seed layer
surface coverage. That effect is even pronounced by the PVA-based seeding procedure

applied here, resulting in high density seeding process mainly due to PVA-DND clusters

formation.
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Figure 8. Dependency of transmittance on the conductivity of the BDD samples deposited on

fused silica.

Next, the interpolated dependency of BDDs transmittance on conductivity is
illustrated in Figure 8. It is obvious that the highly transparent BDD samples (i.e. Q X 1)
exhibit relatively low conductance. While the more conductive BDDs (i.e. Q X 2.5 or
Q X 5) with an average transmittance of approx. 60% (integrated T ~ 55%) result in
conductance of ca. 30 mS cm™ and the resistance of ca. 35 Q cm. For highly doped, highly
conductive BDDs, the transmittance achieved values below 50% (integrated T ~ 40%). This
phenomena is mainly driven by boron incorporation in the polycrystalline diamond structure.

Increasing boron doping level causes grain re-nucleation processes, decreasing crystallite
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sizes and produces inter-grain sp’ rich clusters. These facts decrease transmittance and

enhance conductivity, mainly inter-grain transport.

Table 3. Comparison of transparent conductive boron-doped diamond films.

Sample Conditions [B]/[ T Rsn Thickne Substrate Referen

Ts/CHa C] [%] [Ohm ss [nm] ce
[ppm] cm|
Q125 500°C/1% 2500  62%* 48 280 f. silica This
work
Q45 500°C /4% 5000  47* 18 530 f. silica This
work

MCD 800°C / 0.5 - 25 0.026 1000 quartz [104]
%

B:NCD /1500°C/ 1% 3000 60 40 400 Corning [105]

NCD #1737

B:NCD/AIN/I | 700°C / 2 3000 80 50-60 400 quartz [106]

TO %

NCD BDD 700°C / 5 2000 25 0.09 500 glass [107]
%

LA CVD | 500°C / 4 15000 60-80 10-100 300 SiC, [108]

BNCD % f.silica

B:NCD/AF32 | 600°C / 2 50 500 200 AF32eco  [109]
%

B:NCD 700°C / 1 10000 70 207 150 f. silica [110]
%

* Integrated transmittance [260-820 nm] (%).

The Rsn and T values obtained here are enhanced compared to those reported by

Granado et al. for thin BDD films deposited on fused silica substrates [ 109]. Furthermore, the

above results are close to parameters reported by Taylor et al. for B:NCD films deposited in

linear antenna CVD system. Table 3 lists the detailed comparison of transparent conductive

boron-doped diamond films and its electrical as well optical parameters.

Finally, the effect of boron level at the opto-electronics properties of BDD films is not

obvious. The process of film nucleation at the early stage of growth is affected by used silica
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substrate creating specific conditions during the growth. Boron influence on parameters like
the smaller crystallites size, decreased growth rate, higher sp’ content or impurity states in
band gap are in itself significant [97]. Consequently, the incorporation of defects, the
concentration and coordination of the B dopants in BDD films electrode strongly modify
electronic transport as well as optical properties [89]. Comparable conclusions were made by
Wilson et al. [111], who employed conducting atomic force microscopy (C-AFM) to show
that the boron uptake is non-uniform across the surface of BDD. The boron rich intergrain
regions introduce impurity centres causing carrier transfer perturbations by various intragrain

defects and grain boundaries.

4. Conclusion

In summary, we have investigated the electrical and optical properties of BDD films
deposited at fused silica substrate in microwave plasma assisted CVD. The influence of boron
doping level and methane admixture was principally studied. Raman studies reveal that as
[B]/[C] ratio increases, the FWHM of diamond band get broadened up to ca. 40 cm™ or 70
cm! for 1 and 4% CH4 grown samples respectively. Since the diamond structure became
more distorted, the relative sp’/sp’ band ratio of diamond films strongly decreased. Besides
the structural studies, the deep investigation of growth kinetics, optical constants and energy
band gap variations has been presented. The refractive index values ranging from 2.0 to 2.4
for BDD films deposited with low and medium boron doping level were achieved. The
gap Eqopt significantly decreases from 3.7 eV estimated at the zero level of [B]/[C] down to
2.15 eV and 2 eV achieved for high boron levels.

Over 60% of transmittance films with resistivity as low as 48 Q cm have been
produced by suitable two-step substrate pre-treatment and PVA-DND-based seeding
procedure. Consequently, there is no optimal boron doping because both Rs, and T physically
run in the opposite direction in function of [B]/[C] increase. Such levels of opto-electronic
parameters are promising for developing the integrated optical sensors, transparent electronics

or optoelectrochemical biosensing devices.
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Figure captions:

Figure 1. Wetting properties of fused silica substrate before and after hydrogenation

treatment.

Figure 2. Raman spectra of boron-doped diamond films ([B]/[C]=0; 1000; 2,500; 5000;
10000 ppm) deposited at fused silica in temperature of 500°C vs. two different methane

concentrations (1% and 4%) in gas mixture.

Figure 3. Thickness and surface roughness (SRL) of the BDD samples deposited on the fused
silica estimated by stylus profilometer and spectroscopic ellipsometry. Growth rates of BDD
films are placed in plot for comparison of time kinetics. Insets: SEM micro-images of BDD

surface (3 x 2 pm) taken with magnification of 10 000 x.

Figure 4. Variation of optical constant for boron-doped diamond films obtained on quartz

slides at various boron doping level and methane admixture.

Figure 5. Transmittance of BDD films deposited at fused silica substrates vs various boron

doping and methane admixture.

Figure 6. Refractive index recorded at 550 nm and in-direct optical band gaps of BDD

samples with increasing boron concentrations and various methane admixture.
Figure 7. Surface resistivity of BDD films vs various boron doping level and methane
admixture in the plasma. The BDDs deposited on fused silica and silicon wafer covered by

thick SiO2 have been presented for comparison.

Figure 8. Dependency of transmittance on the conductivity of the BDD samples deposited on

fused silica.
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