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Abstract

In this work, the Mach-Zehnder interferometer was designed to monitor the electrochemical processes conducted
at boron-doped diamond electrode surface. The diamond electrodes were synthesized via Microwave Plasma-
Assisted Chemical Vapor Deposition on optical grade quartz glass. The achieved transmittance in working are of
diamond electrodes reached 55%. A cage system-based Mach-Zehnder interferometer was used which allowed
the insertion of thin-layer electrochemical cells. Electrochemical studies were carried out in a thin-layer working
cell. The application of such setup, allows to combine optical monitoring of surface of the working electrode
during electrochemical measurements, electropolymerization or surface modification. The conducted
investigation shows that during surface modification by melamine the phase shift is up to 0.0328 um™. The
aforementioned set up can be applied for in situ monitoring of surface modifications with various compounds,

and to detect organic substances whose oxidation or reduction products absorb onto the electrode surface.
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1. Introduction

Nowadays, the development and fabrication of electrochemical sensors require the modification of electrode’s
surface with the reactive molecules [1-4]. The lack of chemically reactive groups precludes the attachment of
organic compounds to the surface. Despite the outstanding electrochemical properties of boron-doped diamond
(BDD) such as a wide working-potential window, low background current, and inherent biocompatibility, the
BDD electrodes require the surface modification. Thus, many efforts are undertaken in the scope of the BDD
electrodes’ surface modification in order to improve the biosensing performance by chemically functional groups
for the covalent coupling of important organic compounds [5]. The BDD electrodes can be modified by various
techniques, namely, chemical [6], plasmo-chemical [7], photochemical [8] or electrochemical [9] methods.
Moreover, the modification of electrodes is not always intended, e.g. many organic compounds form a polymeric
film on the electrode’s surface during the electrochemical detection [10,11]. Such modification can be an object
of measurement. In order to monitor the modification of electrodes, ex situ techniques such as XPS, FTIR [12],
wettability [13] or spectroscopic ellipsometry are used. However, the use the aforementioned techniques may be
time-consuming or costly. Thus, there is a constant need for developing sensitive tools which would enable in
situ monitoring of electrochemically-induced surface modifications. Among the very useful techniques that
allow for optical monitoring during the electrochemical processes is spectroelectrochemistry. However, this
method requires highly optically transparent electrodes [14,15]. The most attractive electrode for the above setup
would be optically transparent boron-doped diamond electrode. In the case of polycrystalline diamond, the
optical transparency depends on its chemical composition, doping level, thickness, and the grain size [16]-[19].
Boron-doped diamond electrodes are transparent within the visible range (300-900 nm) and far-IR. Furthermore,

the optical properties of diamond can be optimized by changing the deposition conditions [16-19].
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The diamond optically transparent electrode (OTE) possesses key advantages in comparison to the indium-
doped tin oxide (ITO) electrode on quartz. It delivers reproducible responsiveness and stability in harsh chemical
environments. On the other hand, ITO provides high conductivity and high optical transparency, but according to
the literature, it is unstable in strongly acidic and alkaline media and in chlorinated organic solvents [15].

Spectroelectrochemistry is a powerful tool which includes typical methods such as absorption spectroscopy
in the ultraviolet, visible, near-infrared, and infrared regions used for electrochemical measurements [20]. The
other method types are Raman scattering spectroscopy and magnetic resonance-based techniques [21,22].
Typically, the spectroscopic response is monitored in situ for the electrochemical reactions carried out under
controlled conditions. The main problem is to correlate the obtained results, which concerns the concentrations
that have to be higher for some of spectroelectrochemical measurements due to the insufficient band intensity.
While the desire for adequate spectroscopic response may thus require higher concentrations of up to
0.05 mol dm™®, the comparison with typical CV measurements at 0.001 mol dm™ analyte concentration can lead
to inconsistencies, especially for processes involving chemical reactions. Another encountered problem relates to
monitoring the modifications on the electrode’s surface. There are many organic compounds undergoing electro-

polymerization during the detection step, which results in the electrode poisoning.

Therefore, in this paper we present a novel approach to spectroelectrochemistry that is based on replacing the
absorbance measurements with the interferometric measurements. The measurement of phase change allows the
determination of change in optical path, which results in the change in refractive index. We chose Mach-Zehnder
interferometer (MZI) as a measuring equipment because it is a dual beam interferometer that enables precise
measurements of refractive index, with a sensitivity of up to 1.8 10 refractive index units (RIU) [23]. MZI was
also successfully used by other research groups to construct the refractive index sensors [24—-26]. The thin boron-
doped nanocrystalline diamond (B-NCD) film was deposited by Microwave Plasma-Assisted Chemical Vapor
Deposition (MWPACVD) process on optical grade quartz glass. For this study, we chose 5000 ppm boron
doping electrode due to the best compromise between optical and electrical parameters [19,27]. Scanning
Electron Microscope was used to determine surface morphology of B-NCD electrodes. Micro-Raman
spectroscopy was used to examine molecular structure of the B-NCD 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).

It is worth noting that such high sensitivity in relation to the detection of refractive index shifts could be used
in various biosensors. Optical sensors are based on, inter alia, surface plasmon resonance [28], integrated optics
[29] or the use of evanescence field [30].

For this study, was selected melamine (cyanide, 2,4,6-triamino-1,3,5-triazine), which is the amino group-
containing compound, which enables easy modification of the diamond electrode’s surface. Baskar et al. [31,32]
described the electrochemical synthesis of poly-melamine and its application to NADH oxidation. Modification
of such compound can be extremely effective in the detection of nucleic acids, such as adenine and guanine, and
caffeine [3].
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2. Experimental

2.1. Chemicals

0.1 mM Melamine in 0.1 M H,SO, solution was prepared by adding 18 MQ ultrapure water from E-pure
Barnstead system. The supporting electrolyte was 0.1 M (pH 7.0) phosphate buffer prepared by mixing NaH,PO,
and Na,HPO, with 18 MQ ultrapure water. The pH of supporting electrolyte was controlled by means of a FB-5
pH-meter (Fisher Science, USA).

2.2. Electrode growth

B-NCD electrodes were deposited on optically-clear polished quartz substrates (20 mm x 20 mm) in an
MWPACVD system (SEKI Technotron AX5400S, Japan). The substrates were seeded via spin coating in
nanodiamond slurry by spinning 2 times for 60 s each time. The chamber stage was maintained at 475 °C during
the deposition process. A special truncated cone-shaped shim was used during the growth of diamond films [19].
Excited plasma was ignited by microwave radiation (2.45 GHz) [33], and the plasma microwave power was
1300 W. The CHg4:H, molar ratio of the mixture was kept at 1% of gas volume at 300 sccm of the total flow rate.
The base pressure was about 10~ Torr, and the process pressure was kept at 50 Torr. The boron level, expressed
as the [B]/[C] ratio in the gas phase, was 5000 ppm. Diborane (B,Hs) was used as a dopant precursor. The
growth time was 3 h, which resulted in the production of nanocrystalline films with a thickness of approx.
260 nm.

2.3. Surface morphology

Scanning Electron Microscope FEI Quanta FEG 250 with 10 kV beam accelerating voltage and SE-ETD
detector (secondary electron - Everhart-Thornley detector) working in high vacuum mode (pressure 10 Pa) was
used to observe the surface structure of B-NCD. The morphological studies were performed with optical
microscopy using a combination of a 20x objective magnification and numerical aperture 0.4, and the program

for data visualization and analysis (Gwyddion, 2.40, Czech Republic).

2.4. Raman spectroscopy

Raman spectroscopy has been performed by using a Kimmon 1K3252R-E excitation source operating
at 325 nm. Typically, 10 mW excitation power was used. The laser light was focused on the sample using the
quartz objective with 15x magnification, which provided the excitation spot size of about 1.5 pm. No
degradation of the sample was detected under such excitation conditions. The UV Raman spectra were collected
by using one stage of Jobin Yvon Horiba T64000 spectrometer, equipped with a razor edge filters. The spatial
mapping resolution of the system was ca. 0.1 um. The obtained Raman spectra were analyzed by fitting

Lorenztian curves from the software package Wolfram Mathematica 11.2
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2.5. Spectroscopic ellipsometry

The ellipsometric parameters, ¥ and 4, and depolarization factor (%Depol) were measured for three angles of
incidence (65°, 70°, and 75°) in the photon energy range from 0.3 to 4.2 eV (4100-295 nm) at room temperature
(20 °C) by means of a rotating analyzer device (V-VASE, J.A. Woollam Co. Inc., USA) and a FTIR ellipsometer
(Sendira, Sentech GmbH, Germany).

2.6. Thin-layer electrochemical cell & electrochemical polymerization

The spectroelectrochemical measurements were carried out in a homemade, thin-layer cell (Fig. 1(b) and
1(c)). The cell design is shown in Fig. 1. The sample holder and the main body are made of plastic. The optical
windows are made from optical-quality quartz glass. A Kapton film spacer (Fig. 1) with a diameter of 9 mm,
giving an exposed geometric area of 2.5 cm2, creates a thin-layer cavity ~125 pm thick with a volume of 32 pL.
The electrical contact is made by pressing a platinum wire to the surface of electrode unexposed to the
electrolyte solution. The counter electrode is made of another Pt wire, while Ag/AgCI serves as a reference
electrode with the capillary connection to electrolyte.

The cleaning protocol for electrochemical cell was bath in ultrapure isopropanol alcohol and water before each
measurements. After a series of measurement was added ultrasonic bath for better cleaning.

Cyclic voltammetry (CV) electropolymerization were carried out in solution of 0.1 M H,SO, consisting
0.1 mM Melamine in scan rate of 0.1 V-s™'. The electrochemical experiment was performed by using an Autolab
potentiostat/galvanostat (PGSTAT30 and GPES 4.9 software/Nova 1.10.2, Netherlands).

2.7. Mach-Zehnder setup

The measuring system was based on MZI, which has been built on Thorlabs bulk components, including
non-polarization beam splitter, silver mirrors, and collimators with a focal length f of 18.07 nm and a numerical
aperture NA equal to 0.15. Such components were selected in order to work in the visual range. The tunable
laser TLB-6304 (New Focus) has been used as the coherent light source, which provided fine tuning over the
wavelength range from 631.05 to 635.05 nm, with a tuning rate of 5 nm/s. The optical interference signal was
recorded with a multifunctional optical power meter model 1835-C (Newport) connected to a digital

oscilloscope.
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Figure 1. (A) Scheme of Mach-Zehnder interferometer with thin-layer electrochemical cells, (B) construction of a measuring
cell, and (C) thin-layer electrochemical cell.

3. Results and discussion

3.1. B-NCD electrode surface morphology and chemical composition analysis

The key factor to achieve high optical transmittance is to produce nanocrystalline diamond films which
contain crystallites smaller than 100 nm. The properties of nanocrystalline diamond can be approximated to the
monocrystalline diamond [34], which depends on the nucleation density [35], and the surface expansion to
volume ratio, and therefore on the content of the sp? phase and hydrogen contamination [36]. Fig. 2 shows the
crystallite size distribution, where 72% of crystallites is below 60 nm, and 24% are in the range from 60 nm to
100 nm. Furthermore, low surface roughness of ca. 10 nm was achieved without any additional treatment. This
finding is crucial for working with optical signals because the optical scattering increases with increasing surface
roughness.
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Figure 2. SEM micrograph of B-NCD sample with the marked size distribution of crystallites.

The further analysis of sample homogeneity, as well as its chemical composition analysis, were performed
using UV Raman Spectroscopy. The spectrum, as presented in Fig. 3(a), has several features associated with the
structure of boron and carbon. No strong fingerprints of other chemical species have been detected. In the
measured spectra, several lines can be observed: the line at 490 cm™ attributable to B-C bonds, the lines related
to diamond-like sp® carbon structures associated with Ey and F,q modes at ca. 1320 and 600 cm™ respectively
[37], and lastly, the structures associated with the sp*-hybridized carbon structures, i.e. D and G lines observed at
1375 and 1580 cm™, respectively.
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Figure 3. A) Exemplary UV Raman spectrum of B-NCD sample, B, D) maps of intensity ratios of Raman lines
associated with the sp® and sp? hybridization of carbon, recorded at two different points on the sample,
C, E) maps of intensity ratios of Raman lines associated with B-C bonds and the sum of sp? and sp®
hybridization of carbon, recorded at two different points on the sample, F) photograph of the sample with

mapping sites marked with white dots.
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In order to establish the homogeneity of the sample, two 100 pm x 100 um mapping measurements with the
10 um step were performed at sites separated by a distance of 10 mm. The maps shown in Fig. 3(b) and 3(d)
show a relatively high variation of the intensity ratio of sp*/sp® lines suggesting non-uniform growth of the
material at the micron-scale, which is consistent with the SEM analysis. Note that the presented values do not
represent ratios of atomic concentrations, and thus should only be compared to each other. Moreover, the
variability is also visible on the macro-scale as demonstrated by the mean values of fitting parameters
(see Table 1). The standard deviation of the sp® intensity values is under 5%, while it becomes higher in the case
of sp>-hybridized carbon structures. This indicates that the sample inhomogeneity visible in the maps is related to
the growth of the undesired graphitic-like carbon in the structure, while the variation of the diamond-like
material is much more uniform on the micro-scale. At the same time, while the B-C and sp® lines do not change
their intensity significantly between the two mapped sites, the difference in sp® line intensity is significant,
suggesting that the diamond layer may have different thickness in those areas. This is also noticeable in the color

interference patterns; the phenomenon is clearly visible on the surface of the sample with a naked eye

(Fig. 3 ().

Table 1. The parameters of fitted curves related to Raman lines associated with B-C bonds, and sp® (Eg) and sp*
hybridization.

HHHHHHH Map 1 Map 2
Intensity (B-C) 35000 + 1300 34000 + 1800
Position (B-C) 4959+0.4 496.3+0.2
FWHM (B-C) 26.5+ 1.0 26.4+0.4
Intensity (sp®) 14400 + 1200 7500 + 1400
Position (sp°) 1331.1+£0.3 1331.8+0.6
FWHM (sp®) 215+1.3 263+2.9
Intensity (sp®) 48000 + 3000 38000 + 3500
Position (sp?) 1582.9+ 1.0 1584.5+0.7
FWHM (sp%) 61.7+1.7 65.6+1.0

While the ratio of the signals corresponding to the sp®- and sp*-hybridized carbon structures exhibits spatial
variation, it is noteworthy that other fitting parameters (peak position, FWHM) remain consistent on the surface
of the sample, indicating negligible differences in the mechanical strain or disorder in the sample. This, together
with the previously described low variation of the sp® line intensity, proves that the grown diamond structures

are of high quality across the sample.

The analysis of the intensity of Raman lines associated with B-C bonds (Fig. 3(c), 3(e) and Table 1) shows
only slight variation of the boron concentration in the material. This finding confirms that the doping process

was effective in the growing carbon material in case of both types of hybridization, i.e. sp* and sp.
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3.2. Optical properties of B-NCD electrode
The optical constants and thickness of the electrode were predicted using a five-medium optical model of
sample (ambient / rough layer / diamond film / intermix / SiO,). The optical response of B-NCD film was
estimated by using the sum of Drude and Lorentzian oscillators which, in general, describe IR and UV

absorption, respectively [38,39]:

2 = ha,)? 2
GP=5=, - (pr) - AOZEO- , (D)
E°+iI'E Ej—-E°—iyE

where: 1 is the complex refractive index (n =n+ik, n - the refractive index, « - the extinction coefficient), and
¢ is the complex dielectric function of the layer. In Eq. (1), &, is the high-frequency dielectric constant,
wy - the plasma frequency, and I” - the free-carrier damping. The parameters of Lorentzian oscillator, Ao, Eo and
o represent its amplitude, position, and broadening, respectively. The refractive index of SiO, was taken from a
database of optical constants [38]. The intermix and rough layers were described as a Bruggeman effective

medium approximation (BEMA\) [38,39]. The thickness of intermix film was set at 2 nm.

The thickness of the B-NCD and rough layers was found to be 272+2 nm and 11+1 nm, respectively.
The Drude parameters determined in this study equal 7w,=1.30+0.02 eV and A I=2.554+0.13 eV, which is
slightly higher than the corresponding values reported earlier by Sobaszek et al. [19] for the thinner B-NCD
layer with the same [B]/[C] atomic ratio (5k). Fig. 4 shows the refractive index (n) and extinction coefficient (k)
of the B-NCD layer. The shape of the presented spectrum is directly associated with the optical properties of the
investigated film. The increase in k for long wavelengths is related to absorption caused by free electrons
(the presence of boron dopant), while for short wavelengths, to interband transition. The transmittance (T) values
(see inset in Fig. 4) for wavelengths between 500 nm and 1000 nm ranged from 50% to 55%. A significant
decrease in T values for A<500 nm is associated with the UV-absorption of the B-NCD film. The oscillations in

the transmittance spectrum are characteristic for the interference of light in the thin dielectric layer [39].

A detailed analysis of the influence of boron concentration on the optical spectra of B-NCD films as well as

their Drude parameters was presented by Sobaszek et al. [19].
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Figure 4. The refractive index and extinction coefficient of the B-NCD film. Inset: the transmittance spectrum of
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the B-NCD film.

3.3. Evaluation of interferometric-spectroelectrochemical setup

First step of measuring system characterization was electrochemical evaluation of BNCD electrodes.
The investigating the electrochemical properties was carried out by cyclic voltammetry which is very useful and
easy method. The electrochemical working window is shown on Figure 5A with scan range changing from
cathodic -1 V to anodic 1.2 V vs silver/silver chloride reference electrode. In case redox probe system the
reversibility of [Fe(CN)s]* ™" redox system vs. scan rate is shown on Figure 5B. The value of peak to peak
separation for scan rate 50 mV/s is equal to 102 mV which is comparable to GC electrodes. Moreover, which

should be noticed the carrier transport is influenced by the grain size and film thickness [40].
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Figure 5. Cyclic voltammograms of the B-NCD electrode in (A) 0.5 M K,SO, solution at scan rate 50 mV/s and
(B) K3S0O, solution consisting [Fe(CN)s]* ** vs. scan rate.
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In any indirect measurements of such quantities like concentration or degree of material degradation wherein
the changes of the optical parameters are linked to the measured value, it is necessary to assess the measurement
system resistance to external factors like temperature or noise. In the presented case, influence on the
measurements might be the result of variables such as mass transport, temperature and stability of laser, which
had to be investigated before conducting the experiment. In order to evaluate the optical method and
experimental system robustness the series of measurements, taken for high electrical potential, were carried out.
Both working and reference cells were filled up with pH 7.2, 0.1 M PBS electrolyte. On the working electrode
was applied potential +1 V and -1 V for 10 min. The modulation over the optical light source spectral range has
been observed and recorded. Such measurements were carried out every 60 s. The results for positive and
negative electrodes polarization have been presented in the Fig. 5. The measure of the measurement system
stability is the invariability of the phase between the recorded signals. Based on experimental results (Fig. 6A
and 6B) the standard deviations of the phase variation over time are 0.087 and 0.27 for positive and negative
voltage polarizations, respectively. They provide the maximum measurement uncertainty about 10% referring to
the 2m maximum phase shift. This value is good enough to express the capabilities of this optical method for

substances detection.
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Figure 6. Recorded phase shift for applied potentials A) +1 V and B) -1 V versus Ag/AgCIl 3 M KClI reference

electrode during 10 minutes.

3.4. In-situ monitoring of boron-doped diamond surface modification

The B-NCD electrode was modified with electro-polymerized melamine by using the procedure described for
the BDD electrode modification [3]. Fig. 7A shows the CV voltammograms recorded in potential range from 0
to 1.22 V vs. Ag/AgCl 3M KCI at scan rate 50 mV/s. The inset of Fig. 7A shows the magnification of the anodic
peak of melamine at a potential value of 0.62 V. The decreasing current at this oxidation peak for the
consecutive scans leads to the formation of polymeric films on the electrode’s surface. The poly-melamine

polymer forms by a head-to-head reaction with NH-HN groups between the two molecules of melamine.
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The process of electro-polymerization has to be carried out in acidic medium, and an increase in the acid
concentration reduces the polymerization time. Fig. 6(b) shows the phase shift during the electrochemical
modification of B-NCD electrode with melamine. At the beginning, the phase was measured under stationary
conditions without the potential applied to working cell. Next, the phase shift was recorded for the maximum
anodic peak (E =0.62 V).
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Figure 7. A) Cyclic voltammetry of 1 mM melamine in 0.1 M H,SO, with a scan rate of 50 mV/s; inset:
magnification of anodic peak during electropolymerization of melamine, and B) phase shift during electro-
polymerization of melamine; steps were recorded at the anodic peak.

The most significant phase shift was observed during the first three CV cycles, reaching 0.01, 0.0169 and
0.02335 um™, respectively (see Fig. 7B). This can be explained by the formation of thin poly-melamine film on
the electrode’s surface and a change in the refractive index of the solution. The maximum recorded phase shift
was 0.0328 pum™ for the last cycle, which corresponds to surface coverage by poly-melamine. After the last CV
cycle, no madification reaction occurred, which remains in agreement with the eighth cycle on the CV curve
(see Fig. 7A) where the current of oxidation peak significantly decreased. Furthermore, after the 4th cycle, the
phase shift became less significant what could be attributed to surface blocking for further melamine
electropolymerization. This can be explain by surface hinderance to the electron transfer of negatively charged
[Fe(CN)s]* ™ redox system. The Figure 8 shows CV voltammograms before (black) and after modification
process (blue) recorded in 0.5 M K,SO, consisting 5 mM [Fe(CN)s]* ™ vs. at scan rate 50 mV/s. Also,
the significantly change in peak to peak separation can be seen from 112 mV before to over 700 mV after
electro-polymerization (eight cycle). Moreover, the decreasing trend of the recorded oxidation current shows a
good correlation with the phase shift (see Fig. 9). The plotted curve of phase shift vs. oxidation peak current
displays a similar variability. Kim et al. [41] used the phenomenon of interferometry to determine the crystal
growth rate.
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Figure 8. Cyclic voltammograms of the B-NCD electrode before (A) and after electropolymerization of
melamine in 0.5 M K,SO, consisting 5 mM [Fe(CN)s]* ™" vs. Ag/AgCl/ 3 M KCl reference electrode at scan rate
50 mV/s.

The repeatability studies were conducted during independent electropolymerization processes of melamine at
separately deposited B-NCD electrodes. Three freshly prepared electrodes have been used for the monitoring
processes. The three replicate phase shift measurements in 1 mM solution of melamine resulted in the avg. RSD
value of 1.4 %, while three separately grown electrodes in the same conditions revealed avg. RSD value of 3.6 %

in 1 mM solution of melamine.
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4. Conclusions

The chemical analysis, based on the Raman measurements, confirmed the presence and high purity of boron
dopant in the sample. While it has been confirmed that doping is more effective in the graphitic-like carbon that
forms during the growth process, it was also proven that doping occurs in the diamond-like carbon as well. The
optical transmittance of the B-NCD electrode reached 55% for the wavelength range under the operating are of
the measuring system, which allows to combine optical and electrochemical investigations.

The optical interferometry was successfully applied to in-situ monitoring of electropolymerization of
melamine at B-NCD electrode surface. This technique is a powerful tool for interactions occurring on the surface
of the electrode during electrochemical reactions. Achieved results, show that the described setup may be
applicable to monitoring of surface modifications by various necessary linkers, like investigated melamine, or
others like poly-I-lysine, antibodies, metals and so on. Moreover, the electrochemical result show good
correlation with optical measurements, which are promising results for future development of measuring system.
Furthermore, the presented method allows for detecting compounds whose products accumulate on the electrode,
a process which is considered negative from the electrochemical point of view. The future experiments will

focus on the surface modification with linkers, and DNA detection.
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