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ABSTRACT

Optoelectronic devices attracted considerable attention in many branches of science and
technology, which can be attributed to their unique properties. Many of them use optical cavities which
parameters can be adopted to specific requirements. This thesis investigates the introduction of
diamond structures (nitrogen-doped diamond film, boron-doped diamond film, undoped diamond sheet)
to optical cavities to tune their finesse coefficient. Moreover, their application enabled development of a
system for optical monitoring of electrochemical reactions. A detailed review of the state-of-the-art
presents techniques of cavities tuning in optoelectronic devices, diamond applications in optoelectronics
and current solutions combining optical and electrochemical measurement techniques in one system is
presented. The work includes mathematical investigation, description of the construction of cavities and
measurement setup, as well as results of experimental measurements. Applications of optical cavities
tuned by the use of diamond structures are presented on the example of fiber-optic sensors: for
measurements of distance and liquids refractive index, and for construction of a hybrid

optoelectrochemical system.

STRESZCZENIE

Urzadzenia optoelektroniczne cieszg sie duzym zainteresowaniem w wielu dziedzinach nauki
i techniki, co mozna przypisa¢ ich unikalnym wifasciwosciom. Wiele z nich wykorzystuje w swej
konstrukcji wneki optyczne, ktérych parametry mozna dostosowaé do okreslonych wymagan. Rozprawa
dotyczy zastosowania struktur diamentowych (warstw diamentowych domieszkowanych azotem, borem
oraz niedomieszkowanych folii) we wnekach do strojenia ich wspétczynnika finezji oraz opracowania
systemu do optycznego monitorowania reakcji elektrochemicznych. Przedstawiono szczegétowy przeglad
aktualnego stanu wiedzy w zakresie technik strojenia wnek optycznych w urzadzeniach
optoelektronicznych, zastosowan diamentu w optoelektronice oraz obecnych rozwigzan tgczgcych
optyczne i elektrochemiczne techniki pomiarowe. Praca obejmuje modelowanie matematyczne, opis
konstrukcji wnek optycznych isystemu pomiarowego oraz wyniki pomiaréw eksperymentalnych.
Przedstawiono takze przyktadowe zastosowania strojenia wnek ze strukturami diamentowymi na
przyktadzie czujnikdw Swiattowodowych: do pomiaru odlegtosci i wspotczynnika zatamania cieczy oraz

hybrydowego systemu optoelektrochemicznego.
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LIST OF IMPORTANT SYMBOLS AND ABBREVIATIONS

ALD - Atomic Layer Deposition

BDD - Boron-Doped Diamond

C - Light velocity in vacuum (c = 2,998 - 108 km/s)
CVD - Chemical Vapor Deposition

6 - Phase difference between the interfering beams
F - Finesse coefficient

F - Finesse

FIB - Focused lon Beam

FSR - Free Spectral Range

FWHM - Full-width at Half Maximum

I - Intensity of the measured optical signal
l; - Incident light intensity

I max - Maximum light intensity

Imin - Minimum light intensity

I, - Reflected light intensity

I, - Transmitted light intensity
L - Cavity length
A - Wavelength
n - Refractive index
MW PACVD - Microwave Plasma Assisted Chemical Vapor Deposition
NDD - Nitrogen-Doped Diamond
NDS - Nanocrystalline Diamond Sheet
5
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Optical power
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Correlation coefficient
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Scanning Electron Microscopy
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1. INTRODUCTION AND THESES

The growing interest in applying optical methods is related to the many benefits they
offer. Optical techniques assure fast operation and allow real-time monitoring of the investigated
object [1]. They can operate in a contactless mode and due to their non-destructive working
manner, they do not damage the tested samples [2,3]. This can be crucial for measurements
where direct contact of the probe may alter or damage the sample. Moreover, they exhibit a great
potential for coupling with other methods, giving multi-mode systems capable of providing more

comprehensive results [4-6].

Many optoelectronic systems utilize optical cavities (also called resonant cavities [7]), built
of the specific arrangement of reflective surfaces, forming a variety of possible applications, from
lasers and filters constructions to advanced biomedical sensing. There are many types of optical
resonant cavities where light is guided in a closed path. They can be designed as linear or ring
resonators, they may also include bulk optical elements or waveguides, using optical fibers or
integrated optics. A wide range of construction designs and materials options allows for

optimization of the cavity construction to the desired application.

The construction that offers open access to the cavity and allows many ways of its tailoring
is a Fabry-Perot cavity. The reasoning behind its the popularity lies in its robustness [8], simplified
fabrication process [9] and cost reduction [10] while maintaining high measurement resolution
[11] and sensitivity [12]. It consists of two parallel reflective surfaces with a gap in between, where
the light forms a standing wave for specific resonance frequencies [13] - this cavity design is
investigated in detail within this dissertation. A Fabry-Perot cavity is one of the most popular
constructions appearing in optoelectronics where any perturbations inside — for example changes
in the refractive index of the medium fulfilling the cavity or geometrical length of the cavity -

impacts the acquired signal.

The key parameter describing a cavity is its finesse F. It is the ratio of the separation
between neighboring maxima (also called the free spectral range - FSR) and the full-width at half

maximum (FWHM), presented in Figure 1.1.
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Figure 1.1. Full spectral range (FSR) and full-width at half maximum (FWHM).

The finesse can be tailored depending on our needs, e.g. low finesse cavities work well for
filtering while high finesse cavities serve for precise spectroscopy. Several factors impact the
finesse coefficient value: reflectance of the mirrors, roughness of the surfaces creating the cavity,
coating nonuniformities, scattering (defects after polishing or dust particles) and losses (caused by
e.g. non-parallelism between the surfaces, divergence of the incident light) [13]. As such, it is clear
that the choice of materials and manufacturing process impacting mirror properties, and as
consequence cavity properties, is crucial to improve the performance of the developed
optoelectronics devices. Therefore, several strategies for tuning the finesse of optoelectronic

devices can be distinguished.

The properties of diamond structures reported in the literature, as well as the need for
tunable cavities allow the assumption that the parameters of the optical cavity can be modified by
the introduction of diamond structures to its construction. Moreover, the solution will give the
possibility of developing a robust optoelectrochemical setup by coupling the Fabry-Perot
interferometer and electrochemical system through the diamond film. Hence, the following theses

were established:

T1: Finesse coefficient of a Fabry-Perot cavity can be tailored by the use of diamond
structures.
T2: Application of diamond structures enables construction of opto-electrochemical

system for optical investigation of electrochemical processes.
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The full development process of fiber-optic cavities applying diamond structures is
presented: from the mathematical investigation of the cavity, through diamond materials
characterization, construction, to measurements verifying proper devices operation in proposed
potential applications. The following goals were established as research plan steps to prove the

dissertation theses:

= Conducting a mathematical investigation of diamond structures' impact on the

cavity finesse.

= Design and construction of the Fabry-Perot cavities utilizing diamond films and
sheets to tune their finesse. Assembling of the measurement setup for exploring

the cavities' properties.

= Development of potential applications of the proposed solution, focusing on an
optoelectrochemical setup for monitoring of electrochemical processes. Testing

and verification of the developed devices.

The development of an optoelectrochemical system is described, as well as example
measurements conducted for reversible electrochemical reactions and obtained measurement
results. The results of the research have been presented in 6 scientific articles published in

recognized international journals —in each of them as a first author.

Chapter 1 introduces the optoelectronic devices using optical cavitieswith a brief
description of finesse coefficient, highlighting their importance in technology and showing the
need for further development through tailoring their properties e.g. by using new materials for
their construction. The goals and theses of this dissertation were established. Chapter 2 describes
in detail the current state-of-the-art in terms of the tuning of the cavities of the optoelectronic
devices. The review presents reported methods and examples of their applications. Since their
tailoring can be achieved by employing new materials, the unabated trend of using a diamond in
optoelectronics is presented. The current solutions for linking optics with electrochemistry create
a background for the optoelectrochemical setup developed within this study. Chapter 3 shows the
mathematical investigation of the Fabry-Perot cavities modified with diamond structures and their
comparison with conventional cavities using sliver mirrors; a setup for assessment of the designed

cavities is described. Chapter 4 focuses on the physical realization of the cavities: their
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construction with the utilization of nitrogen-doped diamond films, boron-doped diamond films,
undoped diamond sheets. Direct comparison of mathematical and experimental studies is
presented. In Chapter 5, three applications are presented: fiber-optic Fabry-Perot sensors, the
nanocrystalline diamond sheet as a protective coating for fiber end-faces, and a hybrid
optoelectrochemical setup, being a culmination of the research cycle: the tunable Fabry-Perot
interferometer and electrochemical system were linked into one setup with the use of diamond
film. The dissertation is concluded in Chapter 6 where all achievements of this study are briefly
concluded, as well as presentation of the further plans. Chapter 7 includes a list of selected
published articles thematically related to the presented research, while the bibliography can be
found in Chapter 8. The work ends with full-text scientific papers along with co-authors'

contribution statements.

10
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2. STATE OF THE ART: TUNING OF THE CAVITIES OF
OPTOELECTRONIC DEVICES

Optical techniques like interferometry [14], spectroscopy [15,16], quantum
electrodynamics [17] and other [18] are widely applying optical cavities. Such cavities attracted
significant attention in many branches of science and technology, especially in sensing, which can
be attributed to their properties. Such cavities are used in telecommunications for Wavelength
Division Multiplexing (WDM), they create resonant cavities of lasers [19-21], tunable lasers
[22,23], laser diodes [24,25], color displays [26,27], they are also applied as filters [28,29] and
selective filters [30,31], resonant cavities can be met in refractometers [32], spectrometers [33],
antennas [34,35]. They are also used in metrology, sensing [36—38] and biosensing [39-41]
solutions. As such, tailoring and adjusting parameters of the cavities to meet certain requirements

is highly desirable.

The great popularity of the cavities in optoelectronics leads to the need of improving their
parameters to fit the intended application. Hence, several strategies for creating tunable optical
cavities can be described.Curwen et al. reported on a wavelength-size laser cavity with a movable
end mirror [42]. Varying cavity length changes the wavelength of the laser. The crucial elements
are patterned metasurface that consists of an array of subwavelength metal-metal waveguides
(fixed mirror) and a polarizer attached to piezoelectric actuators (moving mirror). This approach
allows dynamic tuning of the cavity where the phase response of the metasurface is the main
limitation. The complicated procedure of metasurface fabrication (including obtaining layer
thickness of A order) is another drawback of this solution. Chen et al. proposed a
microelectromechanical gap-adjustable Fabry-Perot cavity using a graphene-bonded fiber device
serving as a microheater [43]. Current application results in the temperature increase, which in
return causes fiber deformation. The solution requires the preparation and transfer of graphene

and gold electrodes onto the fiber end-face.

Sikdar and Kornyshev presented an electro-tunable Fabry-Perot cavity based on mirror-on-
mirror metamaterials [44]. The cavity consisted of two reflective surfaces made of self-assembling
nanoparticle monolayers deposited on electrodes. The cavity was filled with an aqueous solution.
The mirrors’ reflectivity can be electrically adjusted thanks to the variation of the electrode

potentials. Voltage-controlled alterations impact the inter-nanoparticle separation in the

11
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monolayers. This design enables continuous in situ tuning of the multiple transmission peaks in a
relatively cheap and energy-efficient way. The main disadvantage of this solution is the need for
an aqueous electrolyte that excludes its integration with electronics. Another drawback is a
potential need for additional coatings for mirrors in direct contact with the electrolytic solution.
Although electrical tuning is fast and continuous, the tuning range is relatively small, and the
manufacturing procedures can be costly. Fuscaldo et al. proposed a voltage-controlled dynamic
tuning of the Fabry-Perot cavity, shown on an example of an antenna [45]. The authors
investigated a construction using nematic liquid crystals and thin films of alumina layered
alternately on the grounded substrate. Changes in applied voltage resulted in changing dielectric
properties of the crystals. Those alterations caused changes in the propagation wavenumber of
the modes enabling beam adjustments at a fixed frequency. The main advantage of the solution
assures the finest performance and dynamic cavity tailoring, but the fabrication procedure is

complicated, as several layers of the nematic liquid crystal have to be used.

T. Ding describes a method based on a plasmon-assisted laser printing technique [46]. The
cavity was prepared from metal-polymer insulator-metal structures. The polymer is degradable
and prone to photothermal effect and multiphoton ablation: the material changes as a response
to laser illumination. The incident laser beam induces degradation of the polymer medium
fulfilling the cavity. Tuning is therefore dependent on the material thickness and power of the
laser. The cavity parameters are monitored using reflection spectra to continuously control the
process. The laser printing solution can be used to tune the cavities in a continuous, fast and
location selective manner. However, the polymer is not re-usable: after setting it to a certain state
there is no possibility of turning the settings back. In extreme cases, the metallic mirrors can

collapse uncontrollably changing the cavity size.

The approaches reported by Braakman and Blake [47] as well as by Alligood DePrince et al.
[48] shows tuning of the Fabry-Perot cavity by application of wire-grid polarizers as mirrors for far-
infrared spectroscopic techniques. The optimization of the cavity was achieved by changing the
ratio of wire spacing to its diameter, as well as using metallic material with low resistivity. The
obtained results present a promising solution for far-infrared spectroscopy, however, its full
potential and outstanding performance are limited by currently available optical elements. The

manufacturing cost and dimensions of such a device are too high to justify its implementation.

12
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The introduction of new materials into the cavity to tune its properties on example of the
Fabry-Perot resonator is a promising strategy. Mitra et al. [49] reported a Fabry-Perot microcavity
with a gold nanoparticle placed in between silver mirrors. The interaction between them resulted
in a redshift of the cavity modes. The discrete nanoparticles introduced in the construction allow
selective tailoring of the cavity which can be exploited for micromechanical and optical sensing.
Nonetheless, proper introduction of the nanoparticles and centering them in the light path can be
challenging. Hirsch et al. presented a Fabry-Perot cavity tuning through the placement of a
birefringent material inside it [50]. The investigation included high and low finesse
interferometers. The study concludes with the possibility of doubling the number of maxima in the
desired spectral range, which can be used for reducing the bandwidth of the light source applied
in the sensor's construction or reducing the cavity length with nearly the same interference
pattern for bigger cavities in standard interferometers. The solution requires material of the
highest quality and proper positioning of the material to achieve the desired effect. Isaacs et al.
report on liquid crystal Fabry-Perot tunable filters [51]. The use of liquid crystals assures
continuous tailoring with a wide dynamic range and low power consumption. The drawback of this

solution is the difficulty of proper ITO (Indium Tin Oxide) layer positioning.

The approach with the use of various materials in cavity construction is a promising
strategy, considering the constant development of material engineering that offers a wealth of
structures with tailored properties and ease of their application. Moreover, with a proven
procedure of required material deposition, this solution assures simple and robust tuning of the
cavity through elements replacement depending on the needs. The material that is investigated
within this study is diamond due to its outstanding properties and enduring popularity among
optoelectronic solutions. Diamond can be applied for the construction of lasers [52] or detectors
[53-55]. The diamond structure can be used in the production of membranes, as presented on the
example of a miniature fiber-optic sensor of pressure [56]. Recent materials science achievement
allows fabrication of elastic diamond microarrays, which controllable strains could influence their

properties, opening new possibilities in photonics and electronics [57].

The great potential of using diamonds in sensing encourages the development of materials
for components construction to improve their metrological parameters. The material influence on
the resulting element gives a wide field to tailor device to very specific applications. For example,

using biocompatible materials opens a way to biomedical measurements with no risk of poisoning

13
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the biological sample or destroying the sensor parts in contact with it [58]. While applying
mechanically and chemically resistive materials, we can significantly increase the lifespan and
extend the possibilities of the usage of such sensors on measurements in harsh environmental
conditions [59]. Those benefits can be provided by the use of synthetic diamond structures, known
for their properties [60]. Synthetic diamond structures have remarkable optical [66], mechanical
and thermal [67], and chemical [63] properties which distinguish them among others materials.
Synthesized diamond has the biggest band gap (5.45 eV) among elemental semiconductors and is
one of the biggest among all conductors [64]. It is chemically stable, very hard (Vickers hardness
10 000 kg/mm2) and resistant to mechanical and chemical damage [65,66]. It has a broad
electrochemical window (from -1.25 V to +2.3 V) [67], a low coefficient of thermal extension and
high thermal conductivity [68]. It is transparent in a broad wavelengths range and it is
characterized by a very high (for semiconductor material) refractive index (n = 2.41 @ 500 nm)
[69]. Moreover, it is biocompatible [70]. The properties of the diamond can be also tuned i.e. by
changing parameters of the CVD (Chemical Vapor Deposition) process e.g. temperature, time,

working gas mixture composition.

Incorporation of dopant elements into diamond results in different properties the material
achieves. boron-doped diamond (BDD) and nitrogen-doped diamond (NDD) structures are
frequently used as electrodes in electrochemical systems. Electrochemistry (EC) allows for the
detection of small concentrations of tracked substances and the degradation of hazardous
chemicals. EC setups can be designed as mobile systems with electrodes selected to meet given

requirements.

For example, NDDs were applied for electrochemical reduction of toxic nitrobenzene [71].
The electrode exhibited more negative hydrogen evolution potential leading to high energy
efficiency. The authors showed that the NDD electrode had higher electrocatalytic activity and
selectivity in the reduction of nitrobenzene to aniline than a graphite electrode. A diamond film
with incorporated nitrogen allows for the detection of toxic heavy metal ions [72] and bioanalytes
like dopamine [73]. The nitrogen incorporation level has a tremendous impact on the
electrochemical properties of the resulting film and its surface morphology translating to the
electrode performance [74]. Further investigations led to the fabrication of an ultra-
microelectrode array for detection of dopamine [75] and electrodes for in situ detection of

dopamine in presence of interfering substances - ascorbic acid and uric acid [76]. Despite the

14
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great potential of the NDD structures, their reported applications are scarce in the literature as the

BDD remain dominant.

The boron-doped diamond films are also well-known in electrochemistry, eagerly applied
as working electrodes, because they assure high response reproducibility, wide electrochemical
potential window, stable and low values of background current (enhancing the signal to noise
ratio), chemical inertness, long-time response stability, and biocompatibility [77]. BDDs are used in
the construction of e.g. biosensors dedicated for detection of various compounds such as
antibiotics or DNA [78-81], they can be also used in wastewater treatment [82] and degradation

of dangerous chemical compounds[83,84], as well as tracking of hazardous materials [85].

Since the electrochemical measurement methods assure high sensitivity and selectivity,
while the measurement systems remains relatively simple and cheap to implement, an
opportunity arises to couple such a system with other modalities. The development of one setup
combining the optical sensing method with electrochemistry may give promising results like
obtaining more information because of the synergy between two techniques, and giving a new
insight on the investigated processes, as well as saving time and resources by performing
simultaneous measurements in two domains. Different approaches to combining these methods
have been proposed in the literature. An optoelectrochemical sensor joining fluorescence and
electrochemical impedance spectroscopies applying modified graphene served for monitoring
insulin level [86]. Dual detection of heavy metals via electrochemical impedance spectroscopy and
Raman spectroscopy was reported [87]. Liu et. al presented an optoelectrochemical setup using
internal reflection ellipsometry and an electrochemical setup for sub-surface electrochemical
processes monitoring [88]. Cobet et al. proposed an ellipsometric spectroelectrochemical system
for in situ investigations of polymer doping [89]. Sobaszek et al. described a system for in situ
Mach-Zehnder interferometric monitoring of electropolymerization at boron-doped diamond
electrodes [90]; a spectral shift occurred due to the electrode surface modification with melamine.
Janczuk-Richet et al. constructed a setup for electrochemical reactions investigations using fiber
Bragg gratings coated with ITO (indium tin oxide) [91,92]. ITO served as a working electrode in an
electrochemical system and as a sensitivity enhancing coating of Bragg gratings to refractive index

changes in the optical subsystem.

15


http://mostwiedzy.pl

A\ MOST

According to the best author’s knowledge, a solution on combining the tunable Fabry-
Perot cavity with an electrochemical setup has not been reported yet. This dissertation presents
a unique hybrid system with a tailored optical cavity working as a Fabry-Perot interferometer
applying diamond structures and an electrochemical setup. This way, real-time optical monitoring
of electrochemical reactions is possible in a simple and robust way, with the opportunity to

miniaturize it.

16
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3. MATHEMATICAL INVESTIGATION OF THE OPTICAL CAVITY
FINESSE COEFFICIENT

Optical cavities are widely in optoelectronics. They can be used for developing tunable
passband filters with a tailored transmission of selected wavelengths. Using the cavities in the
interferometers, any perturbations influencing the phase difference between the interfering
beams inside the will impact the recorded signal, which is used in sensors of displacement, stress,
pressure, refractive index, pH and many others. In lasers, the mirrors creating the resonant cavity
assure proper conditions for lasing to occur. By adjusting the reflectivity of the mirrors,
optimization of the Fabry-Perot based laser diodes output power is achieved. Such cavity can also
be found in optical amplifiers, where relatively weak reflections are below the laser threshold,

while increasing the amplifier gain.

The mathematical investigation of the finesse coefficient of the optical cavity allows to
indicate the factors that determine its value and how to tune it to meet given requirements and
improve the performance of the developed optoelectronic devices. The calculated and plotted
modeling results allow prediction of the optical signals that can be registered under certain
measurement conditions (e.g. with the use of a light source working at selected central
wavelength, cavity length, mirror material creating the cavity). The theoretical results enable their
direct comparison with the experimental results and confirm their agreement. In this study, the
investigation is conducted on the example of a Fabry-Perot cavity. It is constructed of two parallel,
partially reflecting surfaces, separated from each other with a small gap between them as shown

in Figure 3.1.

17
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Figure 3.1. Fabry-Perot cavity formed between two partially reflective surfaces, red arrows
symbolize the light reflections. E,— amplitude of electric vector of the incident beam, E;, E; —
amplitudes of electric vectors of waves reflected from reflective surfaces S1 and S2, respectively.

The air-gap Fabry-Perot cavity provides advantages: it has adjustable cavity length and
provides easy access e.g. for analytes. It can be tailored by developing curved mirrors, using
techniques such as focused-ion-beam (FIB) milling [93] or laser ablation [94]. A popular strategy is
to fabricate the mirrors on the end-face of a single-mode optical fiber [94,95], giving more robust

constructions.

The partially reflecting surfaces S1 and S2 characterized by reflectances of R1 and R2 and
the separation of length L create a cavity where the light forms of a standing wave for specific
resonance frequencies [13]. The light entering the cavity through the first surface S1 is partially
reflected and partially transmitted through it. The transmitted light, propagating inside the cavity
is then partially reflected from the surface S2 and partially transmitted. The reflected light

undergoes further partial reflections and transmissions as shown in 42.

18
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partially reflected beams

incident beam

partially transmitted beams

Figure 3.2. Schema of the Fabry-Perot cavity. S1, S2 — partially reflective surfaces, L — cavity length,
li — intensity of the incident beam, Ir — intensity of the reflected beam, It — intensity of the
transmitted beam, n;, n, n3; — refractive indices of the materials creating interfaces, R1 —
reflectivity of the surface S1, R2 — reflectivity of the surface S2.

Plane waves for the planar Fabry-Perot cavity are assumed. The intensity | of the

measured signal can be expressed as:

I = Il + Iz + 2 1112(:058 (4.1)

where: | — intensity of the measured optical signal, I;, I, — intensity of the interfering

beams, 6 — phase difference between interfering beams.

When a plane wave incidents the planar-mirror cavity, multiple partial reflections and
transmissions occur. The interference between the beams depends on their optical path
difference 6 — only certain frequencies are supported (constructive interference) and others are
canceled (destructive interference). The achieved transmission and reflection characteristics of a
Fabry-Perot interferometer show resonances whose position is dependent on the optical path

length of the cavity [96]. The phase difference between two beams is described by:

6=2m— (4.2)

where: n — refractive index of the medium inside the cavity, L — cavity length, A —

wavelength.
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The factor that greatly influences the cavity properties is the reflectivity of its mirrors. The

reflectivity R of the surfaces creating the cavity can be expressed as follows [97]:

R = (w)z 4.3)

n, +n,

where: R — reflectivity, nq, n, — refractive indices of the materials creating the interfaces.

The intensity of the reflected light is expressed by [97]:

. 50
- (2 —2cosd)R 4Rsm2§
r

- - L (4.4)
2 _ i i
1+ R? — 2Rcos8 (1-R)? + 4Rsin2%

where: R — reflectivity, § - phase difference, I;— incident light intensity.

The corresponding intensity of the transmitted light I, is [97]:

T2 T2 : (1 —R)?
=

2 _ 1
1+ R* — 2Rcosé (1-R)Z+ 4Rsinzg (1-R)?+ 4Rsin2%

It i (4.5)

where: R — reflectivity, T - transmission, & — phase difference between interfering beams, |;

—incident light intensity.

These expressions are known as Airy’s formulas. By using the relation R + T = 1 (assuming

no losses) and introducing the finesse coefficient F we can express the Airy formulas as [97]:

I Fsin? 5
= 2 (4.6)
I 1+sin%25
I_t _ 1 4.7
Ii 1+ Fsinzg
where Fis defined as:
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4JR.R, 4R

= W,When R1 = thhen F = W (48)
102

R; and R, describe the reflectivity of the mirrors. The finesse coefficient F is therefore

a function of reflectivity as shown in Figure 3.3.

A

Finesse coefficient
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Figure 3.3. Finesse coefficient in a function of reflectivity for A) asymmetrical cavity R1#R2, B)
symmetrical cavity where R1=R2.

For an asymmetrical cavity, the bigger the reflectivity difference between the mirrors
creating the cavity, the smaller the finesse coefficient value. The maximum value is achieved for
two mirrors characterized by the same reflectivity value resulting in a symmetrical cavity. In this
case, reflectivity changing from 0 to 1 for both reflective surfaces results in finesse coefficient

increase.

With the increase of R, the minima of the transmitted light characteristics decrease,
resulting in narrower peaks. The transmittance and reflectance characteristics are presented in 05.
The sharpness of the obtained fringes can be described by their full width at half maximum
(FWHM). The separation between adjacent fringes is called free spectral range. The ratio of the

FSR and the FWHM is called the finesse F [97]:

FSR 21 VF

FWHM FWHM 2

F

where: FSR — free spectral range, FWHM — full width at half maximum.
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The value of FSR and FWHM ratio - the finesse - depends on the reflectivities of the
reflective surfaces used for the construction of the cavity [98]. The cavities built with high
reflecting mirrors assure high values of the finesse resulting in narrower transmittance peaks in

comparison to mirrors with lower reflectivity.

Transmittance
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Figure 3.4. a) Transmittance and b) reflectance characteristics for selected modeled R values. FSR
— free spectral range, FWHM — Full width at half maximum. FWHM1 = 0,25 nm, FWHM2 = 2,5 nm
FWHM3 = 3,8 nm.
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The transfer function of a multi-beam interferometer can be approximated with a two-
beam interferometer in case of low values of R resulting in low-finesse coefficient F. Such
simplification is possible because higher-order reflections do not significantly contribute to the
resulting spectrum, and hence can be neglected [99]. The equation for the reflected and

transmitted light can be simplified to:

I = Fsin? (g) = g(l — cos () (4.10)

1) F 4.11
Iy = 1 — Fsin? (E) = 1-2(1 - cos (8)) (4-11)
Based on the recorded interference signal, fringe contrast value, also known as visibility

can be calculated. The visibility changes from zero to unity, where unity indicates a perfect fringe

contrast [97].

V= Imax - Imin (4.12)

Imax + Imin
where: V — visibility, |,,.x — maximum light intensity, |, —minimum light intensity.

Visibility is one of the most important parameters describing an interferometer. Its high
value indicates a high signal-to-noise ratio and allows for more accurate measurements. Low
visibility leads to the inability of resolving spectral interference fringes and limits the maximum

cavity length for which measurements can be taken.

In this study, the mathematical investigation of the Fabry-Perot cavity with an external
cavity working in a reflective mode is presented. The influence of different mirrors (made of silver,
boron-doped diamond film, nitrogen-doped diamond film) and an additional layer of the
nanocrystalline diamond sheet attached over the fiber end-face on the finesse coefficient is
investigated. The plots below show results of theoretical modeling of the cavities built of a fiber

end-face and the investigated mirrors, with the air fulfilling the gap between them.
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The first investigated cavity construction was utilizing the nitrogen-doped diamond film
working as an external mirror as shown in Figure 3.5. The cavity interfaces were created at the

boundaries of the optical fiber end-face/air and air/nitrogen doped diamond film surface.

optical fiber ——

nitrogen-doped diamond film

Figure 3.5. Cavity construction utilizing nitrogen-doped diamond film.

The transmittance characteristics were then plotted along with the results obtained for
the conventional cavity applying silver mirror in place of nitrogen-doped diamond film as a

reference.
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Figure 3.6. Transmittance characteristics for a nitrogen-doped diamond film and a silver mirror.

The calculated characteristics show that the introduction of the nitrogen-doped diamond
film slightly increases the FWHM value which results in lower finesse coefficient. The

transmittance minimum value is greater than that of a cavity with silver meaning that the
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reflectivity of the diamond structure is lower. The calculation results show that with NDD films we

can decrease the finesse coefficient value of the cavity.

The next investigated cavity was applying the boron-doped diamond film as presented in
Figure 3.5. The cavity interfaces were formed at: fiber end-face/air and air/boron doped diamond

film surface boundaries.

optical fiber ——

boron-doped diamond film

Figure 3.7. Cavity construction utilizing boron-doped diamond film.

The transmittance characteristics were calculated and plotted with the results achieved

for the silver reference.
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Figure 3.8. Transmittance characteristics for a boron-doped diamond film and a silver mirror.

Similar behavior to the NDD film is observed, as the FWHM value increases lowering the
finesse coefficient value. The reflectivity of the BDD contributes to the increase of the minimal

transmittance value. The results for NDD and BDD have the same character due to the similar
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surface morphology of the structures. Changes observed in the characteristics are dependent on
their reflectivity. The refractive indices of the diamond films can be tailored during the CVD
process via e.g. dopant element and its level selection which directly translated to the parameters

of the cavity applying them.

The possibility of the cavity modification with the diamond structures is not only limited to
the external mirror. Attachment of a nanocrystalline diamond sheet allows changing the

parameters of the first interface as shown in Figure 3.9.

optical fiber ——

ws—— nanocrystalline
diamond
sheet

silver mirror

Figure 3.9. Cavity construction utilizing nanocrystalline diamond sheet.

Such configuration is possible due to low adhesion of the NDS to the substrate which
allows its delamination and transfer onto the desired surface. The transmittance characteristics

obtained for this configuration are shown in Figure 3.10.

transmittance [a.u.]
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Figure 3.10. Transmittance characteristics for a nanocrystalline diamond sheet and silver
mirror.
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A significant signal change was obtained. The introduction of the NDS into the cavity
resulted in lowering the FWHM value leading to the narrower peaks and higher finesse coefficient
value. By using diamond structures in the cavity construction, its finesse parameter can be
changed. In the case of BDD film working as a reflective surface, the minima of the characteristics
have higher values, resulting in a lower finesse coefficient. The same phenomenon is observed for
NDD films. The reason behind it lies in their lower reflectivity values in comparison to standard
silver mirrors. However, around 10% reduction is rewarded with other benefits: better wear
resistance, biocompatibility, and as shown later, significant reduction of required sample volume.
Application of NDS and silver mirror allows increasing the finesse coefficient while introducing
protection from potential mechanical and chemical damage of the fiber end-face. The values
describing obtained characteristics are shown in Table 1.

Table 1. Parameters of the transmittance characteristics of the investigated cavities.

Parameter NDD BDD NDS
Finesse coefficient 0.3094 0.3653 4.4383
Minimal value 0.7637 0.7324 0.2253
FWHM 3nm 3.5nm 2.5nm

The obtained values of the finesse coefficient differ depending on the diamond structure
type introduced into the cavity. The highest finesse coefficient value was achieved for the cavity
using a silver mirror and a nanocrystalline diamond sheet, while boron-doped diamond film
showed the lowest value, yet comparable with nitrogen-doped diamond film and silver results.
Close values obtained for A and B result from similar surface morphology and characteristic of the
material. However, since nitrogen-doped diamond has a higher refractive index which results in
higher surface reflectivity, the final finesse value is greater for the cavity with this sample. The
cavities with NDD and BDD have finesse coefficient values of ~30% lower than those for silver
mirror. The low-thickness and high refractive index of the nanocrystalline diamond sheet allowed
obtaining the highest finesse coefficient of the cavity. The conducted research has shown that
the finesse coefficient of the cavities can be tuned with diamond structures. Both cavity interfaces
can be modified: the first surface creating the cavity can be tailored with nanocrystalline diamond
sheet attached over it, while the second surface can be tuned by doped diamond films. Depending
on the deposition process parameters, we can adjust structure properties to obtain needed

finesse coefficient values.
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4. EXPERIMENTAL VERIFICATION OF THE MATHEMATICAL RESULTS
IN A MEASUREMENT SYSTEM

This chapter describes the experimental verification of the results of the mathematical
investigation. A measurement setup for cavity tuning assessment was designed, built and the
measurements were performed. The setup allows for easy tuning of the finesse coefficient by an

open-access cavity allowing mirrors exchange.

The measurement setup consists of the broadband light source operating at the central
wavelength of: 1550 nm (SLD-1550-12-, FiberLabs Inc., Fujimi, Japan), 1560 nm (S1550-G-I-10,
Superlum, Ireland), 1310 nm (SLD-1310-18-W, Fiber Labs Inc., Japan) and 1290 nm (S-1290-G-I-20,
Superlum, Ireland), optical spectrum analyzer (Ando AQ6319, Yokogawa, Japan) for signal
acquisition and a 2x1 fiber coupler with standard single-mode optical fibers connecting elements.
A micromechanical setup allows for parallel positioning of the fiber above the external mirror,
assuring its stability. A micromechanical screw enables changing the cavity length with an

increment of 10 ym. The measurement setup is shown in Figure 4.1

Figure 4.1. Measurement setup for the cavity parameters assessment.1 — PC, 2 — light source, 3
— optical spectrum analyzer, 4 — 2x1 fiber coupler, 5 — micromechanical setup, 6 — cavity. Inset
shows a zoom onto the cavity.

The incident beam guided by the fiber reaches the fiber tip and partially reflects on the

first boundary. Part of the beam is guided through the cavity and then reflects from the second
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boundary. The reflected beams interfere with each other and the resulting signal is registered by

the optical spectrum analyzer.

The interfering beams are reflected back to the optical spectrum analyzer acquiring the
created signal. The recorded spectra are then analyzed and plotted on the PC, sample

interferogram can be seen in Figure 4.2.
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Figure 4.2. Representative optical spectra for the refractive index of A) n=1 and B) n= 1.35
recorded for a cavity length of 280 um with silver mirror, the light source of central wavelength
1550 nm was used.

The signal modulation is dependent on the cavity length and refractive index of the
medium inside the cavity. The above example shows changes in signal modulation and visibility
values due to the change of refractive index. The analysis of the spectrum e.g. by investigating
changes in spectral separation between neighboring maxima gives information about the

measurand value.

The crucial aspect of this research is the surface morphology of the diamond structures. It
was investigated using a Dual-beam system Helios 600 (FEI, Hillsboro, Oregon, USA) with SEM
voltage-current of 2 kV and 0.17 nA and Ga FIB with voltage-current of 30 kV. A representative

surface imaging is shown in Figure 4.3.
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Figure 4.3. Representative SEM images of (a) nanocrystalline diamond sheet, magnification
50 000x (b) boron-doped diamond film, magnification 20 000x.

The crystallites are uniform in terms of their dimensions and distribution over the
substrate surface for both diamond structures. There are no visible defects in the structures, nor
cracks or other abnormalities impacting their continuity. The structures are made of equally
distributed crystallites. The surface is continuous, homogenous without any visible defects hence,
can be applied in the next step of the study. It is worth noting that the dimensions of the high
guality nanocrystalline diamond sheet are large enough to cover an end-face of a standard fiber

core.

4.1 Tuning of the finesse coefficient with nitrogen-doped diamond film

As a first step, tuning of the Fabry-Perot interferometer cavity with nitrogen-doped
diamond films performing as passive optical elements was performed. Several samples differing in
the nitrogen incorporation level (0%, 1%, 3%, 5%) were tested as mirrors. The diamond structures
were deposited on silicon substrates in a Microwave Plasma Assisted Chemical Vapor Deposition
System. The growth parameters (Table 4.1) were the same for each sample, excluding the nitrogen

concentration in the working gas mixture.
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Table 4.1. Growth conditions of nitrogen incorporated diamond films grown using CH4, H2, and N2 plasma.

Pressure Microwave Temperature Thickness

CH4 HZ Nz o,

Sample concentration concentration concentration (Torr) p?vv\\ll)er Q) (nm)
NiD-0 3% 97% 0% 30 3000 675 500
NiD-1 3% 96% 1% 30 3000 700 500
NiD-3 3% 94% 3% 30 3000 720 500
NiD-5 3% 92% 5% 30 3000 750 500

Series of distance measurements were performed in the range of 0-100 um with a step of
10 um for all diamond samples and a silver mirror for reference. The air was filling the cavities

during the whole measurement procedure.

Visible changes in the optical properties of the reflective surfaces result from different
refractive indices caused by various nitrogen incorporation which entails a change of surface
reflectivity. The refractive index of a nitrogen-doped diamond sample decreases with the increase
of nitrogen level. The contrast values of the signals obtained for each construction are shown in

Table 4.2.

Table 4.2. Comparison of visibility values for representative cavity lengths on nitrogen incorporated diamond
films and silver.

Cavity length Visibility
[um] Ag NDD-1 NDD-3 NDD-5
40 75.1% 99.9 % 99.8 % 94.0 %
60 76.0% 99.9 % 99.9 % 97.3%
80 77.0% 99.5 % 98.6 % 99.2 %
100 81.1% 97.6 % 97.0% 99.9 %

The reflection coefficient of the mirror has the greatest impact on visibility as it
determines the intensity level of the reflected signal. It was shown that the cavity tailored with
NDD usage offers higher visibility values for smaller cavities in comparison to a silver mirror.
Different growth conditions of the NDD directly translate to the reflectivity of the mirrors and the

cavity finesse coefficient value metrological parameters of sensors applying them.

The model's quality and ability to describe the Fabry-Perot cavity can be evaluated by
a direct comparison of modeled spectra with the experimental results. The light source used in

both, theoretical and experimental investigations, was operating at 1550 nm and the Fabry-Perot
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cavity was filled with air (n = 1). For each measured spectrum, the Gaussian light source

characteristics were filtered out.
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Figure 4.4. Comparison between the modeled and the measured spectra after removing the
Gaussian characteristics. The cavities were fulfilled with air (n=1). nitrogen-doped diamond film
d=150 um

The calculated signal is in accordance with the theoretical one, proving the correctness of
the mathematical investigation. The spectral distribution of signals maxima are in agreement
overlapping each other. Slight differences in shape of the maxima can be explained by assuming
an ideal source characteristics in case of the modeled results. Slight mismatches in terms of the

intensity can be attributed to the optical spectrum analyzer sampling process.

4.2 Tuning of the finesse coefficient with boron-doped diamond film

This approach was used to investigate cavity tuning with a boron-doped diamond film and
to directly compare it with a nitrogen-doped diamond film. The distance measurements were
performed for two light sources: with a central wavelength of 1290 nm and 1560 nm. Both
diamond structures were deposited by MWPACVD method on the silica substrates. Obtained data
allowed calculation of visibility values for various cavity lengths; selected ones are presented in

Table 4.3.
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Table 4.3. Comparison of visibility values for representative cavity lengths on nitrogen incorporated diamond
films and silver.

NDD
Wavelength - 1290 nm Wavelength - 1560 nm
Cavity length Visibility Cavity length Visibility
60 um 0.9917 90 um 0.9939
120 um 0.839%4 190 um 0.7905
BDD
Wavelength - 1290 nm Wavelength - 1560 nm
Cavity length Visibility Cavity length Visibility
80 um 0.9915 110 pm 0.9950
160 um 0.8239 200 um 0.8727

The cavity parameters change while introducing different diamond materials. The boron-
doped diamond film assures better visibility for greater cavity lengths while nitrogen-doped
diamond films allow better contrast for smaller cavities: this way, exchanging the external mirror

tailors the cavity parameters for specific needs dictated e.g. by the available amount of sample.

For mathematical investigation, the light source characteristics was modeled to fit the
characteristics of the source used in experiment, working at a central wavelength equal to 1550
nm. The Fabry-Perot cavity was assumed to be filled with air (n = 1). The Gaussian light source

characteristics were filtered out.
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Figure 4.5. Comparison between the modeled and the measured spectra after removing the
Gaussian characteristics. The cavities were fulfilled with air (n=1). b) boron-doped diamond film
d=100 um
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The modeled optical signal overlaps nearly ideally with the experimental one. The number
and positioning of the maxima are in accordance, showing that the applied model predicted the
experimental signal correctly. A visibly smaller amplitude for the measurement results are most
likely caused by the optical spectrum analyzer sampling process, leading to averaging of the

acquired signal.

4.3 Tuning of the finesse coefficient with nanocrystalline diamond sheet

Tailoring of the first reflective interface of the cavity can be also achieved. In this study, a
nanocrystalline diamond sheet (NDS) was applied in a Fabry-Perot cavity and its influence on the
optical signal was investigated. The Fabry-Perot interferometer working in a reflective mode was
applied, with a silver mirror as the second reflective surface. The planar cavity was formed
between the fiber end-face cover with NDS and the silver. NDS attachment modifies the reflective
properties and assures protection from damage caused by e.g. chemical factors. This approach
shows a potential application for this kind of structure. To the best of the author’s knowledge,
only several research groups report on the diamond sheet applications, while the majority focuses
on deposition process varieties and characterization of surface and resulting materials properties

[100-103].

The nanocrystalline diamond sheet was deposited on a tantalum substrate in the MW PA
CVD setup. Such substrate was selected to assure low adhesion of the growing structure to its
surface, allowing easy delamination of free-standing diamond flakes. This significantly
distinguishes the deposition process of the sheets from films, where achieving the highest possible
adhesion of crystallites to the substrate is crucial. The flakes can be released by introducing
external stress to the structure — detached flake can be then transferred to the desired surface
and joined with it by the means of van der Waals forces. In this study, the diamond sheet was
realized from the substrate with the stress induced by the scalpel. The flake was then transferred

onto the single-mode standard optical fiber end-face.

The light source assumed for modeling was of a central wavelength of 1550 nm to suit the
characteristics of the experimental setup. The Fabry-Perot cavity was assumed to be filled with air

(n =1). The Gaussian light characteristics were filtered out.
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Figure 4.6. Comparison between the modeled and the measured spectra after removing the
Gaussian characteristics. The cavities were fulfilled with air (n=1). nanocrystalline diamond sheet
and silver mirror d=180 um.

The experimental and theoretical characteristics are in agreement, showing the proper
calculation process. Small mismatches in terms of the maxima positioning can be explained by

non-ideal positioning of the measurement head during experiments.

In this chapter, three configurations of a Fabry-Perot cavity were presented. The results
show that the diamond structures can be successfully adopted by a Fabry-Perot cavity for tailoring
its properties. The developed cavities remain properly working, assuring satisfying measurement
results. The transfer function of each presented configuration was different due to the different
optical parameters of the diamond materials. The results of the experiments were compared to
the transfer function calculated theoretically and presented in the next section. The adopted
models are in agreement with the measured data. The fringe number and distribution are
consistent in each case. Slight differences in amplitude values are caused by non-ideality of the
real measurements resulting from e.g. a little misplacement of measurement head or light source

instability.

Each of them assures tailoring of the metrological parameters of the sensors to specific
needs while giving additional benefits like longer lifespan or sample volume reduction due to
better signal visibility obtained for smaller cavity lengths. The mathematical investigation was
confirmed by experimental measurements. The results presented in this section proved the first

thesis: the finesse coefficient can be tailored with the use of diamond structures.
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The detailed study on tuning the cavity with diamond structures can be found in the
following articles. A physical realization of the measurement setup, conducted experiments, and
data analysis for Fabry-Perot cavities applying diamond structures are presented. Their impact on

the cavity properties is shown. The results of these studies were published in the articles:

[MK1] Kosowska, M.; Pawiowska, S.; Sankaran, K..; Majchrowicz, D.; Haenen, K
Dholakia, K.; Szczerska, M. Incorporation of Nitrogen in Diamond Films — a New Way of Tuning
Parameters for Optical Passive Elements. Diamond and Related Materials 2021, 111, 108221,

doi:10.1016/j.diamond.2020.108221.

The investigation of the impact of selected nitrogen level incorporation (0%, 1%, 3%, 5%)
in diamond films on an interferometric sensor of displacement is presented. The author’s
contributions were: conceptualization, methodology, analysis of optical data and writing selected

parts of an original manuscript.

[MK2] Kosowska, M.; Majchrowicz, D.; Sankaran, K.J.; Ficek, M.; Haenen, K.; Szczerska,
M. Doped Nanocrystalline Diamond Films as Reflective Layers for Fiber-Optic Sensors of Refractive

Index of Liquids. Materials 2019, 12, 2124, doi:10.3390/ma12132124.

The application of nitrogen-doped diamond film and boron-doped diamond film as mirrors
in a cavity of the refractive index of liquids in the range of 1.3-1.6 as well as comparison of both
sensors parameters is provided. The author’s contributions were: conceptualization, performing

measurements, data analysis and writing selected parts of the manuscript.

[MK3] Kosowska, M.; Majchrowicz, D.; Ficek, M.; Wierzba, P.; Fleger, Y.; Fixler, D,
Szczerska, M. Nanocrystalline Diamond Sheets as Protective Coatings for Fiber-Optic

Measurement Head. Carbon 2020, 156, 104—109, doi:10.1016/j.carbon.2019.09.042.

The first use of a new nanocrystalline diamond structure in a fiber-optic measurement
head as a protective coating of the fiber end-face is described. Distance measurements and
comparison of numerical modeling with experimental data are described. The author’s
contribution included conceiving and designing the experiments, developing a procedure of NDS
transfer, performing measurements, data analysis and writing selected parts of the original

manuscript. The conducted research aimed at proving the first established thesis: with the

diamond structures we can directly tune the finesse coefficient of the Fabry-Perot cavity.
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5. APPLICATIONS OF THE OPTICAL CAVITY TUNING METHOD

Previous chapters described laboratory models of sensors applying diamond structures in
the construction of measurement heads. Such an approach allowed for tuning the finesse
coefficient of the Fabry-Perot cavities. Those are increased wear-resistance due to extraordinary
mechanical and chemical properties of diamond structures, better signal visibility for smaller
cavity lengths resulting in a significant reduction in the sample volume required for performing
measurements, and biocompatibility enabling measurements of biological samples without the
risk of poisoning the sample or damaging elements with direct contact with it. Those advantages
open up the field of many potential applications of the fiber-optic sensors and new materials

combination, giving solutions with unique properties.

In this chapter, applications of diamond structures in fiber-optic sensors are proposed to
prove the second thesis: diamond structures enable construction of an optoelectrochemical
system for optical investigation of electrochemical processes. The first step aiming at the
development of fiber-optic sensors of distance and refractive index of liquids is crucial for the
validation of the proposed solution. While achieving correctly operating sensors utilizing diamond
films, the coupling of such interferometer with an electrochemical system becomes possible.
Moreover, tuning of the optical cavity with a nanocrystalline diamond sheet that also protects the

fiber optic end-face was demonstrated.

5.1 Application of cavity tuning in fiber-optic sensors of distance and refractive index

The proposed application of the tunable cavities as a part of fiber-optic sensors for

measurements of distance and refractive index was described in:

[MK2] Kosowska, M.; Majchrowicz, D.; Sankaran, K.J.; Ficek, M.; Haenen, K.; Szczerska,
M. Doped Nanocrystalline Diamond Films as Reflective Layers for Fiber-Optic Sensors of Refractive

Index of Liquids. Materials 2019, 12, 2124, d0i:10.3390/ma12132124.

The nitrogen-doped diamond film and boron-doped diamond film served as external
reflective surfaces while measuring distance and refractive index. The direct comparison of
developed sensors parameters depending on the diamond structure and source wavelength is
described. The author’s contributions were: conceptualization, performing measurements, data

analysis and writing selected parts of the manuscript.
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The previous step proved that the nitrogen-doped diamond films can be successfully
applied as reflective surfaces changing the metrological parameters of the fiber-optic cavities. This
research extends the investigation on the use of NDD and BDD films as a part of interferometric
fiber-optic sensors. The refractive index sensors applying boron-doped diamond mirrors were

directly compared with those using nitrogen-doped diamond ones.

The measurement setup was build in the same configuration as presented in Section 4.1.
The experiment was performed with the use of two light sources, working on the central
wavelength of 1290 nm and 1550 nm, respectively (S-1290-G-1-20, and S1550-G-I-10, Superlum,

Ireland).

The measurements were performed on liquids with known refractive indices in the range
of 1.3-1.6. Such certified refractive index samples were purchased from Cargille® Lab. The

experimental procedure is shown in Figure 5.1 below.

Cavity cleaning and Measurements with the
measurements of light sources operating
liquids in the range at:

Setting the
Data analysis

optimal cavity
length of RI1.3-16 1300 nm and 1550 nm

Figure 5.1. The block diagram of the experiment.

Firstly, the optimal cavity length ensuring the best signal visibility was determined in series
of distance measurements and calculating the contrast value for each. Then the investigated liquid
was introduced into the cavity and an optical spectrum was acquired. After the measurement, the
sample was removed and the cavity was cleaned with isopropyl alcohol. The process was repeated
for all refractive index liquids with both light sources for both diamond structures. The reference
signal with air inside the cavity was taken every time after the cleaning to ensure the same

measurement head positioning.

The refractive index change influenced the signal modulation. The spectral separation of
the maxima in the recorded signals was used to plot the work characteristics of the sensors for a

wavelength of 1290 nm (Figure 5.2).
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model to the collected data and the sensitivity directly found from the slope of the linear

Spectral separation between maxima [nm]

y = -4,6658x+14,2745
R*=0,8950

B BD-NCD-Si

Linear Fit

T T T T : T
1,35 1,40 1,45 1,50
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Figure 5.2. Measurements results: spectral separation between maxima as a function of refractive

1,60

Spectral separation between maxima [nm]

y = -6,0187x+18,0363
R*=0,7064

B ND-NCD-Si
Linear Fit

T T
1,35 1,40 1,45

Refractive index [-]

index for wavelength equal to 1290 nm (a) BDD, (b) NDD.

The values of correlation coefficient R? describing the quality of fitting of the mathematical

characteristics are presented in Table 5.2.

1,50

Table 5.2. Correlation coefficient R2 and sensitivity S values for sensors working6 at 1290 nm.

1,60

BDD NDD
R? 0.8950 0.7064
S [nm/a.u.] -4.6658 -6.0187

By analogy, the same steps were made for the results recorded with a 1550 nm light

source. The work characteristics of the sensors were plotted based on the obtained signals as a

A\ MOST

spectral separation between maxima in the function of refractive index (Figure 5.3).

Spectral separation between maxima [nm]
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Figure 5.3. Measurements results: spectral separation between maxima as a function of refractive
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index for wavelength equal to 1560 nm (a) BDD, (b) NDD.
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The parameters found from these functions are in Table 5.3.

Table 5.3. Correlation coefficient R2 and sensitivity S values for sensors working at 1560 nm.

BDD NDD
R’ 0.9513 0.8494
S [nm/a.u.] -7.2031 -5.8673

The results of this study show that both structures can be used as reflective layers,
however, they provide different metrological parameters. The achieved values of R* show a high
or very high negative correlation between refractive index and spectral separation of fringes in the

measurement signal.

5.2 Cavity tuning in opto-electrochemical measurement system

Nowadays, electrochemistry is widely applied in science and industry, hence EC process
control focused on monitoring of the reactions progress is needed. An optoelectrochemical setup
allowing non-invasive optical monitoring of the reactions can fulfill this task. With such a system,
additional measurements can be performed to investigate further correlations between low-
coherence interferometry and electrochemistry while saving resources: sample (small volumes)
and time (rapid monitoring and feedback). The developed setup enables control of the process
and ensures that the substance quality remains the same for reversible EC processes. In case of
irreversible EC processes the setup would give information about reactions, also these leading to
the formation of new chemical compounds that have new properties, as this would manifest

through the measured refractive index changes.

The results of the research carried out in the frame of this dissertation included the design
and construction of a hybrid optoelectrochemical setup for monitoring of electrochemical

reactions; its comprehensive description is presented in the following article:

publication [MK4] titled ‘Low-coherence photonic method of electrochemical processes
monitoring’, presents an optoelectrochemical system, applying a boron-doped diamond film, for
optical monitoring of sample state during electrochemical processes through real-time refractive
index measurements. The author’s contribution includes conceiving, designing and performing the

experiments, data analysis, graphical visualization and writing the original manuscript draft.
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A system for simultaneous measurements of liquid samples by interferometric and
electrochemical methods consisted of two main parts: a Fabry-Perot fiber-optic interferometer
and a standard 3-electrode electrochemical cell, connected by a boron-doped diamond film. The
optical part followed the general configuration and was built of a broadband light source (SLD-
1550-13-, FiberlLabs Inc., Fujimi, Japan), an optical spectrum analyzer (Ando AQ6319, Yokogawa,
Japan), single-mode optical fibers and a 2x1 fiber coupler with a power split of 50:50. A stripped,
cleaved and cleaned fiber end-face was used an optical measurement head. The Fabry-Perot cavity
was created at the boundaries of the fiber end-face/liquid sample and the liquid sample/BDD. The
electrochemical setup consisted of a potentiostat-galvanostat (SP-240, BiolLogic, Seyssinet-Pariset,

France) and a three-electrode system. The setup is shown in Figure 5.4.

incident beam

beam reflected at -
fiber end-face/liquid
boundary

optical fiber

==

beam reflected at investigated liquid
liquid/BDD

boundary

Figure 5.4. Measurement setup scheme (not to scale): 1 — PC for storing and processing measurement data, 2
— potentiostat-galvanostat, 3 — light source, 4 — optical spectrum analyzer (OSA), 5 — 2x1 fiber coupler, 6 —
optical fiber, 7 — measurement head, 8 — connection to a reference electrode, 9 — connection to a counter
electrode, 10 — connection to a working electrode. The inset figure shows a Fabry-Perot interferometer
operation principle: reflected beams interfere with each other giving us a signal register by OSA.

The working electrode was made of a boron-doped diamond deposited on a silica
substrate, a counter electrode of a platinum wire, and a reference electrode made of a silver wire
with silver chloride deposited on its surface. An electrochemical cell was placed over a laser-cut
gasket lying on the BDD surface. BDD is a crucial part of this setup, as it plays a dual role of a

working electrode and a reflective surface. All electrodes were connected to the potentiostat
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responsible for potential control and recording of the electrochemical curves. The active area of

the working electrode was 0.2 cm?. The close-up of the hybrid measurement head is presented in

|1
5

\ glass vessel
with liquid

Figure 5.5.

counter electrode

optical fiber

reference electrode

boron-doped
diamond film

Figure 5.5. Measurement head scheme (not to scale). The counter, reference, and working
electrodes are connected (blue, white, red wire, respectively) to the potentiostat-galvanostat,
creating the electrochemical part of the measurement head. The optical fiber (yellow wire) is
placed together with the electrodes in the glass vessel.

The electrodes and the optical fiber were mounted on the laboratory stand to immobilize
them and assure proper placement over the whole experiment: parallelism of the fiber to the BDD

surface and contactless arrangement of the electrodes. During the measurement, the length of the

Fabry-Perot cavity remained constant, set to obtain the best visibility of the recorded signal.

Optical spectra were recorded during redox reactions by means of cyclic voltammetry (CV)
at a scan rate of 10 mV/s using a solution of 2.5 mM K;[Fe(CN)¢] in a 0.5 M Na,SO,. The registered
voltammogram is consistent with a literature EC curve — clear oxidation (point A: peak anodic

current, E = 0.247 V, | = 0.0195 mA) and reduction (point B: peak cathodic current
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E=-0.027 V, | = -0.0194 mA) peaks correspond to the presence of Fe(CN)s> and Fe(CN)s'- ions,
respectively. During the electrochemical investigation, the optical signals were registered at
starting and ending points (later referred to as before and after EC cycle) of each full CV cycle to

assess the state of the sample (Figure 5.6).

—— before EC cycle —— before EC cycle
1,04 1,0 1
A —— after EC cycle B —— after EC cycle
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o
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Figure 5.6. Optical spectra were obtained before and after the full electrochemical cycle. Spectra
a) and b) show two out of five consecutive voltammetric cycles. Note the excellent overlap for the
pairs, and the similarity of spectral pairs to each other across the longitudinal measurements,
indicating that no significant perturbation appeared during measurements and the investigated
sample was not damaged.

The measured spectra show no additional changes occurrence meaning that the refractive
index of the sample did not change during the investigation. As the reversible process was
performed, a nearly perfect overlap of signals before and after EC was expected. The results
ensure that the sample was not damaged and the process was successful. For reversible reactions,
the lowest measurement cost can be as liquid and the working electrode can be used many times,
due to continuous quality control. It is not possible for irreversible EC processes where liquid
properties change and the electrode surface can be covered with a newly formed chemical
compound. In such case, its presence will be detected through the measured refractive index

changes.

The achieved goal was to develop a system able to monitor liquid sample state during the
electrochemical process by real-time refractive index measurements. It was accomplished through
the application of a diamond structure as a linking element, proving the second thesis: application

of diamond structures enables construction of optoelectrochemical system for optical

investigation of electrochemical processes. Any perturbations in the refractive index value of

a liquid can be detected and related to the EC process stage in a non-destructive way. This hybrid
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sensor is distinguished from other projects by its quick operation, relatively low cost and simple
configuration, robustness as well as the potential for miniaturization to achieve a lab-on-chip
device. Such a system can be used in biomedical research or environmental analyzes, e.g. aimed at
detecting and determining the level of a given substance in a liquid sample or to control the state

of the working electrode/sample.

5.3 The cavity tuning method for protecting the fiber-optic measurement head

Due to the increasing popularity of fiber-optic sensors, researchers seek new materials to
improve their performance and tailor their properties to specific needs. With the rapid
development of materials science and nanotechnology, it is possible to build more elaborate
measurement-head constructions with microstructured end-faces [104,105], embedded
nanoparticles [106—109], or films [60,110,111]. One of the most common layers used in fiber-optic
sensing is the thin zinc oxide (ZnO) layer. It is an n-type semiconductor known for a wide bandgap
(approx. 3.3 eV) and high refractive index (1.929 at 1450 nm) [112,113], greater than that of silica.
It assures the fiber-optic sensors measurement range extension because measurements of
medium characterized by refractive index close to the refractive index of the fiber core are
enabled in presence of a ZnO layer deposited over fiber end-face. The use of ZnO coating also
improves the sensitivity of the sensor in comparison to solutions without it. Furthermore,
numerous deposition methods (e.g. Atomic Layer Deposition [114], Chemical Vapor Deposition
[115], sol-gel synthesis [116], magnetron sputtering [117], among others) are available for ZnO
deposition to achieve properties and geometries tailored to given requirements. However, ZnO is
susceptible to humidity reducing its sensitivity and stability [118], hence the need to secure it from

environmental conditions.

Results of investigation of the nanocrystalline diamond sheet (NDS) playing the role of a

ZnO coating protection were presented in the article:

publication [MK5] titled ‘Microscale diamond protection for a ZnO coated fiber-optic
sensor’, describes the application of an undoped nanocrystalline diamond sheet as a protective
layer for a ZnO-coated fiber-optic measurement head. The author’s contribution includes
conceiving, designing and performing the experiments, optical data analysis, selected figures

preparation and writing the original manuscript draft.
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The measurement setup follows the general configuration of the Fabry-Perot fiber-optic
sensor working in a reflective mode presented in detail in Chapter 4. The light source used was a
superluminescent diode (SLD-1310-18-W, FiberLabs Inc., Japan) operating at the wavelength of
1310 nm. The measurement head was a fiber-optic end-face with a ZnO layer deposited by ALD
and covered by a protective NDS. The procedure of NDS detachment from the substrate and its
transfer onto the fiber covered with ZnO was described in Chapter 4. The measurement head can

be seen in Figure 5.7.

optical fiber ——

ZnO coating
-

silver mirror

Figure 5.7. Cavity construction utilizing a ZnO coating deposited on the fiber end-face,
nanocrystalline diamond sheet and a silver mirror.

The distance measurements were performed to assess the impact of the nanocrystalline
diamond sheet on the resulting optical spectra. The series of measurements were carried out by
increasing the cavity length up to 500 um for two configurations: with a bare ZnO layer to obtain a
reference, and with an NDS attached over the ZnO to evaluate its influence. An expected signal
behavior appeared: the modulation changes with the change of the cavity length. The longer the
cavity, the greater the number of maxima in the optical spectrum. The representative spectra for

measurement head with bare ZnO and ZnO with NDS are shown in Figure 5.8
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Figure 5.8. Representative signals were obtained for the measurement head with ZnO coating, and
ZnO coating and nanocrystalline diamond sheet. The Fabry-Perot cavity length was set 70 um, the
light source operated at 1310 nm.

It can be noted that the intensity of the signal decreased by approx. 30% due to the
application of the nanocrystalline diamond sheet. However, the spectrum modulation remains the
same as the maxima distribution does not change and the perfect overlap is achieved. The
visibility values of 0.7616 for bare ZnO and 0.8077 for ZnO and NDS were achieved proving that
the sensor operates correctly with the diamond structure in its construction. This shows that the
proposed solution can be successfully used in securing fiber end-faces covered with an additional
layer. The trade-off between optical power decrease and gaining diamond protection from harsh
environmental factors as well as prolonging its lifespan is acceptable. The sensing abilities of the

sensor were maintained while introducing additional benefits to the device.

Up to date, only few reports describing nanocrystalline diamond sheets were published,
focusing mainly on the growth process, properties characterizations and developing methods of
effective sheet release and its transfer to the selected surface [119-121]. Propositions of its
applications are rather rare. Bogdanowicz et. al described a comprehensive study of the NDS
deposition, characterization of its properties and showed the development of a prototypical, low-
temperature diamond-on-graphene transistor [122]. Seshan et al. presented the growth process
and described a transfer method of the diamond sheets with the use of a visco-elastic stamp. The

NDS sheets were then used in the fabrication of mechanical resonators [123].
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The main goal of this study was to investigate the possibility of elaborating a fiber-optic
measurement head applying a ZnO coating and the nanocrystalline diamond sheet attached over it
as a protection. The addition of the NDS provides a protective layer securing the film from the
degrading influence of harsh environmental conditions while maintaining the sensing abilities.
Further study on the application of NDS for securing fiber-optic measurement heads in chemically

aggressive media is planned.
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6. SUMMARY AND CONCLUSIONS

The research in the frame of this dissertation concerned ‘Tuning of the finesse coefficient
of optoelectronic devices’. The performed literature study presented the significance of optical
devices using optical cavities and the constant need for their improvements as well as the research
aim and theses of the study. It also covered the current state-of-the-art on tailoring the cavities of
the optoelectronic device, with a focus on Fabry-Perot configuration. As the tuning is often
achieved by applying new materials, the diamond in optoelectronics and current systems joining
the optical and electrochemical methods were reviewed. The next step included a mathematical
investigation of the cavities using diamond structures and their comparison with standard silver
mirrors. The measurement system for the investigation of the Fabry-Perot cavities applying
diamond structures was constructed. Interferometric measurements were performed and the
comparison of modeled and measured data was presented. The study ends with a presentation of
potential applications of the presented solution: fiber-optic sensors of distance and refractive
index, optoelectrochemical system and nanocrystalline diamond sheet protective coating for

securing measurement head elements. The full cycle of the research included:

=  Design, construction and tuning of cavities using a nitrogen-doped diamond film,
boron-doped diamond film, undoped nanocrystalline diamond sheet. Performing

measurements with constructed devices to verify and validate their correct operation.

=  Devising a method of a nanocrystalline diamond sheet transfer onto the fiber end-face

and its successful application as a protective coating.

= Development of a hybrid optoelectrochemical system for optical monitoring of

electrochemical reactions with the use of a boron-doped diamond as a linking element.

The dissertation is summed up with the list of all author’s achievements reached within
this study. The dissertation ends with a list of selected published articles thematically related to
the presented research, further plans and bibliography. The full-text scientific papers along with

co-authors' contribution statements are included.

The results obtained within the conducted research constitute proof for the following

theses:
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T1: Finesse coefficient of a Fabry-Perot cavity can be tailored by the use of diamond

structures.

Diamond structures impact the finesse coefficient of the cavity, which was concluded in
a theoretical and experimental way. To the best of the author’s knowledge, such an approach was
never described. As the parameters of the diamond materials can be changed during the
deposition process, it is a neat solution for obtaining sensors dedicated to a given task. The first

thesis was proven.

T2: Application of diamond structures enables construction of optoelectrochemical

system for optical investigation of electrochemical processes.

A boron-doped diamond film can play a dual role of a working electrode and a reflective
surface is a link between optical and electrochemical subsystems creating a hybrid measurement

system for optical monitoring of electrochemical processes. The second thesis was proven.

The prime novelty of the research lies in the application of diamond structures to obtain
finesse coefficient-tunable cavities, which also opened new application perspectives. To the best
of the author’s knowledge, a nanocrystalline diamond sheet was applied for the first time as a
securing layer for the exposed single-mode fiber end-face while tailoring the finesse coefficient.
The NDS transfer onto the fiber causes signal reduction of around 30% with the introduction of no
additional signal modulation. Since the visibility values remain high and the information about the
measurand is encoded in the frequency components of the signal, the loss of the intensity is
acceptable to gain the protection of the measurement head. Comparable approach, where the
NDS was placed on the multi-mode fiber end-face to test the transfer technique resulted in around
40% signal intensity reduction while changing the base signal through introducing additional
modulation [123]. Application of boron-doped diamond in the cavity leads to finesse-tailoring to
the desired need but also allows robust coupling. of the interferometer and electrochemical cell. It
is possible due to the properties of the selected material, fulfilling optical and electrochemical
requirements for a dual-role operation, and assuring advantages of the optical fiber design. Using
telecommunication fibers, immunity to electromagnetic interferences as well as small weight and
dimensions of the optical part are achieved, leading to the effective coupling of the sub-systems.

The resultant optoelectrochemical system is characterized by a fast response allowing real-time
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monitoring and cost-saving configuration with the potential for further miniaturization to develop

a lab-on-chip device.

6.1 Author’s scientific achievements

The results of this study were published in numerous peer-reviewed renowned journals of
international scope. They were also presented during international scientific conferences. Within

the PhD studies, the author reached the following scientific achievements:

= 6-months foreign internship at Bar-llan University, Faculty of Engineering, and
Institute of Nanotechnology and Advanced Materials BINA, Israel, in the frame of

InterPhD2 program,

= 6-months foreign internship at Toronto University, Department of Medical Biophysics,
and Princess Margaret Cancer Center, Canada, in the frame of Iwanowska Programme

awarded by the National Agency for Academic Exchange — NAWA,

= publication of 14 papers, of which 12 were in JCR journals (in 5 as the first author). 5
publications were devoted to proving the theses and their full texts are included in

the dissertation (Chapter 8).

= co-submission of 1 patent application,

= co-authoring of 1 granted national patent,

= receiving and working as a principal investigator in 2 research grants: ‘Development
of a setup for optical and electrochemical measurements’ funded by Gdansk
University of Technology and ‘Diamond films in optical sensors for monitoring
electrochemical reactions’ funded by National Agency for Academic Exchange
(NAWA) as well as participating as a contractor in 2 research grants ‘Low-coherence
sensors with active nanodiamond layers’ financed by National Science Center and

‘Fiber-optic biosensors with metal-oxide ALD coatings’ granted by NAWA,

= presentation of the research results during international scientific conferences (2 oral

presentations, 7 poster presentations),
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= member of the Optical Society of America OSA and the International Society for

Optics and Photonics SPIE.

The author’s achievements gained within work on this dissertation satisfy the goals set in the

introduction:

= Conducting a mathematical investigation of diamond structures' impact on the cavity
finesse. Devising a method of a nanocrystalline diamond sheet transfer onto the fiber

end-face and its successful application as a protective coating.

= Conceiving, designing and fabricating the fiber-optic Fabry-Perot cavities with
diamond structures to tune the finesse coefficient. Measurements for assessing the

impact of diamond structures on the cavity properties were performed.

= Development of a diamond protection securing the measurement head end-face of

the fiber-optic interferometric sensor.

= Development of a hybrid optoelectrochemical setup for monitoring of

electrochemical reactions.

6.2 Planned further research

Further research on extending the study can be directed onto the investigation of wear-
resistance improvements of the sensors and their novel applications. Future works can address

the following subjects:

= Application of the nanocrystalline diamond sheet on the fiber-optic probe during

electrochemical investigations.

As proved within the dissertation, a nanocrystalline diamond sheet can be transferred
onto afiber end-face to assure its protection or secure the layer underneath. Such sensor
measuring abilities are maintained while having benefits of the diamond material. This approach
can protect a measurement head covered with an additional layer from damaging or clogging by

chemicals during electrochemical reactions.
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= [|nvestigation of dedicated algorithms and machine learning for data analysis.

The dedicated software for the investigation of the interferometric spectra could increase
the amount of information obtained from the measurement data. The approach on machine
learning application for predictions based on the interferometric data can further increase the
capabilities and usability of the setup. Machine learning allows the development of models able to
predict new values based on training datasets (which can be used for increasing the resolution) or
to classify the data. This can be a powerful tool added to the biomedical interferometric sensors
for preliminary tissue state assessment. A dedicated algorithm would enrich the data and label

them as sick or healthy.
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7. LIST OF PUBLISHED PAPERS

This chapter includes the list of all papers devoted to proving the formulated theses, and
as such, relate the most to the presented research from all author’s publications. Each article was

shortly described in this section; the full texts are included at the end of the dissertation.

[MK1] Kosowska, M.; Pawtowska, S.; Sankaran, K..; Majchrowicz, D.; Haenen, K.
Dholakia, K.; Szczerska, M. Incorporation of Nitrogen in Diamond Films — a New Way of Tuning
Parameters for Optical Passive Elements. Diamond and Related Materials 2021, 111, 108221,
doi:10.1016/j.diamond.2020.108221.

The investigation of the impact of various nitrogen level incorporation in diamond films on
an interferometric sensor of displacement is presented. Diamond films with various nitrogen levels
(0%, 1%, 3%, 5%) were deposited on silicon substrates by microwave plasma-enhanced chemical
vapor deposition. The nitrogen incorporated films were proved to be useful as mirrors as they

achieve high visibility of the measurement signal.

[MK2] Kosowska, M.; Majchrowicz, D.; Sankaran, K.J.; Ficek, M.; Haenen, K.; Szczerska,
M. Doped Nanocrystalline Diamond Films as Reflective Layers for Fiber-Optic Sensors of Refractive

Index of Liquids. Materials 2019, 12, 2124, d0i:10.3390/ma12132124.

The application of nitrogen-doped diamond film and boron-doped diamond film to tune
cavities of interferometric sensors of the refractive index of liquids was presented. The
measurements of refractive indices of liquids were carried out in the range of 1.3 to 1.6 for

wavelengths 1310 and 1550 nm. A comparison of sensors parameters is provided.

[MK3] Kosowska, M.; Majchrowicz, D.; Ficek, M.; Wierzba, P.; Fleger, Y.; Fixler, D,
Szczerska, M. Nanocrystalline Diamond Sheets as Protective Coatings for Fiber-Optic

Measurement Head. Carbon 2020, 156, 104-109, doi:10.1016/j.carbon.2019.09.042.

In this paper, the first use of a new nanocrystalline diamond structure in a fiber-optic
measurement head as a protective coating of the fiber end-face is described. The sheet modifies
cavity parameters while securing it from external damage. It was transferred from the deposition
substrate onto the fiber tip. An interferometer for distance measurement comprising that fiber

was built. The measurement results were compared with numerical modeling.
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[MK4] Kosowska, M.; Jakdbczyk, P.; Rycewicz, M.; Vitkin, A.; Szczerska, M. Low-
Coherence Photonic Method of Electrochemical Processes Monitoring. Sci Rep 2021, 11, 12600,
doi:10.1038/s41598-021-91883-z.

An optoelectrochemical system for simultaneous optical and electrochemical
measurements is presented. The combination of fiber-optic Fabry—Perot interferometer with a
three-electrode electrochemical setup was possible due to the boron-doped diamond film
application as a linking element. The film played the dual role of a mirror and a working electrode.
Optical responses during the redox reactions of the electrochemical process are presented. This

work proves that simultaneous optoelectrochemical measurements of liquids are possible.

[MK5] Kosowska, M.; Listewnik, P.; Majchrowicz, D.; Rycewicz, M.; Bechelany, M.; Fleger,
Y.; Chen, M.; Fixler, D.; Dholakia, K.; Szczerska, M. Microscale Diamond Protection for a ZnO

Coated Fiber Optic Sensor. Sci Rep 2020, 10, 19141, doi:10.1038/s41598-020-76253-5.

In this paper, the study on securing a sensor structure formed with a Zinc Oxide (ZnO)
coating, deposited on the tip of a single-mode fiber, with a nanocrystalline diamond sheet is
described. The deposition processes of the materials, the procedure of attaching NDS to the fiber

end-face covered with ZnO, and the results of optical measurements are presented.
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This paper investigates the impact of nitrogen incorporation in diamond films for the construction of an inter-
ferometric sensor to measure displacement. Diamond films with different nitrogen levels (0-5%) were deposited
on silicon substrates by microwave plasma enhanced chemical vapor deposition. The structural characteristics of
these samples are characterized using scanning electron microscopy (SEM), atomic force microscopy (AFM),
confocal micro-Raman spectroscopy, and electron energy loss spectroscopy (EELS). The homogeneous and
continuous surface morphology of the films is observed through SEM. In the micro-Raman and electron energy
loss spectroscopy studies, it is evident that there is a formation of sp?>-bonded carbon phases due to the increase in
the concentration of nitrogen. This investigation gives a strong basis for utilizing these diamond films as
reflective layers in fiber-optic devices. The interferometric measurement setup is constructed as a Fabry-Pérot
interferometer. The nitrogen incorporated films are proved to be useful as mirrors as they achieve a measurement
signal with high contrast. The achieved visibility values for the investigated samples are higher than 94% in the
range of 40-100 pm.

1. Introduction chemical vapor deposition, atomic layer deposition) has opened up new

possibilities in the use of thin films to build unique optoelectronic and

A\ MOST

Fiber-optic sensors belong to the most popular technologies we have
today. They can be found in many industries such as the automotive,
aviation and maritime, and energy industries [1,2] and may be used for
medical purposes. They have many advantages, that include: high
measurement sensitivity [3]; they are easy to install in hard-to-reach
places [4] and have low weight and size [5]. Fiber-optic sensors
enable measurements of physical and chemical values, such as temper-
ature [6], refractive index [7], pressure [8] and displacement [9].
Research on the prospects of using optical fibers is still ongoing and the
use of new materials in the construction of such sensors may lead to
further advantages.

The development of nanotechnology and deposition techniques (e.g.

* Corresponding authors.

electronic components with parameters that are virtually impossible to
obtain as a result of using other materials. One such material is a dia-
mond film. Parameters of the resulting film can be tailored during the
deposition process to match the requirements of the planned application
[10,11].

Nanocrystalline diamond has found a number of key applications.
This is due to its optical [12], mechanical and thermal [13], and
chemical [14] properties. It is particularly valued as an abrasive layer
[15]1, is chemically inert, and has a high refractive index for optical
dielectric material [16]. Nanocrystalline diamond structures are used in
electronics and optoelectronics for the construction of high-frequency
electronic components [17] as well as building membranes [18]. The
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high-quality synthetic diamond crystals are used for laser manufacturing
o [19].

Their use in the field of interferometry has opened up many de-
velopments for new fiber-optic sensor designs, namely fiber-optic Bragg
sensors [20] and fiber-optic interferometric sensors, where diamond
plays the role of protective [21] or reflective layers [22,23]. As diamond
films have satisfying optical properties, they are also chemically stable
and resistant to mechanical damage making them superior to standard
silver mirrors. Moreover, diamond films enable the measurements of
biological materials because of their well-known biocompatibility.
There is no risk of poisoning the test organism, and the biological
samples do not damage the diamond structure. Undoped diamond is
transparent in the broad range of wavelengths, but proper doping
transforms the structure into a reflective layer. Our previous research on
diamond films doped with boron proved that doping changes the
behavior of the diamond in terms of transparency [7,24].

On the other hand, nitrogen is known to be a good source for doping
in diamond films. Nitrogen incorporated diamond films have found in-
terest in the field of optical applications including photovoltaic solar
cells [24] or biosensors [25]. A number of experimental studies have
been carried out to accomplish effective changes in the properties of
diamond films by adding nitrogen in the plasma during film deposition.
In the work on nitrogen dopant in nanocrystalline diamond (NCD) films,
it is discovered that the addition of an appropriate amount of nitrogen
can increase the sp? bonding structure in NCD films, avert clustering on
the diamond surface, endorse the smoothness of diamond surface, and
efficiently raise the conductivity, thus making the films possessing n-
type conducting property [26]. The resistivity decreased significantly
via the deposition of NCD films in CH4/Hs/N3 plasma [27]. Based on the
analysis of vibrational and optical properties of ultrananocrystalline
diamond (UNCD) films grown in an argon-rich Ar/CH4/H; microwave
plasma with nitrogen gas added in amounts of 0%-20% proves that
nitrogen stimulates the transition from amorphous carbon into an or-
dered graphite-like structure with a narrowed optical bandgap, which is
supposed to be responsible for the high electrical conductivity of the N-
doped UNCD [28]. Teng et al. synthesized nitrogen incorporated UNCD
films in CH4/Ar/N, plasma and found an increase of amorphous sp*-
bonded carbons in the grain boundaries and decrease in the size of
diamond grains to nanosize that are well correlated to the reported
enhancement of conductivity and structural changes of UNCD films
[29]. Ficek et al., reported relatively high refractive index (2.6 + 0.25 at
550 nm) and extinction coefficient (0.05 + 0.02 at 550 nm) with a
transmittance of 60% for the nitrogen doped diamond films grown using
CH4/H3/N2(1%-8%) plasma [30]. Cuenca et al. [31] developed a mi-
crowave cavity perturbation system to measure non-contact and non-
destructive electrical conductivity measurements of nitrogen doped
nanocrystalline diamond (NCD) films grown using CH4/Hy/N2 plasma
by varying the CH4 concentration. Also, 0 to 10% nitrogen was incor-
porated in CH4/Hy/N> plasma to synthesis UNCD films, and the obtained
highly concentrated nitrogen content UNCD films exhibit good electri-
cally conducting behavior with enhanced field electron emission and
cyclic voltammetry characteristics [32]. Ralchenko et al. synthesized
UNCD films using CH4/Hy/Ar plasma with 25% of nitrogen addition and
the obtained films possess a very smooth surface, low thermal conduc-
tivity, and high optical absorption [33].

This gives us a strong basis to extend the research for the construc-
tion of an interferometric sensor using the nitrogen incorporated NCD
films. An added advantage of NCD films is that their properties and
therefore the applications can be tailored during the deposition process
to fit the specific requirements of fiber-optic sensors.

In this work, we show the use of diamond films with different ni-
trogen incorporation levels in the construction of a fiber-optic mea-
surement head. The diamond samples were deposited with the use of a
microwave plasma enhanced chemical vapor deposition system. During
the deposition process, we can control e.g. temperature, pressure,
deposition time, microwave power, and doping level [34]. In the
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presented investigation, all the above-mentioned parameters are kept
the same among all samples, apart from the nitrogen doping level.
Consequently, for representative nitrogen incorporation levels, the
diamond films have been transformed from the transparent material into
reflective layers, which can be used as mirrors. Therefore, we study the
possibility of using nitrogen incorporated diamond films as mirrors in
the construction of the sensor. A fiber-optic interferometer in the Fabry-
Pérot configuration with a low reflection coefficient (r ~ 0.26) has been
constructed. This low reflection coefficient is critical to obtain two-beam
Fabry-Pérot, which transfer function is the same as two-beam
interferometers.

It enables the implementation of almost point measurements and
avoiding electromagnetic interference in the examined area, as the
measurement head does not use electricity. Moreover, such a sensor is
insensitive to changes in the intensity of the optical signal, as informa-
tion about the value of the measured value is contained in the spectrum
of the measurement signal.

2. Materials and methods
2.1. Growth of nitrogen incorporated diamond films

N-type mirror-polished (100)-oriented silicon (Si) substrates (10-20
kQ-cm) were used to grow nitrogen incorporated diamond (NiD) films.
First, the Si substrates were exposed to an O, plasma for 1 min at 200 W
and 50 sccm total flux in order to prepare the surface for diamond
seeding. Oxygen plasma was used to clean the surface of organic
contamination as well as to improve the hydrophilicity of the surface.
Then the Si substrates were seeded by drop casting with water based
colloidal suspension of ultra-dispersed detonation nanodiamond of size
6-7 nm (NanoCarbon Institute Co., Ltd.) and subsequent spin-drying.
The diamond film growth was carried out in a Seki ASTeX 6500
(Tokyo, Japan) microwave plasma enhanced chemical vapor deposition
(MWPECVD) reactor. A mixture of CHy, Hy, and Ny gases was used with
a total flow rate of 300 sccm. While the concentration of CH4 was kept
constant as 3% (9 standard cubic centimeter (sccm)), the concentration
of N, was varied as 0% (0 sccm), 1% (3 scem), 3% (9 scem) and 5% (15
sccm) and complemented by Hy to maintain the total flow rate. The
grown samples were labeled as NiD-0, NiD-1, NiD-3, and NiD-5 films for
0%, 1%, 3%, and 5% nitrogen concentrations, respectively. The working
pressure and microwave power were set at 30 Torr and 3000 W,
respectively. All the samples were grown for a thickness of ~500 nm.
The substrates were heated due to the bombardment of the plasma
species and the growth temperature was measured by a single color
optical pyrometer with the emissivity set to 0.3. The growth tempera-
tures were estimated to be around 675 °C, 700 °C, 720 °C, and 750 °C for
NiD-0, NiD-1, NiD-3, and NiD-5 films, respectively. Table 1 summarizes
the growth conditions used for each sample.

2.2. Material characterization

The surface morphology and the thicknesses of the NiD films were
characterized using a FEI R1.2 Quanta 200 FEG scanning electron mi-
croscope (SEM) operated at 15 kV. The surface roughness of the NiD
films was estimated from an atomic force microscope (AFM) (NX-10,
Park Systems) in a tapping mode. The crystalline quality of the films was
examined using a Horiba Jobin Yvon T64000 microRaman spectrometer
(equipped with a BXFM Olympus 9/128 microscope, a Horiba JY Sym-
phony CCD detector with a 488 nm Lexell SHG laser). The bonding
structure of the films was investigated by core-loss electron energy loss
spectroscopy (EELS, Gatan Enfina) in transmission electron microscopy,
respectively.

2.3. Interferometric measurement setup

The measurement setup was designed and constructed as a Fabry-
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Table 1
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Growth conditions of nitrogen incorporated diamond films grown using CHy4, H», and N, plasma.

Sample CH4 concentration H, concentration N, concentration Pressure (Torr) Microwave power (W) Temperature (°C) Thickness (nm)
NiD-0 3% 97% 0% 30 3000 675 500
NiD-1 3% 96% 1% 30 3000 700 500
NiD-3 3% 94% 3% 30 3000 720 500
NiD-5 3% 92% 5% 30 3000 750 500

Pérot interferometer operating in the reflective mode. The interferom-
eter was composed of standard single-mode telecommunication fibers
with a fiber-optic coupler (Lightel, WA, USA) with 1 x 2 power split (50/
50 symmetrical system). The coupler was connected to a broadband
light source operating at a central wavelength of A = 1550 nm (SLD-
1550-13, FiberLabs Inc., Japan) and to an optical spectrum analyzer
(Ando AQ 6319, Yokogawa, Japan). The third arm of the coupler played
the role of a measurement head. It was placed in the mechanical setup
with a micrometer screw and positioned over the reflective layer, par-
allel to its surface. The scheme of the prepared setup and the normalized
source characteristics can be seen in Fig. 1.

During measurements, the micrometer screw increased the distance
between the fiber head and the reflecting layer, the increment was set to
10 pm in the range of 0-100 pm. Each measurement series was repeated
for both silver (which acted as a reference) and for NiD films, each with
different nitrogen content. Following the measurement procedure
described above, we registered sets of optical spectra for the cavity
lengths from O pm to 100 pm, using all prepared diamond samples in
succession as mirrors. As a reference, the measurements on a standard
silver mirror were performed with the same settings as for the diamond
samples.

3. Results and discussion
3.1. Surface characteristics

Fig. 2 shows the SEM images of the NiD films.

At 0% Ny, the NiD-0 films show rough, faceted and randomly ori-
ented micron-sized diamond grains. A dramatic change in the
morphology of the NiD films was observed when nitrogen was added to
the plasma. The micron-sized diamond grains disappeared and instead,
“cauliflower-like” morphological nano-sized diamond grains of size
~20 nm appeared for NiD-1, NiD-3 and NiD-5 films, respectively.

The AFM images shown in Fig. 3 reveal that the NiD-0 films display
high surface RMS roughness of 71.4 nm because of the presence of
micron-sized diamond grains as shown in Fig. 2a.

light source

fiber

coupler

Measurement head

with NiD film

3

optical spectru

analyzer

Increasing the concentration of nitrogen decreases the roughness of
the films due to the decrease in the grain size of the diamond films. The
RMS roughness values of 30.1 nm, 29.7 nm, and 28.5 nm for NiD-1, NiD-
3 and NiD-5 films, respectively.

The bonding structure of the NiD films was characterized using
confocal micro-Raman spectroscopy operating at 488 nm with an
acquisition time of 60 s. Fig. 4 shows the micro-Raman spectra of I. NiD-
0, II. NiD-1, III. NiD-3 and IV. NiD-5, respectively.

The NiD-0 films show a characteristic peak at 1332 cm™! (spectrum I
of Fig. 4) that indicates the presence of sp3-bonded carbon. As the ni-
trogen concentration increases, the intensity of the diamond peak starts
to diminish, which indicates the presence of smaller diamond grains and
the formation of sp2-phases in the grain boundaries of the NiD-1, NiD-3
and NiD-5 films, respectively. There are peaks at around 1140 cm ™! and
1520 cm™}, which are ascribed to the v; and v modes of a trans-poly-
acetylene (t-PA) phase existing in the grain boundaries [35]. The
broadened peaks at around 1352 cm! (D-band) and 1560 cm™! (G-
band) correspond to disordered carbon and graphitic phases, respec-
tively [36]. The Raman spectra show Ip/Ig values (ratio of intensities of
D-peak to G-peak) of 0.74, 0.83, and 1.05 for NiD-1, NiD-3 and NiD-5
films, respectively. The increase of the Ip/Ig value from 0.74 to 1.05
implies the formation of nanographite and decrease in sp® content ac-
cording to a three stage model of increasing disorder in carbon materials
[36,37], i.e., there is a conversion of sp3 to sp2 content due to the
incorporation of nitrogen in the growth plasma. The absence of v; and v3
bands in the NiD-5 sample also indicates the conversion of t-PA to
nanographitic phases in the grain boundaries of NiD-5 films. It is to be
noted that the scattering cross-section for sp?-bonded carbon to incident
laser in micro-Raman is markedly larger than that for sp>-bonded carbon
that induced larger background noise in Raman spectra of these mate-
rials [37]. The carbon edge core-loss EELS spectra corresponding to the
NiD films are presented in Fig. 5.

Obtained spectra indicate that, for all of the NiD films, there is pre-
sent an abrupt rise near 289.5 eV (c*-band) and a large dip in the vi-
cinity of 302 eV, entailing the diamond nature of these materials
[38,39]. Moreover, there is a n*-band at 285.0 eV in core-loss EELS

E2
M1 substrate
fiber core (fiber M2
fiber coatin end-face/air (air/NiD
9 boundary) boundary)

Fig. 1. Measurement setup of the prepared laboratory model of the sensor applying nitrogen incorporated diamond (NiD) film: M1, M2 — mirrors, E1, E2 — electric

vectors of the wave reflected on the first and second mirror, respectively.
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»

(d) NiD-5

Fig. 2. SEM micrographs of NiD films deposited on silicon substrates at various concentrations of nitrogen in CH4/H/N; plasma, (a) NiD-0 (0% Ny), (b) NiD-1 (1%

N>), () NiD-3 (3% N) and (d) NiD-5 (5% N>).

spectra, especially for NiD-3 (spectrum III) and NiD-5 films (spectrum
IV), indicating the formation of sp?>-bonded carbon due to the increase of
nitrogen concentration in the gas mixtures. The EELS investigations are
in accord with the Raman analysis (cf. Fig. 4).

In line with the report of Birrell et al. even after the incorporation of
nitrogen to the film the diamond grains stay pure diamond [40]. So the
increase of sp?-bonded carbon is major happened at the grain bound-
aries. The nitrogen incorporation significantly affects the chemical
bonds of the deposited films, which induces the formation of sp>-bonded
carbon at the grain boundaries of the NiD films [41,42]. So it is
confirmed that when the diamond grain size decreases, the amount of
sp2-bonded carbon increases, as observed in Raman and EELS analyses.

3.2. Interferometric fiber-optic sensor

NiD films were then applied as passive elements in an interferometric
fiber-optic sensor. In this set-up, we recorded a series of optical spectra
and analyzed the modulation of the measured signals. The representa-
tive spectrum obtained for a standard silver mirror is shown in Fig. 6a,
and spectra of measurement signals obtained with an interferometric
setup with the NiD samples are shown in Fig. 6b—d. The cavity length
was equal to 90 pm and the light source operating on a central wave-
length of 1550 nm was used. The optical path of the interferometer
changes during measurements, hence the optical signal obtained from
the light source is modulated.

Changes in the optical properties of investigated samples are caused
by different refractive indices due to various nitrogen levels. Ficek et al.
described an ellipsometric investigation of diamond samples with ni-
trogen, showing that the increase in nitrogen content results in the
decrease in refractive index [31]. As we have shown in Raman

spectroscopy investigation (Fig. 4), ratio values of D-peak to G-peak
(noted as Ip/Ig) increase with the nitrogen content increase. This in-
dicates the decrease in sp® content due to the conversion of sp® to sp®
content, as a result of the incorporation of nitrogen in the films [38,39].
Different refractive indices of samples lead to various values of their
reflectivity. The lowest Ip/Ig was obtained for NiD-1, hence its highest
refractive index among the samples.

In the constructed sensors, the refractive index inside the cavity
formed by the fiber end-face and an external mirror is constant (n = 1 for
air) and therefore, changes occur due to the variation of the geometrical
path of the Fabry-Pérot cavity. From the measured spectra we can also
acquire information about maximum and minimum signal intensity.
Those values have direct impact on the visibility value, describing the
contrast. This can be expressed by the following formula [43]:

Imax B Imin
y = tmn 1
Imax + Imin ( )

where Iy is the maximum intensity of the measured signal, and Ip;, is
the minimum intensity of the measured signal. Calculations were per-
formed for the diamond samples and presented as percentages in
Table 2.

The value of visibility of measured spectra is dependent fundamen-
tally upon the intensity of the signal reflected by the mirror. Therefore,
the reflection coefficient of the mirror which depends on the material of
the mirror has the biggest impact on visibility.

Different refractive indices of samples lead to various values of
reflectivity R, which can be calculated using Fresnel formula [44]:

n —m\>
R=(2 1)7
ny +ny
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Fig. 3. AFM micrographs of NiD films deposited on silicon substrates at various concentrations of nitrogen in CH4/H2/N> plasma, (a) NiD-0 (0% Ny), (b) NiD-1 (1%

N3), (¢) NiD-3 (3% N3) and (d) NiD-5 (5% Ny).
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Fig. 4. Micro-Raman spectra of I. NiD-0, IL
NiD-5films.

NiD-1, III. NiD-3 and IV.

where n; - refractive index of the optical fiber, n - refractive index of the
NiD film.

The differences in refractive indices of samples due to different ni-
trogen content influence the measured signal, as refractive index
directly impacts the reflectivity of the mirror. According to Raman
studies, NiD-1 has the highest refractive index due to the lowest Ip/Ig
ratio.

It can be noted that for NiDs the highest contrast is achieved for very
short cavity lengths. NiD-1 and NiD-3 provide the greatest values of
visibility for 40-60 pm, while NiD-5 for 80-100 pm. In this range, silver

|
G*|

! ! .

Intensity (arb. units)

! Second diamond gap
290 300 310
Energy loss (eV)

280 320

Fig. 5. Carbon edge core-loss EELS spectra of I. NiD-0, II. NiD-1, III. NiD-3 and
IV. NiD-5 films.

assures much lower visibility which shows that diamond films can serve
as mirrors with better signal visibility for smaller cavity lengths. The
obtained visibility values assure a good contrast quality of interfero-
metric signal meaning nitrogen incorporated diamond films work
properly as reflective surfaces.
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Fig. 6. Representative spectra recorded for investigated diamond mirrors and silver with the cavity lengths set to 90 pm and the light source with a central

wavelength of 1550 nm: a) silver, b) NiD-1, ¢) NiD-3, d) NiD-5.

Table 2
Comparison of visibility values for representative cavity lengths on nitrogen
incorporated diamond films and silver.

Cavity length [pm] Ag NiD-1 NiD-3 NiD-5
40 75.1% 99.9% 99.8% 94.0%
60 76.0% 99.9% 99.9% 97.3%
80 77.0% 99.5% 98.6% 99.2%
100 81.1% 97.6% 97.0% 99.9%

4. Conclusions

This study has shown results on the application of nitrogen incor-
porated diamond films in fiber-optic sensors, taking into account the
level of nitrogen-doping in the resulting films. Our research showed that
the best visibility is achieved for a nitrogen doping level of 1%. We
compared the obtained visibility values for representative cavity lengths
with those achieved for a conventional mirror - silver.

It can be noted that the utilization of nitrogen incorporated diamond
as a mirror results in obtaining visibility values greater than 90% For the
cavity length of e.g. 80 pm, the standard silver mirror assures the visi-
bility equal to 77%, while diamond films provide this value to be greater
than 98%. We presented that different values of nitrogen in the working
gas mixture composition impact properties of resulting nanocrystalline
diamond films which translate directly into their reflective properties.
With different nitrogen content, the bonding and surface characteristics
change, resulting in a decrease of the grain size and the increase of the
boundary phases. We presented that the smallest nitrogen doping — 1% —

provides the best material for the mirror, as the NiD-1 sample gives the
highest contrast (>0.99%). Other diamond samples also provide good
results in comparison to silver, however, a higher degree of nitrogen
doping slowly reduces the contrast in the range of the interest. This
clearly shows that the silver provides good signal visibility, but diamond
mirrors are a better choice. The use of nanocrystalline diamond films in
optical fiber sensors reduces the required sample volume due to high
visibility for shorter cavities. Numerous benefits of diamond material
application are introduced along with better signal contrast. Those are
mechanical and chemical resistance, and biocompatibility, which could
open new applications of fiber-optic sensors. Further investigations on
the use of NiD films can lead to the development of chemical sensors and
biosensors [45,46]. Their metrological parameters could be tailored by
e.g. proper doping of the diamond film.
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Abstract: This paper reports the application of doped nanocrystalline diamond (NCD)
films—nitrogen-doped NCD and boron-doped NCD—as reflective surfaces in an interferometric sensor
of refractive index dedicated to the measurements of liquids. The sensor is constructed as a Fabry—Pérot
interferometer, working in the reflective mode. The diamond films were deposited on silicon substrates
by a microwave plasma enhanced chemical vapor deposition system. The measurements of refractive
indices of liquids were carried out in the range of 1.3 to 1.6. The results of initial investigations show
that doped NCD films can be successfully used in fiber-optic sensors of refractive index providing
linear work characteristics. Their application can prolong the lifespan of the measurement head and
open the way to measure biomedical samples and aggressive chemicals.

Keywords: doped nanocrystalline diamond films; refractive index sensor; fiber-optic; nitrogen-doping;
boron-doping; optical fiber sensor

1. Introduction

The field of biomedical measurements is rapidly growing, and optical sensors play a significant
role in its development. The use of optical fibers in the construction of sensors provides many
advantages [1]. Such sensors require only a small amount of sample, give a rapid response, measurements
are non-invasive and chemical pretreatment is not needed [2]. Moreover, they assure no risk of
electrical sparks and immunity to ionizing radiation [3]. This group of sensors is widely used for the
determination of refractive index, one of the most important optical properties describing materials.
The precise determination of its value allows for the identification of the investigated substance and
its concentration [4,5]. Therefore, fiber-optic measurements of refractive index attracted considerable
attention in finding applications in many fields including biomedicine, chemistry, environmental
analysis and the food industry [6-10].

However, measurements of biological samples, hazardous and chemically aggressive substances
are still a challenge. Investigation of such materials carries a high risk of damaging the elements of
the measurement heads. In conventional Fabry-Pérot interferometers, the most exposed part is a
mirror that has direct contact with the sample. In standard solutions it is made of metallic layers such
as silver or aluminum. Even though they have satisfactory optical parameters, they are susceptible
to mechanical damage and have limited chemical resistance. Aluminum can cause poisoning of the
investigated tissues. This results in permanent damaging of the measurement head and the necessity
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of replacing the damaged part, which is inconvenient and causes additional costs. In performing
measurements of biomedical substances, apart from the risk of damaging the sensor, there is a high
chance of polluting the investigated sample, which can affect the results giving a false response. Thus,
there is a need for new materials which can be used in the production of reflective surfaces that provide
good optical parameters, as well as great resistance to chemicals. These features can be found in
diamond materials.

Diamond films deposited in chemical vapor deposition (CVD) process are very hard, chemically
inert and stable materials, which are transparent in a broad wavelength range [11-13]. The properties
of diamond film structures produced in a CVD system can be tailored by changing the deposition
process parameters. The use of dopants in the working gas mixture has an impact on the resulting film,
including the optical properties. Hence it is possible to tune the process to achieve a suitable structure
for the reflective layer in the interferometer [14-16].

In this work we present the application of diamond films doped with boron and nitrogen.
The diamond films were deposited on silicon substrates and utilized as mirrors in fiber-optic sensors
dedicated to measuring refractive indices of liquids. This solution combines the advantages of the
fiber-optic Fabry—Pérot interferometer with benefits introduced by the extraordinary parameters of the
diamond films, solving the problem of standard mirrors being susceptible to chemical damage.

This study is a continuation of our investigation regarding the use of diamond films in fiber-optic
sensors. Previously, we proved that doped diamond films can be successfully applied in distance
sensors and that they assure the biocompatibility [17,18]. This paper reports refractive index sensors
utilizing two kinds of doped diamond films.

2. Materials and Methods

2.1. Nanocrystalline Diamond Films

Boron-doped nanocrystalline diamond (BD-NCD) films were synthesized in a microwave plasma
enhanced CVD (MW PE CVD) system (SEKI Technotron AX5400S, Tokyo, Japan) on p-type Si (100)
substrates. In our experiments, dedicated NCD suspensions were used to seed the substrates [19,20].
The pressure before growth in the vacuum chamber was kept at 10 Torr. A special truncated
cone-shaped shim and 500 °C was used during the growth of BD-NCD films. The plasma microwave
power, optimized for diamond synthesis, was kept at 1300 W [21]. In this study, the molar ratio of
the CHy4:H, mixture was kept at 1% of gas volume at 300 sccm of the total flow rate. The boron level,
expressed as the (B)/(C) ratio, in the gas phase was 10,000 ppm. The growth time was 3 h. After the
growth process, the substrate temperature was slowly reduced (5 °C-min~!) down to room temperature.

Nitrogen-doped NCD (ND-NCD) film was grown on silicon substrate in a MW PE CVD system
(SEKI ASTeX 6500, Tokyo, Japan). Prior to the diamond film growth, the silicon substrate was seeded
with a colloidal suspension containing 5 nm detonation nanodiamonds and distilled water using a
spin-coating technique. The ND-NCD film was grown on a silicon substrate in a CH4(9)/H; (282)/N>(3)
sccm plasma excited by 3000 W microwave power with 65 Torr pressure for 180 min. The substrate
temperature was about 650 °C, which was measured using a single-color optical pyrometer.

The samples were made in two different universities. Two different pressures result from differences
in the standard growth procedures developed in each scientific team. For convenient referencing to
each sample, we adopted the following abbreviations: BD-NCD-Si—boron-doped nanocrystalline
diamond deposited on a silicon substrate, and ND-NCD-Si—nitrogen-doped nanocrystalline diamond
deposited on a silicon substrate.

Diamond Film Characterization

In order to be able to use a diamond film as a mirror, it has to fulfill specific requirements
considering its surface. The film has to be homogenous, continuously covering the substrate. No cracks
should be detected to provide reliable resistance to chemicals.
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The diamond films used in this experiment were previously applied in fiber-optic sensors
for determining their potential in measurements of biological samples and for distance
measurements [14,22], hence, their detailed characterizations can be found there. The investigation has
shown that the thickness of the doped NCD films is around 300 nm, and the root mean square roughness
is equal to 22 nm and 49 nm for BD-NCD-Si and ND-NCD-Sj, respectively [22]. The aforementioned
examinations proved that the deposited diamond films can work as reflective surfaces.

2.2. Measurement Setup

The fiber-optic setup for measuring the refractive index of liquid samples based on a Fabry-Pérot
interferometer was constructed. The experiment was carried out with two superluminescent diodes
working at the central wavelength of 1290 nm and 1560 nm, respectively. The system was built with
a light source (5-1290-G-1-20, and 51550-G-1-10, Superlum, Ireland), an optical spectrum analyzer
(ANDO AQ6319, Yokogawa, Japan), single-mode telecommunication optical fibers (SMF-28, Thorlabs,
Newton, NJ, USA), and a 2 x 1 50:50 coupler. The tip of the fiber and the doped NCD films were used
as a measurement head. The principle of the operation of this setup was described elsewhere [22].
Figure 1 shows the schema of the measurement setup with a close-up of the measurement head.

ﬁ optical fiber
Fabry-Perot cavity
g —— filled with investigated liquid

diamond film
e substrate

Figure 1. Measurement setup with a close-up of the measurement head.

optical spectrum analyzer

light source

The measurement field, called a Fabry—Pérot cavity, is formed between the face of a fiber and the
nanocrystalline diamond film deposited on silicon substrate. Measurements of refractive indices in the
range of 1.3-1.6 were performed with the use of refractive index liquids provided by Cargille®. In the
experiment and data analysis we considered the refractive indices of liquids at 1290 nm and 1560 nm
according to the datasheets. However, in the text, we refer to each solution by a rounded value of its
refractive index to provide greater clarity. Before placing the sample, the cavity was cleaned with
isopropyl alcohol. The block diagram of the experiment is shown in Figure 2.

For BD-NCD-Si
and ND-NCD-Si

Cavity cleaning and Measurements with the

Setting the TS G light sources operating

liquids in the range at:
of RI1.3-1.6 1300 nm and 1550 nm

Data analysis

optimal cavity
length

Figure 2. The block diagram of the experiment.

The distance between the fiber and the reflective surface in the device influences the visibility of
the interferometric fringes, as the light beam diverges and is coupled back into the fiber with differing
efficiency. Therefore, before carrying out refractive index measurements, the cavity length of the

81


http://mostwiedzy.pl

A\ MOST

Materials 2019, 12, 2124 40f9

interferometer was set to achieve the highest visibility value of the measured signal. To calculate the
visibility V, the following formula was used:

V= Imax = Imin (1)

B Imax + Imin
where Inax is the maximum intensity of the measured signal and I, is the minimum intensity

of the measured signal. Table 1 shows values of visibility for the investigated films calculated for
representative cavity lengths for given working wavelengths.

Table 1. Visibility values calculated for representative cavity lengths filled with air measured on
BD-NCD-Si and ND-NCD-Si for central wavelength of 1290 nm and 1560 nm.

BD-NCD-Si
Wavelength—1290 nm Wavelength—1560 nm
Cavity Length Visibility Cavity Length Visibility
80 um 0.9915 110 pm 0.9950
160 um 0.8239 200 pum 0.8727
ND-NCD-Si
Wavelength—1290 nm Wavelength—1560 nm
Cavity Length Visibility Cavity Length Visibility
60 pm 0.9917 90 um 0.9939
120 um 0.8394 190 um 0.7905

BD-NCD-Si: boron-doped nanocrystalline diamond deposited on a silicon substrate; ND-NCD-Si: nitrogen-doped
nanocrystalline diamond deposited on a silicon substrate.

The above calculations of visibility were based on spectra presented in Figures 3 and 4.
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Figure 3. Spectra measured on BD-NCD-Si while the cavity was filled with air. Spectra obtained for
1290 nm and cavity lengths (a) 80 um and (b) 160 um. Spectra obtained for 1560 nm and cavity lengths
(c) 110 um and (d) 200 pm.
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Figure 4. Spectra measured on ND-NCD-Si while the cavity was filled with air. Spectra obtained for
1290 nm and cavity lengths (a) 60 um and (b) 120 um. Spectra obtained for 1560 nm and cavity lengths
(c) 90 pm and (d) 190 um.

3. Results

The measurement signals were recorded with the use of an optical spectrum analyzer.
The representative spectra are shown in Figure 5.

a) b)
1.00 . : : : : : : 1.00 .
0.75 1 E 0.75 E
E El
S, S,
> 0504 E > 050 e
= ‘@
C c
L 2
£ £
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000 T T T T T T 000 T T T T T T
1200 1225 1250 1275 1300 1325 1350 1375 1200 1225 1250 1275 1300 1325 1350 1375
Wavelength [nm] Wavelength [nm]

Figure 5. Spectra of liquid with refractive index n = 1.4 measured with a wavelength of 1290 nm
(a) BD-NCD-Si, (b) ND-NCD-Si.

The obtained spectra were analyzed regarding the spectral separation between the maxima in
the spectra for measured refractive indices of liquids. The results of these investigations for the light
sources with a central wavelength equal to 1290 nm are presented in Figure 6.
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Figure 6. Measurement results: spectral separation between maxima as a function of refractive index
for wavelength equal to 1290 nm (a) BD-NCD-Si, (b) ND-NCD-5i.

The values of correlation coefficient R? and sensitivity S for each sensor working at central
wavelength of 1290 nm are presented in Table 2. The sensitivity can be directly found from the slope of
the linear fit [9]. The values of R? parameter in the range of 0.7-0.9 indicate high positive/negative
correlation, while values higher than 0.9 mean very high positive/negative correlation [23].

Table 2. Correlation coefficient (R%) and sensitivity (S) values for sensors working at 1290 nm.

Parameters BD-NCD-Si ND-NCD-Si
R? 0.8950 0.7064
S (nm/a.u.) —4.6658 -6.0187

Similarly, the same procedure of data analysis was applied to the measurement data collected
with the use of a source working at central wavelength of 1560 nm. The representative measurement
spectra are shown in Figure 7.
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Figure 7. Spectra of liquid with refractive index n = 1.6 measured with a wavelength of 1560 nm
(a) BD-NCD-Si, (b) ND-NCD-Si.

Figure 8 presents the relationship between the spectral separation of the interferometric fringes
and the refractive index.
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Figure 8. Measurement results: spectral separation between maxima as a function of refractive index
for wavelength equal to 1560 nm (a) BD-NCD-Si, (b) ND-NCD-Si.

The values of correlation coefficient R? and sensitivity S for each sensor working at central
wavelength of 1560 nm are calculated and presented in Table 3.

Table 3. Correlation coefficient (R?) and sensitivity (S) values for sensors working at 1560 nm.

Parameters BD-NCD-Si ND-NCD-Si
R? 0.9513 0.8494
S (nm/a.u.) -7.2031 —-5.8673

It can be noted that all investigated samples can be applied as reflective surfaces in fiber-optic
sensors of refractive index. The dependence between the spectral separation and refractive index is
linear in each case, with a high or very high value of correlation coefficient R2.

The small reduction in sensitivity for the nitrogen-doped NCD can result from the lower value
of reflectivity assured by this film in comparison with the boron-doped NCD film. The sensitivity is
directly related to the reflection assured by the reflective film implemented in the sensor. The reflectivity
of the surface is dependent on its refractive index. Reflectivity R at the boundary between the diamond
film and the medium can be calculated by use of the Fresnel equation [24]:

ny —ng 2
o[z

n| +np

where: nj, ny are the refractive indices of the medium and NCD diamond film, respectively.

For the BD-NCD-Si sample, the value of the refractive index increases with the increase of
wavelength, which results in a higher value of reflectivity. For the ND-NCD-5i sample, the value
of the refractive index decreases with the increase of wavelength, which results in a lower value of
reflectivity. The reflectivity for the BD-NCD-5i sample increased by 3.6% with the wavelength, while
the reflectivity of the ND-NCD-Si sample decreased by 0.79%.

4. Conclusions

In this paper we reported the application of doped NCD films to fiber-optic interferometric sensors.
The sensors are dedicated to the measurement of the refractive index of liquids. The experiments
included NCD films doped with nitrogen and boron. The diamond films were produced using a
microwave plasma enhanced chemical vapor deposition system. The investigation was performed
in the refractive index range between 1.3-1.6. The linear mathematical models were adopted to the
measurement data, allowing for determination of correlation coefficients R? and sensitivity values for
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each sensor. The achieved values of R? in the range of 0.7-0.9 and higher than 0.9 show high and very
high negative correlation between the spectral separation of the fringes in the spectrum and the value
of the refractive index. The initial study showed that the use of doped diamond films as reflective
surfaces in sensors of refractive index is possible. This approach assures better resistance to chemical
and mechanical damage prolonging the lifespan of sensors and allowing measurements of aggressive
chemicals and biological samples.
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Fiber-optic sensors find numerous applications in science and industry, but their full potential is limited
because of the risk of damaging the measurement head, in particular, due to the vulnerability of un-
protected tips of the fiber to mechanical damage and aggressive chemical agents. In this paper, we report
the first use of a new nanocrystalline diamond structure in a fiber-optic measurement head as a pro-
tective coating of the fiber tip. The nanocrystalline sheet structures, produced with the use of Microwave
Plasma Assisted Chemical Vapor Deposition System (MW PA CVD), were characterized by Scanning
Electron Microscopy (SEM) and successfully transferred from the deposition substrate onto the surface of
the tip of a single-mode fiber sensor head. A Fabry-Perot sensing interferometer for distance measure-
ment comprising that fiber was built. The measurement results were compared with numerical
modeling. High values of achieved correlation coefficients (R2 > 0.99) between a linear model and dis-
tance measurements data indicate that the diamond sheet does not affect the correct operation of the
sensor while extending its potential scope of applications.
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1. Introduction

Fiber-optic sensors are used in many fields of science and
technology [1]. They have become an alternative to conventional
measurement methods due to their excellent properties, such as
high sensitivity and wide dynamic range of measurements or
resistance to ionizing radiation. They are used in the automotive
industry [2], aviation and marine [3], power engineering [4],
chemistry [5] and medicine [6]. They are used to measure values of
physical and chemical quantities, such as: temperature [7,8],
refractive index [9—11], pH [12,13], pressure [14,15], displacement
[16,17], stress [18,19] and others [20—25]. They enable measure-
ments in places hard to reach and in difficult working conditions, in
particular, in the presence of strong electromagnetic fields or ra-
diation. A wide range of potential applications of fiber-optic sensors

* Corresponding author.
** Corresponding author.
E-mail addresses: darmajch@pg.edu.pl (D. Majchrowicz), mjedrzej@eti.pg.edu.pl
‘M. Szczerska).

https://doi.org/10.1016/j.carbon.2019.09.042
J008-6223/© 2019 Elsevier Ltd. All rights reserved.

makes it necessary to search for new materials whose optical
properties would enable their use in the sensor structure [26].

One of the biggest scientific interest of many group is the use of
new materials in fiber-optic sensors to enhance their metrological
parameters and extend possibilities of their use thanks to e.g.
higher mechanical resistance of their components. The develop-
ment of nanotechnology and thin film deposition techniques (e.g.
CVD, ALD) has opened up new possibilities in the construction of
fiber optic sensors. This allowed the use of thin (tens of nanome-
ters) dielectric layers (e.g. ZnO, TiO2) as well as thin, translucent
metal layers made of silver, aluminum or gold [27—29]. The use of
different materials for the optical fiber sensors achieves new con-
structions of measurement heads with tailored properties for
desired use. The metrological parameters of fiber-optic sensors are
strongly determined by the optical parameters of the materials
used for their construction. Thin metallic layers, e.g. ZnO, show
greater sensitivity to various physical factors, such as temperature
or humidity, which as result increase the sensitivity of an inter-
ferometric sensor applying them. Those materials do not show high
chemical and mechanical resistance to damage.
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The metrological parameters of fiber-optic sensors are strongly
determined by the optical parameters of the materials used for
their construction. Hence, it is necessary to protect the elements of
the measuring head (fiber tip, mirrors). Materials protecting the
elements of the sensor structure have to be characterized by high
chemical stability, resistance to mechanical damage and biocom-
patibility in case of biomedical measurements. In the case of
chemically aggressive substances measurements, failure to protect
the tip of the optical fiber can result in permanent damage to the
optical fiber [30,31]. The lack of protection for photonic devices,
may cause poisoning of the tested biological samples or damaging
them by degraded elements of measurement heads. Therefore,
there is a need for elaborating new materials for protection of
photonic devices.

The use of diamond structures extends the possibilities of using
fiber-optic sensors dedicated for studying biological or chemically
aggressive materials. Diamond structures are characterized by very
high hardness (about 10,000 on the Vickers scale) [32], chemical
stability, biocompatibility [33] and transparency in a wide range of
optical radiation - from ultraviolet to far infrared [34]. They are
particularly appreciated as hardening, abrasive [35] films, as well as
being chemically inert and having a high, for dielectric material,
refractive index (n=2.419) [36]. Due to biocompatibility [37],
chemical resistance [38] and very good mechanical properties [32]
the use of diamond structures carries great potential. According to
the authors' knowledge, so far, the only diamond structures used in
the fiber-optic sensors have been diamond films. They were used as
protection of the reflective surface or reflective surfaces themselves
in the Fabry-Perot interferometer.

In this article, we report for the first time the application of
nanocrystalline diamond sheet (NDS) produced in the process of
Microwave Plasma Assisted Chemical Vapor Deposition (MW PA
CVD) [39] as a protection of the optical fiber sensor head. The NDS
was attached to the face of the fiber increasing its resistance to
damage. The proper selection of the parameters for the deposition
process of diamond structures allowed their use as protecting
surfaces of the optical fiber heads. The use of diamond sheets in
fiber-optic sensors will allow the measurements of biological ma-
terials that have been very difficult to date and in some cases
impossible to perform, as well as enable the examination of
chemically aggressive substances that damage the fiber-optic
sensor measuring heads.

2. Numerical modeling

The sensing interferometer considered in this study is a Fabry-
Perot interferometer operating in the reflective mode, connected
to the measurement system by a standard single-mode fiber SMF-
28 [40]. The cavity of this interferometers is planar, formed by a
plane mirror and the end-face of the fiber. A diamond sheet on the
fiber end-face modifies reflective properties of the fiber and pro-
tects it against mechanical damage and chemical aggression, as
shown in Fig. 1.

The propagation of optical radiation in such interferometers can
be described using the Gaussian beam formalism [41—44]. Since the
thickness of the nanocrystalline diamond sheet compared to the
length of the cavity is small, it is assumed that the Gaussian beam
does not expand appreciably when traversing this film. Therefore,
in further analysis, the diamond film is to be replaced by a planar
reflective surface, whose reflection and transmission coefficients
are calculated using the plane wave approach [43]. This results in a
tractable single-cavity model of the sensing interferometer.

First, the reflectance of the nanocrystalline diamond sheet
deposited on the fiber was calculated, assuming that the fiber and
the nanocrystalline diamond sheet are placed in the air (n = 1.00).
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Fig. 1. Sensing head with a nanocrystalline diamond sheet (NDS).

Refractive indices for the fiber and diamond obtained from
Refs. [45,46] respectively, were used in the modeling. The thickness
of the NDS was assumed to be in the range from 100 nm to 1100 nm,
depending on the time of growth. The calculations were conducted
for the wavelength equal to 1560 nm, which is the central wave-
length of the superluminescent source used in the experimental
part of this study. Reflectance as a function of the thickness of the
NDS is presented in Fig. 2.

As expected, the reflectance varies periodically with the thick-
ness of the nanocrystalline diamond sheet from 0.033 to 0.265. By
selecting the proper thickness of the sheet, it is possible to obtain
either reflectance close to that of a bare fiber tip, or much higher.

3. Materials
3.1. Nanocrystalline diamond sheet fabrication

The NDS were synthesized in an MW PA CVD system (SEKI
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Fig. 2. Numerical modeling of the reflectance as a function of nanocrystalline diamond
sheet thickness.
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Technotron Ax5400S) on mirror-polished tantalum sheets (Sigma-
Aldrich Chemie, 0.025 mm thick, 99.9+% metal basis). Substrates
were seeded in an ultrasonic bath [46]. During the growth process,
the graphite stage was heated to 500°C and controlled by the
thermocouple. The purities of the gases H, and CH4 were 6.0 N and
5.5 N respectively. The CH4:H, molar ratio of the mixture was set at
1% of gas volume at 300 sccm total flow rate. The optimized plasma
microwave power of 1100 W was applied during the synthesis of
diamond sheets. The growth time was 120 min. NDS are showing
low adhesion to the tantalum substrate. Mechanical delamination
of a diamond foil with internal strain and stress allows to form free-
standing sheets, which can be easily transferred to the optical fiber
head. The main difficulty in NDS fabrication in comparison to well-
known fabrication process of nanocrystalline diamond films [33,43]
is that we must obtain samples with very low adhesion to the
substrate which allows us to extract sheets and apply them to the
fiber head, whereas nanocrystalline diamond film fabrication pro-
cess have been always optimized to obtain as good adhesion to the
substrates as possible.

3.2. Nanocrystalline diamond sheet characterization

Characterization of the investigated NDS sample was performed
to determine surface properties and to assess the possibility of
using it as a protective film. In order to detect the morphology as
well as the thickness of the NDS, the measurements were per-
formed using Dual-beam system Helios 600 (FEI, Hillsboro, Oregon,
USA) with SEM voltage-current of 2 kV and 0.17 nA. Cross-section
cuts were done using Ga FIB with voltage-current of 30 kV and
0.28 nA. The results are presented in Fig. 3.

As can be noticed from Fig. 3a, the film consists of nano-
crystallites. The NDS sheet is continuous and the crystallites are
equally distributed. The surface is homogenous and continuous
without any cracks. The image captured with 65 000x magnifica-
tion shows that the size of the crystallites is smaller than 1 pm.
Fig. 3b presents the cross-section of the investigated sample that
allowed us to determine its thickness - 807 nm.

3.3. Measurement setup

The measurements were performed with the use of a fiber-optic
interferometer in a Fabry-Perot configuration shown in Fig. 4. The
sensor was operating in reflective mode. The setup was constructed
of a superluminescent diode (S1550-G-I-10, Superlum, Ireland)
with central wavelength A=1560nm and full width at half
single-mode telecommunication

maximum AFWHM =45 nm,

M. Kosowska et al. / Carbon 156 (2020) 104—109

Fig. 4. Measurement setup: 1 — optical spectrum analyzer, 2 — superluminescent
diode, 3 — fiber-optic 2x1 coupler, 4 — single-mode fiber-optic, 5 — measurement head
with NDS and silver mirror.

optical fibers (SMF-28, Thorlabs, USA), 2x1 fiber-optic coupler and
optical spectrum analyzer (AQ6319, Ando, Japan). The polished tip
of the optical fiber was used as the measurement head, the prin-
ciple of operation of this setup is described in detail by Majchrowicz
et al. [47].

In the implemented setup the optical path difference (OPD) has
an impact on a phase difference between interfering beams. The
change of OPD can be caused by the change of the refractive index
of the medium inside the cavity or by the change of a geometrical
path length. In order to assess the influence of NDS on the operation
of the sensor, we performed distance measurements. Firstly, the
reference measurements were performed with the use of a silver
mirror and fiber-optic measurement head without the NDS. Sec-
ondly, the NDS was transferred onto the fiber-optic measurement
head. The free-standing NDS was attached to the fiber by touching
it with the fiber head, resulting in joining them with the means of
van der Waals forces. The distance was measured to 1000 um, the
increment up to 300 pm was equal to 20 um, and in the range of
300—1000 pm the increment was 100 pum.

4. Results and discussion

The reflectance spectra calculations for the interferometer with
a silver mirror and NDS illuminated by a superluminescent source
whose central wavelength was 1560 nm and full width at half
maximum of the spectrum was 45nm were performed. The

Fig. 3. SEM images of the nanocrystalline diamond sheet sample: a) morphology of the sheet, b) cross-section image in order to measure the thickness.
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thickness of the NDS was set to 807 nm, as measured by Scanning
Electron Microscope (c.f. subsection 3.2.). Calculations were per-
formed for the cavity filled with air (n=1.00) whose length was
determined from experimental data.

The achieved measurement results were plotted in Fig. 5 for
nominal values of cavity length of 100 pm, 160 um, 500 um, and
900 pm. The spectra obtained by the means of numerical modeling
were superimposed on experimental data in Fig. 5. Experimental
data corresponding to cavity length of 900 um has a markedly
smaller amplitude of the spectral fringes than that of the calculated
spectrum. This phenomenon is most probably caused by the fact
that the optical spectrum analyzer does not sample the spectrum in
discrete wavelength points but records intensity in a sequence of
wavelength intervals leading to some averaging in the recorded
signal. Since for the 900 um cavity the number of intervals per one
fringe is the smallest, the averaging effect is most readily apparent.

The obtained measurement spectra were used to investigate the
measurement characteristics of the sensing head, i.e. the relation-
ship between the length of the cavity and the number of spectral
fringes in the wavelength range of 1520—1620 nm. The experi-
mental data showed a linear relationship between a number of
maxima in the spectrum and a cavity length. Thus, the linear
mathematical model was fitted to them, as shown in Fig. 6, along
with the formula and value of correlation coefficient R,

The very high value of the correlation coefficient R? (0.999)
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Fig. 6. Measurements results — number of maxima in the spectrum as a function of the
cavity length.

indicates that the fitting quality of the mathematical model to the
measurement data is excellent. The investigated sensing head can
provide accurate measurement results without any detectable
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Fig. 5. Comparison of numerical modeling and measurement results. The cavity length was set to a) 100 pmb) 160 pm c) 500 pm d) 900 pm.
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degradation introduced by the nanodiamond structure. Therefore,
NDS can be successfully used as protective coatings for fiber-optic
measurement heads.

5. Conclusion

In this paper, we reported for the first time the use of NDS in a
fiber-optic measurement head. The NDS transferred onto the fiber
head served as a protective coating. Numerical modeling and ex-
periments were performed to assess the impact of the NDS on the
performance of a Fabry-Perot interferometric sensing head. The
results of experiments are consistent with those of numerical
modeling confirming the successful implementation of the pro-
posed solution. Data analysis of the distance measurements
showed correlation coefficient R?> 0.99 indicating that the NDS
does not affect the correct operation of the sensor. Moreover, its
application can prolong the lifespan of the sensors and extend their
scope of applications, especially in harsh environmental conditions.
The promising results of the research constitute a strong basis for
future research on the use of NDS in optical fiber sensors.
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Low-coherence photonic method
of electrochemical processes
monitoring

Monika Kosowska'™, Pawet Jakébczyk?, Michat Rycewicz?, Alex Vitkin?3* &
Matgorzata Szczerska'™

We present an advanced multimodality characterization platform for simultaneous optical and
electrochemical measurements of ferrocyanides. Specifically, we combined a fiber-optic Fabry—

Perot interferometer with a three-electrode electrochemical setup to demonstrate a proof-of-
principle of this hybrid characterization approach, and obtained feasibility data in its monitoring of
electrochemical reactions in a boron-doped diamond film deposited on a silica substrate. The film
plays the dual role of being the working electrode in the electrochemical reaction, as well as affording
the reflectivity to enable the optical interferometry measurements. Optical responses during the
redox reactions of the electrochemical process are presented. This work proves that simultaneous
opto-electrochemical measurements of liquids are possible.

Global research trends are aimed at combining multiple measurement techniques using different modalities.
This increases the attractive possibility of obtaining more information because of the synergy between different
methods. More and complementary data can be correlated to yield new insights into the investigated samples
or processes™?. For example, the combination of electrochemical and optical methods appears very promis-
ing, as these are characterized by high sensitivity and accuracy as well as the possibility of miniaturization and
automation.

Different approaches to combining these methods have been proposed in the literature. Lamberti et al. pre-
sented an optoelectrochemical sensor applying modified graphene?, fluorescence and electrochemical impedance
spectroscopies were combined to monitor insulin levels. Narakathu et al. built a system with a dual detection of
heavy metals?; the electrochemical measurement was performed with electrochemical impedance spectroscopy
with the use of gold interdigitated electrodes, and the optical readout was based on Raman spectroscopy. Sobaszek
et al. described a setup for in situ monitoring of electropolymerization processes occurring at boron-doped
diamond electrode with the use of on optical Mach-Zehnder interferometer’; the authors report a spectral shift
resulting from surface electrode modification with melamine. Janczuk-Richet et al. constructed a setup for elec-
trochemical reactions investigations using fiber Bragg gratings coated with ITO (indium tin oxide)®”; ITO plays
the role of a working electrode in an electrochemical system and the coating increases the sensitivity of Bragg
gratings to refractive index changes in the optical subsystem. Liu et. al presented a setup joining total internal
reflection ellipsometry with an electrochemical setup®. This solution allows for monitoring of sub-surface changes
during electrochemical reactions. Cobet et al. proposed ellipsometric spectroelectrochemical system for in situ
investigation of polymer doping’. Our research assessed the sample state during the electrochemical cycle where
any perturbations in the investigated liquid’s refractive index indicate changes due to the EC reactions. In our
study, we monitor the liquid sample itself, not the electrode surface. We have shown that the hybrid diagnostic
system allows for a great reduction of the required sample volume. The quick operation, robustness, low cost
and simple construction additionally distinguish our methodology from others.

Electrochemistry (EC) is of great interest in such systems as it is an extremely useful approach in
technology'®-12. Its important usages include the detection of organic compounds and chemicals down to very
small concentrations (depending on materials used for the system construction and the targeted substance,
detection limit of 1 ug L™ or lower is achievable!>!*), the treatment of electrode surfaces, and degradation of
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dangerous substances. Among electrochemical techniques, voltammetric methods can be distinguished. They are
based on the investigation of the current dependence on applied voltage'®. Changing voltage causes molecules
to chemically gain or lose electrons, meaning they can undergo oxidation and reduction processes. As a result,
current flow is registered as a function of applied voltage creating an electrochemical curve (voltammogram).
Voltammetry methods are characterized by high sensitivity and specificity towards molecules'®. Portable and
relatively cheap apparatus can be used for the system construction, and a large variety of electrodes can be applied
to best match the desired application.

Considering now the optical characterization methods, fiber-optic sensors are characterized by small dimen-
sions allowing their applications in difficult-to-access places. They are also immune to electromagnetic inter-
ferences. Non-contact measurements and transmission of the data over long distances are possible. Further,
analysis of signals in the spectral domain, such methods are largely insensitive to changes in optical transmission
(signal intensity fluctuations) occurring in the measurement path. Owing to these and many other advantages,
fiber-optic sensors are widely used in science and industry, including biological, chemical and environmental
applications'’~?2. One of the methods that benefit from fiber-optic implementation is low-coherence interferom-
etry. This method ensures high measurement dynamic and resolution while eliminating the problem of ambigu-
ous results as absolute measurement values are provided*»**. For instance, optical fibers were used to construct
a tandem-type interferometer utilizing a low-coherence method to monitor a metalorganic vapor-phase epitaxy
process: substrate bending and temperature were monitored as well as the layer thickness®. A low-coherence
interferometry was also applied to monitor growth kinetics of diamond growth during microwave plasma chemi-
cal vapor deposition process where thickness and growth rate were controlled?.

Our previous research on fiber-optic sensors presented a measurement module employing boron-doped
diamond (BDD) film as a mirror?”*®. The results demonstrate that optical spectra are modulated by changes in
the refractive index of the investigated liquid inside the cavity bounded by the BDD film, and by the change in
the cavity length comprised of the investigated liquid. Our finding that the BDD film can successfully serve as
a reflective layer in the interferometer opened a way to construct a hybrid opto-electrochemical system. The
combination of these two methods has great potential, as BDDs are widely used as working electrodes in electro-
chemical cells?. They are popular because such electrodes are characterized by a high response reproducibility,
chemical inertness, wide electrochemical potential window—broader than graphite and glassy carbon®, low and
stable capacitive background current, long-time response stability, and biocompatibility*'. BDD can be found
in electrodes used in biosensors for the detection of various compounds such as glucose, antibiotics, amines,
proteins and DNA?*?-*. Further, their application is not only limited to detection; they are also successfully used
for the degradation of dangerous chemical compounds®***” and wastewater treatment*®. Extraordinary properties
of BDD enable its performance as a working electrode and a mirror, making it unique and crucial for integration
of a Fabry-Perot interferometer with an electrochemical system.

In this paper, we present a hybrid setup for simultaneous measurements of liquid samples by interferometric
and electrochemical methods. We show that such construction is possible thanks to the crucial part that links up
these two techniques: a boron-doped diamond film. This material has extraordinary electrochemical and opti-
cal properties allowing its usage as a joining element playing a dual role of a working electrode and a reflective
surface. The system is comprised of a Fabry-Perot fiber-optic interferometer and a potentiostat-galvanostat with
a 3-electrode electrochemical cell. This approach permits the monitoring of the sample state during the elec-
trochemical cycle by means of optical interferometry and may potentiate real-time feedback. Such an approach
has not been reported before, to the best of the authors’ knowledge, and will enable relatively cheap and simple
configuration with the possibility of miniaturization.

Results

We performed optical and electrochemical measurements during redox reactions by means of cyclic voltammetry
using 2.5 mM K;[Fe(CN),4] in a 0.5 M Na,SO, solution. During the electrochemical measurements, optical spec-
tra were recorded simultaneously. The representative electrochemical response is shown in Fig. 1. The resulting
curve is consistent with standard EC behavior'>¥, suggesting the proper operation of the constructed system.
For example, the oxidation (point A: E=0.247 V, I1=0.0195 mA) and reduction peaks (point B: E=-0.027 V,
[=-0.0194 mA) peaks, for a scan rate of 10 mV/s, correspond to the presence of Fe(CN)4*~ and Fe(CN)¢*" ions,
respectively. Such visible peaks for oxidation (A—peak anodic current) and reduction (B—peak cathodic cur-
rent) are typical for a reaction that is rate-dependent on the diffusion of the analyte to and from the planar
working electrode surface®. Achieving the correct current-voltage voltammetry response in presence of the
optical system suggests that the two sub-systems do not interfere with each other, and can be used successfully
for opto-electrochemical measurements.

Simultaneously with the cyclic voltammetry measurements, optical spectra were recorded, before and after
the electrochemical cycle. The procedure was repeated five times. The measurements were taken with the use of
a 1550 nm light source and recorded with an optical spectrum analyser. The resultant spectra are shown in Fig. 2.

With the Fabry-Perot interferometer we can detect changes of absorption and refractive index of the inves-
tigated liquid as a result of the electrochemical reaction. Potential adsorption of a newly formed chemical com-
pound to a BDD will also influence the optical spectra. It can be noted that optical responses registered before and
after the full electrochemical cycle are overlapping as expected; this holds true for every repeated measurement
pair for the ~ 1-min duration of the experiment. This means that no significant change in the investigated sample
occurred—if the refractive index of the liquid would change during the process, the spectra will be modified.
Visible change of the spectra will also appear if reaction products are adsorbed onto the BDD film surface. The
constancy of the optical response before and after EC and across repeated measuremetns implies that the sample
was not damaged and optically confirms the reversibility of the electrochemical process.
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Figure 1. Representative cyclic voltammetry response recorded with a BDD film as a working electrode. Redox
reactions were carried out using K;[Fe(CN),4] in a Na,SO, solution. Expected oxidation and reduction peaks are
seen (points A and B, respectively), suggesting proper EC functionality of the hybrid EC-optical system (see text
for details).
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Figure 2. Optical spectra obtained before and after full electrochemical cycle. Spectra (a) and (b) show two
out of five consecutive voltammetric cycles. Note the excellent overlap for the pairs, and the similarity of spectal
pairs to each other across the longitudinal measurements, indicating that no significant perturbation appeared
during measurements and the investigated sample (2.5 mM K;[Fe(CN)4] in a 0.5 M Na,SO,) was not damaged.
The results indicate the successful performance of the BDD film in its dual role of a EC working electrode and
an optically reflective layer.

To quantify this constancy further, the signal fringe visibility as well as spectral shift between spectra recorded
before and after the EC cycle were calculated and are shown in Fig. 3. In interferometry, fringe visibility V
describes the contrast of the obtained signal, and can be calculated using the maximal I, and minimal I,
intensity values as follows: V = (I, = Lin)/(Lay + Imin)- For the optimal cavity length in air, values approaching
unity can be obtained for the BDD film¥. In our experiment, with the cavity containing 2.5 mM K;[Fe(CN),] in
a 0.5 M Na,SO, solution, a median value of V =0.48 was obtained. This is due to the presence of the liquid inside
the cavity and resulting absorption loss lowering the visibility value. From Fig. 3b. it can be noted that a small
(< 0.5 nm) spectral shift occurs, likely stemming from the small instability of the light source.

Figure 4 presents all spectra obtained for five repeated-measurement electrochemical cycles, divided into two
groups: starting spectra registered before each EC cycle, and ending spectra registered after completing each EC
cycle. As seen, no additional modulation occurs in optical signals for later measurements compred to the earlier
ones, and the signal envelopes remain the same. These results confirm the repeatability of the measurements in
the constructed opto-electrochemical system during the reversible redox reactions.
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Figure 3. The analysis of the optical spectra of Fig. 2 recorded before and after each electrochemical cycle. (a)
Fringe visibility values cluster around ~ 0.5 value due to the presence of the liquid inside the Fabry-Perot cavity.
(b) Spectral shift between spectra recorded before and after each EC cycle. Minor changes in (a) and (b) are due
to instability of the light source over time.
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Figure 4. Stacked spectra split into before and after according EC cycles groups. The results allow for
comparison of signals obtained in the time series of repeated measurements. As seen, the signals’ envelopes
remain approximately the same, suggesting no measurement-induced alterations were introduced to the
electrochemical reactions. Vertical lines are to guide an eye to spot slight spectral shifts, if any (likely due to the
light source instability).
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Discussion
We have shown that it is possible to perform optical and electrochemical measurements in the proposed hybrid
system. The obtained optical spectra remain stable during the measurements, implying that the electrochemical
redox processes were carried out without any hysteresis or other irreversible altrations. Indeed, if the refractive
index change of the investigated liquid was induced by the hybrid measurement process, the spectra would be
altered. As the reversible process is presented, no visible spectrum modulation was observed, at least within the
resolving power of our measurement system, we conclude that our hybrid system indeed operates in a true non-
destructive evaluation (NDE) mode. This ensures us that the entire process was successful and that the sample
was not damaged, which saves resources: sample (small volumes) and time (rapid monitoring and feedback).
We can further optimize the process while maintaining low cost. For reversible reactions, we achieve the lowest
measurements cost and we can optimize them as liquid and the working electrode can be used many times, since
the substance quality is continuously monitored. For irreversible EC processes, we cannot use the same sample
multiple times: the liquid properties change and the electrode can be covered with a new compound adsorbed
to its surface. In such case, we would detect its presence through the measured refractive index changes.

The desribed research emphasized integration of interferometry and electrochemistry in one setup, utilizing
a boron-doped diamond film as a link between two subsystems. Such BDD element working as an electrode
and reflective surface replaces costly high-quality mirrors used in many photonics applications. The significant
cost savings on the optical part also stem from the need of only a light source, detector and optical fibers. The
use of so few optical components and the lack of additional micromechanical elements with precise alignment
requirements drastically reduces the cost of construction. The use of fibers in optical process control is possible
due to their dielectric nature: they do not impact the electrochemical process. Further, as we analyzed the optical
data in spectral domain, robustness with respect to possible optical transmission changes was achieved. Such
an approach decreases the costs of the optical part and simplifies the construction, enabling the miniaturiza-
tion. This may enable monitoring of electrochemical reactions in small valumes (e.g., a drop), reducing the
sample amount needed to perform the experiment. On the other hand, performing separate measurements is
time-consuming, requires more material for testing and people who can operate both systems. The proposed
opto-electrochemical approach will simplify the measurement procedures and also reduce the amount of mate-
rial needed to carry out the measurement. The possibilities of data analysis and insight into the interrogated
material will be enhanced by examining possible correlations between the measured optical and EC parameters.
Such hybrid NDE systems may prove particualry useful in examining electrode surfaces, in biomedical research,
and in environmental analyzes (e.g., detecting the presence, and determining the level of a given substance in a
liquid sample). As we offer the continuous measurements that utilize only one dual-role element, we open up a
way to construct a lab-on-chip device.

Summary and conclusion

We report a novel hybrid opto-electrochemical measurement system consisting of a 3-electrode electrochemi-
cal cell and a Fabry-Perot fiber-optic interferometer. The subsystems share a BDD film playing a dual role of a
working electrode and a reflective layer. Simultaneous measurements were conducted during redox reactions
in 2.5 mM K;[Fe(CN)4]/0.5 M Na,SO, solutions. We obtained expected responses from both systems, confirm-
ing their proper NDE-mode operation without any sample alterations and no interference from one sub-setup
to another. The simultaneous use of the BDD film as a reflecting layer in the interferometer and as a working
electrode in an EC system has not been reported before. This novelty is advantageous in comparison to existing
system architecture because of its simplified structure, reduced cost of construction, robust operation and system
miniaturization possibilities for hybrid assessment of small droplet-sized sample volumes.

Materials and methods

Measurement setup. The measurement setup presented in Fig. 5 consists of two main parts which have a
boron-doped diamond film as a common element. Those two parts are a fiber-optic Fabry-Perot interferometer
and a three-electrode electrochemical system.

Due to the water-based nature of the chemical solution, the optical measurements were performed with the
use of the light source operating at 1550 nm. Hence, the Fabry-Perot part was build of a super luminescence
diode working at a central wavelength of 1550 nm. For recording the optical spectra an optical spectrum analyzer
was used. The single-mode standard communication optical fibers and a 2 x 1 fiber coupler were used to connect
all the parts. The fiber that played the role of an optical measurement head was stripped and cleaved to fit the
measurement field. The Fabry-Perot interferometer works in a reflective mode. Here, the incident beam is guided
through the optical fiber and spitted onto a reference beam and a measurement beam. They are reflected from
fiber end-face/medium inside the cavity interface and medium/BDD film interface, respectively. Changes in opti-
cal path difference affecting the phase difference between those two interfering beams depend on the refractive
index of the medium and a geometrical path length. Their perturbations will modulate the measurement signal.

The electrochemical system was built in a standard three-electrode configuration: working electrode which
was a boron-doped diamond deposited on a silica substrate, a silver wire with deposited silver chloride onto its
surface as reference electrode and a counter electrode—Pt wire. The electrodes were connected to a potentiostat
that controlled the potential and recorded voltammetric curves, which were observed on the PC. The close-up
of the measurement head is shown in Fig. 6.

An electrochemical cell was placed over the boron-doped diamond with a fitted laser-cut gasket. The active
area of the BDD electrode was 0.2 cm?. All the electrodes as well as the prepared optical fiber were immobilized
on the laboratory stand and put inside the cell with special caution to assure their proper placement. It was
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Figure 5. Measurement setup scheme (not to scale): 1—PC for storing and processing measurement data, 2—
potentiostat—galvanostat, 3—light source, 4—optical spectrum analyser (OSA), 5—2x 1 fiber coupler, 6—optical
fiber, 7—measurement head, 8—connection to a reference electrode, 9—connection to a counter electrode, 10—
connection to a working electrode. The inset figure shows a Fabry-Perot interferometer operation principle that
was utilized in an optical part of the system. Reflected beams interfere with each other giving us a signal register
by OSA.

counter electrode
optical fiber

reference electrode

glass vessel
with liquid

gasket

boron-doped
diamond film

Figure 6. Measurement head scheme (not to scale). The counter, reference, and working electrodes are
connected (blue, white, red wire, respectively) to the potentiostat-galvanostat, creating the electrochemical
part of the measurement head. The optical fiber (yellow wire) is placed together with the electrodes in the
glass vessel. The fiber and the boron-doped diamond film constitute the Fabry-Perot interferometer inside
the electrochemical cell, with the cavity fulfilled by the investigated liquid. Close-up shows placement of
the connections: all end above the BDD, they do not touch each other, and the optical fiber end-face is
perpendicular to the BDD.

crucial for the electrodes not to touch each other and for the fiber end-face to be placed parallel to the boron-
doped diamond film.

Chemicals. All reagents were of analytical grade and used without further purification. The Sodium sul-
fate (ACS reagent, purity >99%, Aldrich) and potassium hexacyanoferrate(III) (Pure p. a., Chempur) aqueous
solutions were prepared using demineralised water. The Potassium nitrate (pure p.a.) and sulfuric acid (purity
>95%) were obtained from Chempur. The synthesis gases: methane, hydrogen, and diborane were collected
from Linde and were of the highest purity class.

Boron-doped diamond film deposition. A 2.45 GHz microwave plasma-assisted chemical vapor
deposition system (Seki Technotron AX5400S, Japan) was used for deposition of boron-doped diamond on
1 cmx 1 cm p-type silicon substrate with (100) orientation. All substrates were cleaned using the RCA method
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before deposition, followed by seeding using slurry consisting of undoped nanodiamonds with sizes ~4-7 nm.
The reactor pressure, microwave power, gas flow rate were 50 Torr, 1300 W, 300 sccm, respectively. Diborane
was used as a dopant precursor and the [B]/[C] ratio was maintained at 10,000 ppm. During the growth, the
temperature of the graphite stage was kept at 700 °C. A deposition time was 12 h.

After the chemical vapor deposition process, the samples were cleaned in a solution of H,SO, and KNO; with
a 2:1 weight ratio. First, the solution was heated until it reached its boiling point. Then the electrodes were placed
in the boiling solution for 30 min and subsequently placed in the boiling deionized water. Next, the electrodes
were ultra-sonicated in isopropyl alcohol and deionized water for 10 min. Finally, boron-doped diamond was
hydrogenated in the previously mentioned system (1100 W, 50 Torr, 15 min).
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Microscale diamond protection
for aZnO coated fiber optic sensor

Monika Kosowska'*, Paulina Listewnik?, Daria Majchrowicz'?**, Michat Rycewicz?,
Mikhael Bechelany?, Yafit Fleger®, Mingzhou Chen?, Dror Fixler*>, Kishan Dholakia? &
Matgorzata Szczerska'™

Fiber optic sensors are widely used in environmental, biological and chemical sensing. Due to the
demanding environmental conditions in which they can be used, there is a risk of damaging the
sensor measurement head placed in the measuring field. Sensors using nanolayers deposited upon
the fiber structure are particularly vulnerable to damage. A thin film placed on the surface of the fiber
end-face can be prone to mechanical damage or deteriorate due to unwanted chemical reactions
with the surrounding agent. In this paper, we investigated a sensor structure formed with a Zinc
Oxide (ZnO) coating, deposited by Atomic Layer Deposition (ALD) on the tip of a single-mode fiber.
A nanocrystalline diamond sheet (NDS) attached over the ZnO is described. The diamond structure
was synthesized in a Microwave Plasma Assisted Chemical Vapor Deposition System. The deposition
processes of the nanomaterials, the procedure of attaching NDS to the fiber end-face covered with
ZnO, and the results of optical measurements are presented.

Fiber-optic sensors are widely used in environmental, biological and chemical sensing!~°. That is due to their
well-known advantages that allow for their use in demanding applications - they have the ability to perform
real-time and remote measurements, have immunity to electromagnetic interferences and are of compact size,
amongst other attributes’. As new technologies become available, the structures of fiber-optic sensors are
growing more elaborate, with integrated thin films, nanoparticles, microstructured fibers, which aim to offer
increased sensing abilities. One such group are thin film-based sensors that use nanolayers deposited on the
fiber surface!®12. These are used to design and create structures that can be applied on the measuring heads of
fiber-optic sensors, for example thin (tens of nanometers) dielectric layers made of materials characterized by
high refractive index, e.g. ZnO (n=2.1 at 500 nm)">**,

Using ZnO as a coating for the fiber-optic sensor has many advantages. It allows to broaden the measur-
ing range, improves sensitivity of measured parameter, in comparison to the sensor without a coating. It also
enables to perform measurements in a medium, which refractive index is close to this of optical fiber core
(n=1.4). Furthermore, deposition techniques of ZnO are highly developed, especially Atomic Layer Deposi-
tion (ALD) method, which ensures uniformity of the coating. However, there are several instances, in which
ZnO can adversely affect the surrounding medium, therefore CVD nanocrystalline diamond sheet attached
over the ZnO, is required to protect both the sensor head and the measured medium from damage in case of
an unwanted reaction.

In addition, fiber-optic sensors are often used in remote places, where other devices cannot be utilized due to
their physical dimensions or mechanical properties. By using CVD layer, the sensor can withstand more severe
conditions and it can be utilized for longer periods of time, which in turn minimizes involvement of an operator
and the cost of maintenance.

Among many extraordinary properties of synthesized diamond, several of those are of particular interest
from an optical point of view. It has a very high refractive index (n=2.4 at a wavelength of 500 nm), and it is
transparent in the broad wavelength range. It can also work as a reflective layer when doped with other materi-
als, e.g. boron, nitrogen'>""7. Diamond is also characterized by its excellent mechanical and chemical properties,
as well as biocompatibility. The properties of the diamond can be also tuned by changing the parameters of the
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Figure 1. SEM images of nanocrystalline diamond sheet (a) magnification 20,000x (b) magnification 50,000
(c) cross-section magnification 40,000x.

deposition process e.g. temperature, time, working gas mixture composition. A set of such outstanding proper-
ties resulted in lots of applications of diamond in numerous fields of science, biomedicine and technology'®*'.

In this work, we investigate an undoped nanocrystalline diamond sheet attached to the ZnO-coated fiber-optic
sensor head. The diamond structure was synthesized in the Microwave Plasma Assisted Chemical Vapor Deposi-
tion (MW PA CVD) system. The construction of the measurement setup with the focus on the measurement head
and the results of the optical measurements are presented. The sensing abilities of the fiber-optic sensor with a
ZnO coating deposited by the Atomic Layer Deposition (ALD) method, investigated for temperature change as
well as refractive index, are presented elsewhere!®?2,

Material characterization—nanocrystalline diamond sheet. The obtained nanocrystalline dia-
mond sheet surface morphology was investigated with the use of an Environmental Scanning Electron Micro-
scope (E-SEM, Quanta FEG 250, FEI, Hillsboro, Oregon, USA). Figure 1 shows SEM images of the NDS attached
to the tantalum substrate for two system magnifications, 20,000x and 50,000x, and for a cross-section magnifi-
cation of 40,000x.

Figure 1a shows that the diamond had covered the substrate evenly, and over sufficient areas that are large
enough for use in the construction of fiber-optic measurement head (with the fiber core dimensions of 8 pm).
The obtained structure is uniform and continuous. No damage or other visible abnormalities of the surface were
noted during the investigation. Figure 1b proves the crystalline character of the sample, with a grain size smaller
than 500 nm. The nanocrystalline diamond sheet was investigated in terms of its thickness, and therefore, cross-
section measurements were also taken.

Microscope photographs of the sample were taken with a (C-5060, Olympus, Japan) camera and a (LAB 40
POL, OPTA-TECH, Poland) microscope.

Camera and microscope pictures of a diamond sheet (1 cm x 1 cm in size) are presented in Fig. 2. The rough
nanodiamond surface is caused by the delamination process, which facilitates the fabrication of freestanding
diamond sheets.

The Raman spectra of the diamond films were measured by using a home-made wavelength modulated
Raman system. The details of this system may be found in our previous works?»**.

The strong fluorescence background makes it impossible to locate the Raman peaks from a standard Raman
spectrum as seen in Fig. 3a. However, our approach of using wavelength modulated Raman system enabled by a
tunable narrow linewidth laser can remove the strong fluorescent background efficiently and reveal the under-
lying Raman features. To achieve this, the wavelength of the laser is tuned in five steps over a range of 1.5 nm
from 785 nm. At each step, a Raman spectrum with an integration time of 1 s is recorded. As the fluorescence
background does not change over this small wavelength interval, it can be removed with a post-processing algo-
rithm, namely principal component analysis (PCA). This way, the characteristic Raman peak for nanocrystalline

diamond sheet at room temperature can be recovered®?, visualized as a zeros-crossing, at 1331 cm™, as shown
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Figure 2. Optical microscope photographs of the diamond sheet (a) magnification 50x, (b) magnification
100x.
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Figure 3. Raman spectra acquired from the nanocrystalline diamond sheet. (a) Shows a standard Raman
spectrum with a very strong fluorescence background. (b) Shows the wavelength modulated Raman spectrum
with the 1331 cm™ peak. Arrows point at the zero crossings where the peak is and its possible location in the
standard Raman spectrum.

in Fig. 3b. As this dominant band is assigned to the diamond at room temperature, the investigation proved the
successful deposition process resulting in the diamond structure.

Results

This section contains the experimental measurements, which were performed to evaluate the influence of
nanocrystalline diamond sheet attached over ALD ZnO coating. The series of measurements were executed by
increasing the distance between the sensor head and the silver mirror by a fixed increment over 500 pm. The
measurements were performed using the sensor in two configurations: firstly, with only ZnO coating deposited
on the end-face of the fiber, followed by attachment of the NDS and repeating the measurements. The results
for both configurations are presented including comparison between them. Figure 4 shows the representative
spectra, where the intensity of the obtained signal was normalized. The Fabry-Perot cavity length was set to
50 pm, 100 pm, 150 um and 200 um, respectively.

It can be noted from representative spectra that there is a visible signal modulation while changing the cavity
length—the longer the cavity, the greater number of maxima in the investigated wavelength range. This behavior
agrees with our previous findings®’. Figure 5 shows the representative spectra, where the obtained signals for the
measurement head with ZnO coating, as well as ZnO coating and nanocrystalline diamond sheet were compared.
It can be noted that the intensity of the signal is decreasing while applying the nanocrystalline diamond sheet,
which can be observed in Fig. 5. The decrease in the signal intensity does not impact the number of maxima in
the spectrum. This demonstrates that NDS provides protection for the fiber end-face covered with a ZnO coating.

The application of the nanodiamond sheets decreases the signal intensity, but the signal visibility is not
significantly changed.
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Figure 4. Signal obtained for the measurement head with ZnO layer and nanocrystalline diamond sheet. The
Fabry-Perot cavity length was set to: (a) 50 pm, (b) 100 um, (c) 150 pm, (d) 200 um.
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Figure 5. Measurement signals obtained for the measurement head with ZnO coating, and ZnO coating and
nanocrystalline diamond sheet. The Fabry-Perot cavity length was set to: (a) 70 pum, (b) 140 um.
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Cavity length (um) | Visibility for measurement head with ZnO layer and NDS
50 0.690
80 0.844
110 0.947
140 0.979
200 0.921
300 0.767

Table 1. Representative values of visibility for different Fabry-Perot cavity lengths.

The important parameter indicating the contrast of the measurement signal is the visibility value. It can be
described with the following formula (1)*2%

_ Imax — Imin .
" Imax + Imin W
where Imax—maximum value of the signal intensity and Imin—minimum value of the signal intensity.

Table 1 presents values of visibility for measurement head with ZnO layer and nanodiamond sheets for dif-
ferent Fabry-Perot cavity lengths.

Discussion

To date, only several research groups work on the nanocrystalline diamond sheets, focusing on deposition pro-
cess, characterization of such structure and methods to transfer the resulting material onto the target surface®-2.
However, example applications are scarce so far. Bogdanowicz et al. presented the deposition process of a large
area NDS, characterization of its properties and demonstration of potential application. This leads to the develop-
ment of a prototypical, low-temperature diamond-on-graphene transistor?’. Seshan et al. showed the fabrication
process and development of a transfer technique of the obtained diamond sheets with the use of a visco-elastic
stamp. The NDS sheets were then used in the fabrication of mechanical resonators®.

To the best of author’s knowledge, only our research group reports the application of the NDS in the fiber-
optic sensors. The main goal of this study was to investigate the possibility of elaborating a fiber-optic measure-
ment head applying a ZnO coating and the nanocrystalline diamond sheet attached over it as a protection. We
showed that such integration can be performed in a simple way, assuring the correct operation of the inter-
ferometric sensor. Addition of the NDS provides a protective cover while maintaining the sensing abilities
and metrological parameters. Such configuration can extend the lifespan of the sensor and prevent the coating
underneath from degradation in challenging environments.

Further investigation regarding the usage of NDS for fiber-optic measurement heads in chemically aggressive
media is planned. The comparison of measurement head (with and without NDS) metrological parameters after
such experiments, as well as specifying the lifespan difference between them, would be the next step to directly
show the benefits of NDS protection.

Conclusions
In this paper, the fiber-optic measurement head comprising of a single-mode optical fiber, ZnO coating deposited
on its end-face, and with an attached nanocrystalline diamond sheet was performed. The results of the optical
measurements were described. The study proves that a NDS can be applied as a protection of the fiber-optic end-
face. The attachment of the NDS did not influence the sensing abilities of the fiber sensor. This provided protec-
tion for the measurement head, which can be exposed to demanding environmental conditions. Furthermore,
such protection does not influence meteorological parameters of the fiber-optic sensors because even with the
NDS it was able to obtain the visibility of measured signal at the value of 0.979.

On the other hand, maximum visibility can be achieved with a small cavity length at 140 um, which guar-
antees the possibility of using very small samples, which is extremely important for example during biological
measurement and with the use of biological samples.

Methods

Chemical vapor deposition. Nanocrystalline diamond sheets were synthesized in a Microwave Plasma
Enhanced Chemical Vapor Deposition (MW PECVD) reactor with a frequency of 2.45 GHz (SEKI Techno-
tron AX5400S, Japan) on mirror-polished tantalum substrates (Sigma-Aldrich Chemie, thickness 0.025 mm,
99.9% metal base) and attached to the sensor head by employing the Van der Waals force. Prior to growth, the
substrates were ultrasonically abraded for 30 min in a water suspension consisting of nanodiamond particles of
4-7 nm in diameter, followed by ultrasonic cleaning in acetone and 2-propanol. The temperature of the graphite
stage, on which the substrates rested, was kept at 500 °C with a deposition time of 3 h. The microwave power, gas
flow rate, and CHH, molar ratio were 1.1 kW, 300 sccm, and 1%, respectively. The chemical vapor deposition
process pressure was maintained at 50 Torr. The detailed description of the deposition process may be found
elsewhere?®?’.
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Figure 6. Schematic of the experimental setup, where: 1—light source, 2—Optical Spectrum Analyzer, 3—
optical coupler, 4—measurement head.

Figure 7. The nanodiamonds structure deposition on the tantalum substrate.

Fiber-optic interferometer. To verify the sensing parameters of each layer, they were examined in an
experimental setup, presented in Fig. 6.

The configuration of the setup was that of Fabry-Perot operated in a reflective mode. A light source with a
wavelength of 1310+ 10 nm—superluminescent diode (SLD-1310-18-W, FiberLabs Inc., Japan) was chosen to
perform experimental measurements. The light propagated through the optical coupler and the end-face of the
measuring head, and it was reflected of the silver mirror, which was placed directly under the sensor head. The
signal reflected from fiber end-face (in configuration ZnO coating and a diamond sheet) and the mirror super-
pose, resulting in an interference, which can be observed on an Optical Spectrum Analyzer (OSA, AndoAQ6319,
Japan). Obtained interferograms can be then analyzed.

The attachment of the nanocrystalline diamond sheet. To assess the impact of the nanocrystalline
diamond sheet on the obtained signal, NDS was attached over fiber end-face with deposited ZnO. Figure 7 shows
the structure of the nanodiamond deposited on the tantalum substrate.

The procedure of the application of the NDS starts with its delamination from the tantalum substrate. The
deposition process of the diamond structure was designed in such a way, that the resulting NDS shows low
adhesion to the substrate, to ease the process of its release. A scalpel was used to induce stress in the structure in
order to achieve a free-standing diamond sheet. Due to this, a part of the sheet detached from the tantalum in
the form of an irregular flake which can be transferred onto the desired surface. The NDS was placed on a table
of a micromechanical setup, where the fiber-optic measurement head was mounted. The diamond structure was
then positioned centrally beneath the fiber. To attach the diamond structure to the measurement head, the van
der Waals force was employed by slowly decreasing the distance between the structures, using micrometer screw.
The bond was then strengthened by a slight press against the NDS.
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