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ABSTRACT 

Temperature is one of the most important physical quantities. Temperature measurements 

are used in every field of life, especially electronics, electrical engineering, energy-related fields, 

including energy source and storage devices. The goal of this dissertation is to design and optimize 

the microsphere-based fiber-optic sensors construction for measurement of the sensor surrounding 

medium temperature, including  selection of the optical microsphere optimal geometrical 

parameters and selection of the parameters of the ZnO (zinc oxide) coatings deposited by Atomic 

Layer Deposition (ALD) method. A comprehensive state of the art about the significance of 

temperature measurements and measurement methods was performed as well. In the dissertation, 

the fabrication and the characterization of the designed sensors are described. Experimental results 

of the measurements validating a proper operation of the sensors are presented. Applications of 

the microsphere-based fiber-optic sensors, firstly as a device for in situ monitoring of the 

temperature of the supercapacitors and secondly for investigation of the optical and thermal 

properties of the few-layer black phosphorus coating was proposed. 

STRESZCZENIE 

Temperatura jest jedną z najważniejszych wielkości fizycznych. Pomiary temperatury 

są wykonywane w każdej dziedzinie życia, zwłaszcza w elektronice, elektrotechnice, dziedzinach 

związanych z energią, w tym w źródłach energii i urządzeniach magazynujących. Celem rozprawy 

jest zaprojektowanie i optymalizacja konstrukcji mikrosfer światłowodowych do pomiaru 

temperatury otoczenia czujnika, w tym dobór optymalnych parametrów geometrycznych 

mikrosfery optycznej oraz selekcja parametrów warstwy ZnO (tlenek cynku) osadzanej metodą 

powłok atomowych (ALD – Atomic Layer Deposition). Dokonano również kompleksowego przeglądu 

stanu wiedzy na temat znaczenia pomiarów temperatury i metod pomiarowych. W rozprawie 

opisano wytwarzanie i charakterystykę zaprojektowanych czujników. Przedstawiono 

eksperymentalne wyniki pomiarów potwierdzające poprawność działania czujników. 

Zaproponowano przykładowe zastosowania czujników światłowodowych opartych na mikrosferach: 

jako urządzenie do monitorowania temperatury superkondensatorów in situ, a także do badania 

właściwości optycznych i termicznych kilkuwarstwowej powłoki z czarnego fosforu.  
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LIST OF IMPORTANT SYMBOLS AND ABBREVIATIONS 

ZnO – Zinc Oxide 

ALD – Atomic Layer Deposition 

RTD  – Resistive Temperature Detector 

SLD  – Superluminescent Diode 

OSA  – Optical Spectrum Analyzer 

∂φ, Δφ –  phase difference 

∂T, ΔT – temperature difference 

λ – wavelength 

L – cavity length 

β – normalized propagation constant 

α – thermal expansion coefficient 

∂n – refractive index difference 

ΔL – cavity length difference 

P – optical power 

S(v) – spectral distribution of the light source 

n – refractive index 

SEM  – Scanning Electron Microscopy 

STED – Stimulated Emission Depletion microscopy 

S  – sensitivity 

ΔP  – optical power of the reflected signal difference 

usensitivity – sensitivity error 

Stheor  – theoretical fitting sensitivity 

ulinearity  – linearity error 

P  – optical power of the reflected signal 

Ptheor  – theoretical fitting optical power 

δ  – approximation error 

υM  – obtained data 

υR  – linear fit 
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RIU  – Refractive Index Unit 

NDS – Nanocrystalline Diamond Sheet 

FLBP  Few-Layer Black Phosphorus 
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1. INTRODUCTION, THESES 

Temperature is one of the most important physical quantities. Temperature measurements 

are used in every field of life, especially electronics [1], electrical engineering [2], energy related 

fields [3], including energy source and storage devices.  

In electronics, monitoring of the temperature is used to determine the thermal stability of 

the substrate, which can cause deformation and disturb the conductivity of the circuit [4]. It also 

applies during manufacturing of the microelectronic devices. As shown by Schmitz [5] and Mitic et 

al. [6], the deposition temperature of microchips thin films is an important aspect, which can 

negatively influence surrounding layers, when it is improperly chosen and change parameters of the 

device as well as affect the bonding of the circuits.  

Moreover, temperature monitoring and thermal cycling are great ways to bias test either 

blocks of device, devices or even entire systems. By submitting the device to the extreme 

temperatures in the environmental chamber, in which the conditions can be strictly controlled, 

faulty components, design deficiencies, improperly mounted elements and cooling inefficiencies 

can be found, before implementation of the device [7]. One of the examples of using such chamber 

is presented in [8], where it was applied to evaluate the proper operation of the fabricated device. 

Temperature monitoring is also crucial during the soldering and bonding of electronic 

elements. The temperature has to be appropriately selected to the size and the material of the 

soldered object. If it is too high, there is a danger of damaging the element or the substrate, if the 

temperature is too low, the bond can be faulty – either too weak or its conductive parameters 

become impaired. The study on degradation of wire bonded contacts depending on temperature is 

demonstrated by Rongen et al. in [9]. An example of insulated gate bipolar transistor degradation 

depending on temperature is shown by Dagrenne et al. [10]. Furthermore, examination of heating 

of wires and cables may provide information, which in turn improve the safety of the systems and 

their operators. Increased temperature of the wire may indicate an improper connection, 

incorrectly selected diameter or density, as well as ill-suited settings of electrical parameters, such 

as conductivity. Lu et al. [11] demonstrate monitoring of the temperature distribution during high 

frequency induction heating of the titanium wire.  

Temperature measurement is of particular importance in energy source and storage 

devices, e.g., supercapacitors [12] and batteries [13]. By observation of the internal temperature of 

the devices, it is possible to gather knowledge of their internal processes occurring over cycle states 

during repeat charging and discharging [14], as well as the behavior of the components, of which 
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the devices are made off. Depending on the construction, the device may be composed of various 

types of electrolyte, each able to operate within a different temperature range [15]. It can be 

observed in electrode materials and storage mechanisms. In case of an electrolyte, exceeding the 

temperature limit can cause crystallization of the electrolyte and electrochemical processes 

disturbance, which leads to damaging and rapturing of the device [16]. Accumulation of the heat on 

the electrodes may cause degradation of the material, which in turn affects electrolyte. In each case, 

the consequences of overheated device influence charging and discharging cycles and accelerate its 

aging [13]. 

Deviation of the baseline temperature can provide information about defective devices [17], 

which can lead to a better understanding of their operation, which in turn translates to the 

possibility of improvement of the technology. Temperature monitoring allows to take steps 

necessary to cease the function of the devices, in cases when their internal temperature exceeds 

the critical limit of operation. A situation like that can potentially lead to damaging of the device, 

melting of elements, starting a fire or explosion. Preventive actions, such as optimization of 

operating conditions results in the increased safety of the operators as well as equipment, extended 

lifetime of the devices and reduced costs of operation. 

In this work the research related to microsphere-based fiber-optic sensors with a zinc oxide 

(ZnO) coating applied using Atomic Layer Deposition (ALD) method is described. The design of the 

sensors, the fabrication process, their modification and its influence on the metrological parameters 

of the sensor are included in the dissertation. The main research and engineering tasks that have 

been established in this work consist of the following steps: 

• design and optimization of the microsphere-based fiber-optic sensors construction for 

measurement of the temperature of the sensor surrounding medium: 

o selection of the optical microsphere optimal geometrical parameters, 

o selection of the parameters of the ZnO coatings deposited by ALD method; 

• fabrication and characterization of the fiber-optic sensors integrating of the optical 

microsphere with ZnO ALD coatings, 

• application of the designed sensors with modified parameters of microsphere geometry 

and coating for measurements of the temperature. 

Based on the extensive theoretical analysis and preliminary experimental results, it has been 

assumed that application of the ZnO ALD coating of optimal parameters, on the surface of an optical 
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microsphere would allow to create an intensity-modulated fiber-optic sensor for measurement of 

the temperature. Simultaneously, the microsphere would make monitoring of sensor structure 

integrity possible. 

Consequently, the following theses have been formulated: 

T1:  Deposition of the nanocoatings on the surface of an optical microsphere integrated with a 

fiber-optic sensor allows to perform temperature measurements. 

T2:  Application of optical microspheres of a certain geometry, allows to identify the damage 

sustained by the sensor during measurement execution. 

In order to verify theses, considerable research and engineering tasks have been executed. 

Performed tasks included, among others, the development and optimization of the microsphere-

based sensors with ALD ZnO coating, the establishment of the research methods and instruments, 

analysis and interpretation of obtained data. Acquired results were presented in 6 publications in 

international journals (5 in JCR) – in 4 of them as a first author – and during scientific conferences.  

In chapter 1, the significance of the temperature measurements in electronics, electric and 

energy related fields as well as the dissertation goals and theses are presented. In chapter 2 

temperature measurement methods are described, including comprehensive literature review in 

regard of fiber-optic and non-fiber-optic temperature sensing. Presented methods are accompanied 

by examples of their utilization. Methods of optimization of the fiber-optic sensors are also 

demonstrated in this chapter.  

In chapter 3 the design, fabrication and characterization of the intensity-modulated 

microsphere-based fiber-optic sensors are described. The principle of the operation of the sensor is 

presented as well as the general experimental setup, used to validate the proper functioning of the 

sensors. The chapter also discusses challenges the author encountered during the fabrication of the 

optical microspheres. In the following chapter results of the preliminary research of temperature 

measurements using microsphere-based sensors with ZnO ALD with both optical power and spectral 

shift analysis are shown (chapter 4). In chapter 5, applications of the designed microsphere-based 

sensors are presented. Firstly, as an in situ device for temperature monitoring of the 

supercapacitors. Secondly, as a method for measurement of optical and thermal properties of 

nanomaterials.  

Towards the end of the dissertation, in chapter 6, a discussion about the metrological 

parameters of the temperature sensors is presented. A comparative study of the designed 
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microsphere-based fiber-optic sensors with the temperature sensors presented during the last few 

years in the literature is also included. 

The dissertation is concluded in chapter 7, followed by the list of published papers, which 

are the most related to the discussed research (chapter 8) and the list of references cited in this 

work. 
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2. TEMPERATURE MEASUREMENT METHODS 

Given the significance of temperature monitoring, there are many methods for its 

measurement, each designed to best serve investigated subject. Based on their principle of 

operation, several basic types of devices can be listed. 

Thermocouples are the type of temperature measuring devices, which provide mean 

temperature measurement at the point of their contact with a measured object. The changes in 

temperature are indicated by the changes in voltage [18]. Therefore, they should not be used in 

environments sensitive to electric surges. Moreover, thermocouples are highly sensitive to the 

changes in temperature and have to be completely immersed in the measured medium, otherwise, 

environmental factors have a substantial influence on the measurement results, increasing their 

uncertainties [19]. The miniaturization trend causes the technology of the devices to be constantly 

improved. Several new solutions in recent years allowed the development of the thermocouple 

fabricated from thin films, screen printed silver-nickel thermocouple [20], micro-thermocouple [21]. 

In the paper [22], Tang et al. describe a real-time measurement of the proton exchange membrane 

fuel cell with a thermocouple repeatability of about 4% and high linearity, R2 of 0.99. 

Resistive Temperature Detector (RTDs) is another contact type sensor, which principle of 

operation is based on the Seebek effect [23]. This device shows the shift in temperature based on 

resistance changes [24]. Whereas in thermocouples, the dependence of temperature on measured 

parameters variation is not specified, the dependence in RTDs is linear [25]. Hence, the RTDs are 

characterized by high linearity and stability. And while those devices can also operate in a wide 

temperature range, their production cost is higher, and the response time is slower than that of a 

thermocouple. Even so, during recent years, RTDs found application as a diagnostic tool, providing 

solutions to challenging tasks. The authors [26] explain the role of RTD to deal with obstacles during 

the melting of metals. The utilized meter was operating up to 640°C. Furthermore, Jemaa et al. 

present the application of the RTD sensor chip for maintaining thermal uniformity during 

thermocompression bonding process [27]. 

Infrared sensors are contactless devices, which detect infrared radiation of the object [17]. 

The accuracy of this method is dependent on numerous factors, like the distance of the device from 

the investigated object or atmospheric conditions, including humidity. At times it is advantageous 

to perform measurements without having to embed the sensor in the measured medium. Infrared 

sensing provides the results gathered at the surface of the object, so the accuracy can substantially 

deviate from the element contained underneath it. Additionally, the material of which the surface 
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is made of can influence the measurement. Current research related to infrared temperature 

measurements focuses mostly on improvements of device parameters by modifying the algorithms 

responsible for data processing [28], or their optimization to reduce manufacturing costs [29] and 

allowing for easier and wider availability [30]. Infrared thermography can be used, among others, 

for medical applications, for example to detect an illness based on abnormal body temperature [31]. 

Among all the methods of temperature measurement, fiber-optic sensing techniques are 

especially worth mentioning. Fiber-optic sensors are optoelectronics devices, which because of their 

advantages, such as: small size, compact construction, resistance to external influences, i.e., 

electromagnetic interference [32], are constantly developed and redesigned. They are used for 

measurements of various physical quantities, such as: temperature [33], pressure [34], vibration 

[35]. Furthermore, their structure allows to use them in places, in which common electric sensors 

cannot be inset, e.g.: remote [36] and hard to access locations, hazardous, potentially explosive 

areas (ATEX directives) [37], places endangered by fire, severe climatic and corrosive conditions [38]. 

In general, fiber-optic temperature sensors may be divided into few categories: point, quasi-

distributed, distributed sensors [39,40]. Classification of the sensors based on sensing area 

distribution is presented in Figure 2.1. 

 

 Classification of the fiber-optic sensors according to the distribution of sensing area, where: a) point 
sensor, b) quasi-distributed sensor, c) distributed sensor. 

Quasi-distributed sensors are mostly based on the Fiber Bragg Gratings [41,42]. The grating 

pattern, of a different refractive index than the rest of the core, is embedded into the fiber. During 

the measurements, incident light propagates through the grating, part of the spectrum (Bragg 
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wavelength) is reflected back and the rest is transmitted. Increased temperature affects the 

structure of the fiber, causing alterations in the interface of core-grating, therefore providing 

information about changing temperature, by observing a shift in the Bragg wavelength. The 

principle of operation of the Fiber Bragg Grating sensor is presented in Figure 2.2. 

 

 Principle of operation of the Fiber Bragg Gratings sensors, where: T – temperature. 

The grating can be imprinted multiple times over the entire length of the fiber, which is a 

basis of quasi-distributed sensing [43]. Fiber Bragg gratings can also be used for simultaneous 

measurement of multiple parameters, such as: temperature and strain, as it is presented by Gao et 

al. [44], They demonstrated the capabilities of such sensor, using different sensitivities for each 

parameter. Fiber Bragg grating temperature sensors can be used in a variety of applications via 

additional modifications, including deposition of a coating, which provides a protective layer for the 

Bragg grating; altered structure of the fiber or packaging preventing or delaying the occurrence of 

unwanted phenomena [45–47]. Not all quasi-distributed sensors are constructed from Fiber Bragg 

Gratings. Kim et al. propose using a V-grooved single-mode fiber along with optical time domain 

reflectometry [48]. Quasi-distributed sensors are used for instance, for down-hole monitoring. Zhou 

et al. [49] present a sensor with a resolution of 0.06% and long-term stability of 0.11%. 

The principle of operation of the distributed sensors is based on the scattering phenomena 

and allows to simultaneously measure the continuous temperature profile along utilized fiber [50]. 

Part of the incident light, which propagates through an optical fiber, is absorbed and reemitted in 

directions varying from the one of incident radiation. The change of direction is accompanied by the 

change of wavelength. Depending on the wavelength of the scattered light, three types of scattering 

can be noted: Raman Scattering, Brillouin Scattering and Rayleigh Backscattering.  
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 Light scattering spectrum during distributed temperature sensing. 

The reasons behind Raman scattering are rotational and vibrational molecular transitions 

based on the energy states of photons. The light is scattered at wavelengths higher and lower (called 

Stokes and Anti-Stokes components, respectively) than the original one and they occur 

symmetrically on both sides of a central wavelength, which is presented Figure 2.3. In case of Raman 

scattering, during the temperature measurement, the lower wavelengths serve as a direct sensing 

mechanism. While the position of the peak is constant, the amplitude changes with the 

temperature, whereas the higher wavelengths remain unaffected [51,52]. Calculation of the ratio 

of Stokes to Anti-Stokes components allows to determine the local temperature of the measured 

medium. Distributed Raman Temperature Sensors [53] are used for long-distance measurements, 

especially civil engineering structures and industrial facilities [54–56], for example, tunnel fire 

detection as it is presented by Yan et al. [57]. The authors used distributed Raman Temperature 

Sensor for monitoring of the tunnel temperature at a distance of about 18 km. In the paper, a 

method for improvement of the sensor accuracy from 7°C to 1.9°C is also presented.  

Brillouin scattering also appears in the form of the symmetrical peaks on both sides of the 

original wavelength, but their location is relative and acts as a sensing mechanism. Wavelength shift 

directly correlates to the temperature change. It is caused by the vibration excitation of a lattice of 

atoms. Similarly to distributed Raman temperature sensors, Brillouin Distributed Temperature 

Sensors are utilized for a long-distance applications. In [58], the author reviews current 

advancements in the distributed Brillouin sensing techniques and improvements upon spatial 

resolution of a conventional method – 2 m at the end of 100 km sensing fiber. Various designs are 

used for enhanced temperature sensing. Rossi et al. [59] present utilization of Brillouin ring laser to 
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decrease relative intensity noise, therefore improving temperature resolution up to 5.5 dB over 

traditional design. Moreover, constructions of the sensing system vary to implement different types 

of fibers in order to increase its metrological parameters. One of such improvements is described 

by Zhang et al. in [60]. The authors used large effective area fiber to achieve decreased 

measurement uncertainties up to 0.4°C.  

If the wavelength of the backscattered signal is equal to this of the incident light, the 

Rayleigh scattering occurs, due to elastically scattered photons. This kind of scattering is quite 

restrictive when it comes to temperature sensing. Contrary to the Raman and Brillouin scattering, 

Rayleigh scattering is not directly dependent on temperature changes, therefore this method is not 

ideal for temperature measurements [61]. There are solutions, to improve the Rayleigh scattering 

temperature sensing, but it requires the use of specialty fibers or modification of the fiber, as is 

presented in [62–64]. Unfortunately, despite achieving decent metrological parameters, the 

modifications of the method also result in increased cost of production. 

The point method of fiber-optic temperature measurement consists of interferometric 

sensors. Several types of such sensors can be noted: Mach-Zender, Michelson, Sagnac and Fabry-

Pérot. Detailed descriptions and applications of each type of sensor can be found in numerous 

reviews e.g., [65,66]. In Mach-Zehnder interferometer sensors, incident light propagates through a 

splitter, where it is separated into two arms. One of them acts as a reference and the signal traveling 

through it remains unaffected throughout the measurements. The other – a sensing arm – is 

influenced by the changes in the measured medium (i.e., temperature). The signals from both arms 

are then combined, creating interference dependent on the optical path difference [67]. The optical 

path of the reference arm is always constant, while the path of the sensing arm varies according to 

the introduced changes, therefore influencing the optical path difference and resulting interference 

signal. The principle of operation of the Mach-Zehnder interferometric sensor is presented in Figure 

2.4. 
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 Principle of operation of Mach-Zehnder interferometer sensor, where: a) fiber-optic configuration, 
b) in-line waveguide scheme, where: T - temperature 

Over time, progressing miniaturization forced the conversion of two separate arms into an 

in-line waveguide scheme. Such construction for high-temperature measurements was 

demonstrated by Jiang et al. [68], while Geng et al. [69] propose different configuration of the 

sensor. Both solutions are high-sensitivity sensors of 70pm/°C and 109pm/°C, respectively. 

The principle of operation of the Michelson Interferometer sensor is also based on an 

incident light, which is split into two paths. At the end of the path, there is a reflective surface 

redirecting the beams back onto the same splitter they were separated at. The output interference 

is a difference of the two optical paths recombined [70]. Michelson interferometer principle of the 

operation is presented in Figure 2.5. 

 

 Principle of operation of Michelson interferometer sensor, where: T – temperature, M1, M2 – 
reflective surfaces. 

Similarly to Mach-Zehnder interferometer, one of the paths serves as a reference, while the 

other is subjected to the changes in the investigated medium. In case of Michelson interferometer 

sensors, new constructions are still developed and improved upon. This year alone, Zhao et al. [71] 
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demonstrated an ultrasensitive Michelson temperature sensor with a sensitivity of 78.984 nm/°C. 

Han et al. [72] used an array of microspheres to fabricate the sensor with a sensitivity of 166 pm/°C. 

The principle of operation of the Sagnac interferometer sensor is based on a loop made of 

an optical fiber. The incident light is split at the beginning of the loop and it is propagated along one 

path, in opposite directions. Split beams are of a different polarization [73]. After traversing the 

length of the loop, the beams are recombined and superposed, creating interference. The operation 

principle is illustrated in Figure 2.6. 

 

 Principle of operation of Sagnac interferometer sensor, where: T – temperature. 

Sagnac interferometers are often fabricated from specialty fibers, like: photonic crystal 

fibers [74], polarization-maintaining fibers [75]. The sensors have some more limitations than the 

other interferometers, because of space, which the loop takes. The high sensitivities of Sagnac 

interferometers are still obtainable. Sagnac temperature sensor presented in [76] reached a 

sensitivity of 79.2 nm/°C. 

Fabry-Pérot interferometer sensors, consist of at least two reflective surfaces, positioned in 

parallel, with a cavity maintained between them [77]. A wave, which propagates along an optical 

fiber is in part reflected on the surface, while the rest is transmitted through. Multiple 

superpositions of reflected and transmitted components of the wave in the cavity create an 

interferometric signal. The principle of operation of the Fabry-Pérot sensor is presented in Figure 

2.7. 

 

 Principle of operation of Fabry-Pérot sensor, where: M1, M2 – deposited reflective surfaces. 
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Modification of any element of the Fabry-Pérot construction (reflective surface, utilized 

fiber, cavity), allows to easily adjust measurement method and optimize metrological parameters 

to the desired application. Because of its simplicity and relatively low manufacturing cost, Fabry-

Pérot temperature sensors are still actively and rapidly developed. From increasing temperature 

tolerance up to 1000°C, like proposed by Zhu et al. [78], to modification of cavity in order to improve 

sensor sensitivity, presented by Chen et al. [79] – 2.7 nm/°C, the sensors find many applications, 

including harsh environmental conditions or high temperatures [80,81]. 

The optimal design of the fiber-optic sensor is crucial when planning measurements. Based 

on the intended application of the device, the construction of the sensor has to be carefully thought 

out. Each individual case should be fine-tuned to obtain the best suited parameters. Depending on 

the allocation of the sensor and the surrounding medium properties, the device may be inadequate 

for its purpose. There are several ways, in which the fiber-optic sensors can be optimized: 

• physical phenomena, 

• selection of the type of the fiber, 

• modification of the sensor head structure, 

• deposition of the coating, 

• method of deposition of selected material 

The design of the sensor should begin with deciding which physical phenomena will be the 

basis of its operation. The selection of components for the construction of the sensing system or 

their modification depends on whether the interference, light scattering, Whispering Mode Gallery 

or any other phenomenon, will be used. For each phenomenon, the set of unique requirements, 

have to be fulfilled. 

The selection of the right type of an optical fiber is already a huge step toward the 

optimization of a sensor. Specialty fibers help amplify their optical parameters, stabilize specific 

parameter or provide protection against harsh operation environment. There are many types of 

specialty fibers and depending on their application, they can enhance one or more parameters of 

the fiber-optic temperature sensor. Some of the fibers can be doped with rare earth elements. Wang 

et al. [82] investigate the noise figure characteristic of temperature-dependent bismuth-doped 

fibers. Then there are photonic crystal fibers, which allow to confine light in the hollow core areas 

of the fiber. They were used to increase the sensitivity of the temperature sensor by Wang et al. 

[83]. Sensors based on hollow-core can provide a wider range of measured temperature, which is 
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demonstrated by Zhang et al. [84]. Standard telecommunication fibers have advantages on their 

own. Because they are extensively used, they are easily accessible, therefore do not necessitate any 

specialty accessories, while on the other hand, they provide numerous possibilities of 

customization. Polarization maintaining fibers are often applied in Brillouin scattering sensors to 

limit measurement errors [85,86]. 

The metrological properties of the sensor can be optimized by selecting the geometry of its 

measuring head. Advancements in technology and fabrication techniques allow to obtain a 

multitude of fiber-optic structures. Laser splicing system and fusion splicing allow to modify the 

structure under the influence of laser or electrodes as a heat source, respectively [87,88]. 

Femtosecond lasers enable microstructuring and micropatterning of the optical fibers, both on the 

end-face and the length of the fiber [89–91]. Chemical etching is used to remove or modify the 

cladding of the fiber and to decrease its core [92,93]. Techniques can also be combined to obtain 

more complex structures [94,95].  

Using modern techniques, a variety of structures can be fabricated. Each of them can be 

fabricated in multiple ways and used in system configurations of various complexity. The majority 

of them operate as a resonator, based on Whispering Mode Gallery phenomenon. A signal from a 

high-coherence light source (e.g., tunable laser) is propagated into an optical microstructure in 

order to excite a resonance within the structure. This measurement method often requires 

additional fiber acting as a probe or a waveguide to deliver optical radiation. Examples of utilizing 

microstructures for temperature sensing are widely presented in the literature. Ma et al. [96] 

describe the performance of the microdsk optical resonator used for simultaneous measurement of 

both refractive index and temperature, while Luo et al. [97] present a lithium niobate resonator for 

self-reference sensing. Microrings are used in a similar manner. As shown by Wang et al. [98] the 

device utilizes thermal properties of nematic liquid crystal, which is incorporated as a cladding, and 

during alteration to the ambient temperature the refractive index of nematic liquid crystal changes, 

therefore shifting the resonance wavelength. Another kind of the fiber-optic structures are tapers. 

Mainly, they serve as a coupling mechanism between other microstructures and a light source, as it 

is presented in [99,100]. They can operate on their own as well. Kou et al. [101] demonstrate 

tapered optical fiber with microcavity etched near the tip, which acts as a Fabry-Pérot modal 

interferometer.  

Optical microspheres constitute a large portion of the structures used for temperature 

sensing. They are fabricated in various forms. Microspheres can also be used as a microresonator, 
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coupled through a separate taper with a high-coherent light source, as it is demonstrated by 

Rahman [102]. They can be fabricated in the middle of the fiber and act as an interferometer. Such 

a solution is presented by Tan et al. in [103] or by Zhang et al. in [104]. Other solutions can also be 

found. The review on microsphere geometries was written by Gomes et al. [105], where the authors 

consider multiple optimization techniques of the sensor and propose an application of microsphere 

array. Although the fiber-optic sensors with microspheres occur in a variety of forms and 

applications, none of those presented in the literature are capable of simultaneous monitoring of 

the integrity of their structure. 

Measurement properties of the sensor can be enhanced by applying a coating to the 

measuring area of the device. The coatings consist of a variety of materials, which can be deposited 

in different forms. There are many reasons, why applying an additional layer may be beneficial 

during the designing of the sensor. While selecting the suitable material, its properties, as well as 

compatibility with a measured medium should be considered. It is also important to evaluate 

whether the material has to be prepared for the deposition purpose and if it will dissolve due to 

processes occurring during measurements, i.e., chemical process, electric charge. Based on their 

properties, they are used for specific applications. For example, strontium titanate (SrTiO3) coating, 

deposited by pulse laser technique was used by Cheng et al. [45] to enhance sensitivity range and 

decrease system noise. Mishra et al. [106] consider coatings of different metals, including copper, 

lead and aluminum. Because each of the materials differs in thermal expansion coefficient, 

therefore shifting transmission point as a function of wavelength, which in turn allows to tune the 

sensor for a specific application. 

The deposition method is an important part of the design of a sensing device. The selection 

of improper deposition method can damage the substrate or deposited material. When choosing 

the method, the material of which the substrate is made, must be taken under consideration, to 

ensure deposition of stable and uniform coating. Whether the materials are deposited by dip-

coating method [107], Atomic Layer Deposition [108] or magnetron sputtering [109], the coatings 

adopt different geometry, shading and uniformity [110]. Furthermore, deposition of the same 

material by a variety of methods may influence the material to exhibit different behavior in contact 

with a measured medium. 
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3. MICROSPHERE-BASED FIBER-OPTIC SENSORS 

In this chapter the design, fabrication, characterization and the principle of operation of the 

microsphere-based fiber-optic sensors are described. The sensor was developed at the end of a 

standard, telecommunication optical fiber as an integrated structure. The optical microsphere was 

formed using an optical fiber fusion splicer. Subjecting the fiber to the electric arc of the fusion 

splicer incites melting in the exposed part. The surface tension of the liquid glass in combination 

with performing a pulling motion causes the end-face of the fiber to form spherical shape. The 

process enables the development of the structure exhibiting a boundary between the core and the 

cladding, each of different refractive index. Parameters of the obtained microsphere, e.g., size or 

shape may be modified by adjusting the type of utilized fiber, process type, number of pulls, their 

fusion current and time as well as prefuse current and time. The design of the presented sensor was 

based on a standard telecommunication optical fiber. Their accessibility makes them ideal for a wide 

range of applications, lowering the cost of production and ease of replacement in case of sensor 

damage or failure. 

Preparation, characterization and principle of operation of the proposed microsphere-

based fiber-optic sensors were presented in the following papers: 

• publication [PL1], titled “Preparation and Characterization of Microsphere ZnO ALD 

Coating Dedicated for the Fiber-Optic Refractive Index Sensor”, describes a 

manufacturing method of a fiber-optic sensor, as well as characterization of the sensor 

head without coating and with a ZnO ALD coating of 200 nm thickness. The author’s 

contribution during the research included conceiving, designing and performing the 

experiments, formal analysis of the experimental results, writing of the original draft of 

the manuscript. 

• publication [PL2] titled “ZnO coated fiber optic microsphere sensor for the enhanced 

refractive index sensing”, describes fabrication and characterization of the microsphere-

based fiber-optic sensor with ZnO ALD coatings of 50 nm and 100 nm thickness and the 

analysis of the results obtained from an experimental investigation of the refractive 

index The author’s contribution during the research included conceiving, designing and 

performing the experiments, formal analysis of the experimental results, writing of the 

original draft of the manuscript. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

22 

 

Generally, the microsphere-based fiber-optic sensor is used in an experimental setup 

consisting of a broadband light source, an optical coupler and a detector. A schematic of such a 

system is presented in Figure 3.1. 

 

 

 Schematic of an experimental setup for validation of a microsphere-based fiber-optic sensor, 
where: 1 – broadband light source (SLD), 2 – Optical Spectrum Analyzer, 3 – optical coupler, 4 – microsphere-
based fiber-optic sensor 

The broadband light source – superluminescent diode (SLD) – generates the signal, which is 

propagated through an optical coupler to the sensor where it is reflected to the Optical Signal 

Analyzer (OSA). Obtained data is then gathered, processed and analyzed using a data analysis and 

graphing software. Low-coherence interferometry is a measurement method, which benefits from 

high sensitivity [111], high stability and reduced coherent noise, and high resolution [112]. 

Application of the low-coherence interferometry provides absolute measurements [113]. 

The microsphere-based fiber-optic sensor is composed of two spheres – the inner sphere is 

made out of fiber’s core and is embedded in the outer sphere, made out of fiber’s cladding. When 

a signal reaches a sensor, part of it is reflected from the boundary of the optical fiber core and 

cladding, while the rest is transmitted through and reflects from the interface between the cladding 

and the investigated medium, surrounding the sensor. As a result, reflected waves superpose 

exciting interference. The principle of operation of the microsphere-based fiber-optic sensor is 

shown in Figure 3.2. 
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 Principle of operation of the microsphere-based fiber-optic sensor. 

The reflection obtained on the core-cladding boundary is always constant, while the 

reflection on the surface of the microsphere is highly dependent on the properties of an examined 

medium. 

While designing fiber-optic sensors for temperature measurements it is important to 

consider how the changing temperature will affect the stability of the sensor parameters, i.e.: signal 

phase, refractive index of the fiber material, birefringence and thermal expansion of the fiber. To 

preserve the stability of birefringence, all utilized light sources are equipped with polarization-

insensitive fiber-optic isolators, whereas the total length of the optical fiber in the measurement 

system makes polarization influence negligible. The table with parameters of the light sources, used 

during the research is presented below (Table 3.1). 

Table 3.1. Parameters of light sources utilized during research. 

Light source FiberLabs SLD-1310-18-
W 

Superlum S1300-G-I-
20 

ThorLabs SLD830S-
A20 

Central wavelength (λ) 
[nm] 

1310 1290 830 

Spectrum width [nm] 52 50 50 

Total output power [mW] 18 20 22 

 

Considering the change of phase with temperature, it can be described by the following 

formula (3.1) [114]: 

 𝜕ϕ

𝜕𝑇
=

2𝜋

𝜆
[
𝐿𝜕𝛽

𝜕𝑇
+ 𝛽

𝜕𝐿

𝜕𝑇
] =

2𝜋𝐿

𝜆
[
𝜕𝛽

𝜕𝑇
+ 𝛽𝛼] (3.1) 
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where: 𝜕ϕ – phase difference, 𝜕𝑇 – temperature difference, λ – wavelength, L – cavity 

length, 𝛽 – normalized propagation constant, 𝛼 - thermal expansion coefficient. 

𝜕𝛽

𝜕𝑇
 can be approximated as the change in the refractive index with temperature, which for 

silica 
𝜕𝑛

𝜕𝑇
= 9.7 ∗ 10−6/°𝐶. 

Theoretical calculations were performed to estimate the sensitivity of the clean, uncoated 

microsphere-based sensor to the temperature. Because the sensor would not have an additional 

layer, it would not be able to exploit any thermal properties except its own thermal expansion 

coefficient, which is defined as a gain ratio of the material over its initial length. For the purpose of 

the calculations, the thermal expansion coefficient of pure silica was assumed – 4.1 ∗ 10−7/°𝐶 at 

20°C [115]. Therefore, the following formula (3.2) was utilized [116]: 

 
𝛼 =

∆𝐿

𝐿∆𝑇
 (3.2) 

where: ΔL – cavity length difference, L – initial cavity length, ΔT – temperature difference. 

Based on the formula, for an optical microsphere with a diameter of 250 µm, the gain of 

length is equal to 102.5 pm/°C. Considering the temperature range of 275°C – the range of the 

performed experiment – the total expansion of the microsphere is 28.1 nm. Given the rate of 

expansion of the uncoated structure, it was concluded, the sensor has to be coated with an 

additional layer to obtain satisfactory results.  

The output signal of the fiber-optic sensor measured by Optical Signal Analyzer is influenced 

by effects of the temperature on parameters of the coating, such as the thermal expansion of the 

coating and its change of the refractive index. The parameters of the OSA used during research is 

presented are Table 3.2. 

Table 3.2. Parameters of Optical Spectrum Analyzer – Ando AQ6319 

Optical Spectrum Analyzer Ando AQ6319 

Measurement wavelength range [nm] 600 to 1700 

Wavelength accuracy [pm] ±50pm (Full range, after calibration with built-in 
source) 

Resolution bandwidth [nm] 0.01, 0.02, 0.05, 0.1, 0.2, 0.5 and 1 

Maximum input power [dBm] 23 

Sweep time 3 sec. (any 100nm, SMPL.: 1001, SENS.: HIGH 1)* 

• *For wavelength resolution 0.2nm 
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During the design of the microsphere-based fiber-optic sensor, zinc oxide coating was 

chosen, due to its optical properties, numerous deposition techniques and applicability for a broad 

range of sensing devices. Zinc oxide nanomaterials have a thermal expansion coefficient greater by 

two orders of magnitude over pure silica – about 4.7 ∗ 10−5/°𝐶 [117]. The exact value is dependent 

on the method of its deposition. Moreover, while the temperature increases the refractive index of 

the ZnO coating also increases [118]. A similar situation occurs with the growth of coating thickness 

[119]. Taking it into consideration, the optical power density change can be calculated, according to 

the change difference formula (3.3) [120]: 

 𝑃 = 𝑆(𝜈)𝑐𝑜𝑠(𝛥𝜙) (3.3) 

where: P – optical power density, S(v) – spectral distribution of the light source, 𝛥𝜙 – change 

of phase, 

while 𝛥𝜙 is expressed by (3.4): 

 
𝛥𝜙 =  2𝜋 ∗

nΔ𝐿

𝜆
 (3.4) 

where: n – refractive index. 

Based on the presented formula, it can be concluded, the optical power of the reflected 

signal increases, the more the refractive index grows. 

 Fabrication of the microsphere-based fiber -optic sensor 

While opting to implement an optical microsphere into the fiber-optic sensor, the goal is to 

create a clean and perfectly round structure, which would allow for highly precise results. By paying 

close attention to all details during a manufacture of a microsphere, the sensors will be 

reproducible, which translates to an easy modification to tune them to the selected measurements.  

In the quest for a perfect microsphere, there are many obstacles along the way. It is 

important to pay attention to every element to ensure the production of the best microstructure 

possible. 

During the process of manufacturing an optical microsphere on the end-face of the fiber, 

there are a lot of issues, that can occur, including: 

• deformity of the microsphere,  

• offset between the center of a microsphere and the core of a fiber, 

• obtaining an inconsistent diameter of the microsphere, 

• damage to the inner structure integrity, 

• appearance of defects in the material structure, 
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• improper application of the coating. 

Each of the mentioned issues introduces uncertainty on its own. However, any combination 

of those cases invalidates the measurements completely. 

The most common problem during the manufacturing of the microsphere, visible at first 

glance, is obtaining the structure, which will be round and centered vis-á-vis the fiber propagating 

the signal. Each deformity, whether it is an elongation of the microsphere or a gravitational drop, 

like the ones shown in Figure 3.3, causes a considerable alteration of an optical spectrum. The image 

was obtained by an optical microscope (Olympus CX31, Japan). 

 

 Elongation or offset of the microsphere during manufacturing are the easiest mistakes to spot. 

Secondly, obtaining a selected diameter of the microsphere is of utmost importance. One 

of the features of microsphere-based fiber-optic sensors is the presence of an intrinsic fixed cavity. 

Changing the diameter of the microstructure influences the length of the cavity, therefore utilizing 

a microsphere of diameter varying from the one specifically selected, results in obtaining a spectrum 

of the measured signals vastly different than expected which in turn causes erroneous data analysis. 

In Figure 3.4, microspheres with 253 µm and 477 µm in diameter are presented, including their 

cavity length, where L1≠L2. 
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a) b) 

 Altering the diameter of the microsphere results in changing of cavity dimensions. Example of a 
variety of microspheres: a) 253 µm and b) 477 µm. L1, L2 – cavity lengths. 

Another issue shown in Figure 3.5 is the preservation of the inner structure of the 

microsphere. It can be observed, the core of a fiber was disturbed during production. A microsphere 

made of a core of an optical fiber was detached, which resulted in the rest of the core to form a 

taper. Figure 3.5 and Figure 3.6 were obtained by a Stimulated Emission Depletion microscopy (Leica 

TCS SP8 STED, Germany). 

 
 

a) b) 

 Impaired inner structure integrity of the microsphere: a) STED microscopy image, b) schematic 
explanation of the issue. 

Magnification of the microsphere surface, presented in Figure 3.6, shows damage to the 

fiber structure. Parameters of the splicer during the production of the microspheres were 
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improperly set, therefore causing the emergence of air bubbles within the material of an optical 

fiber. Such damage distorts the signal during measurement. 

 

 Magnification of the microsphere surface with affected material structure. 

The coating was applied to the surface of the microsphere by Atomic Layer Deposition 

method. This technology is used to synthesize thin films on challenging substrates, e.g., optical fibers 

and is extremely controllable in respect to the thickness of the coating. Depending on the number 

of deposition cycles, the thickness of the coating can be estimated. ALD method is also ideal for 

deposition on uneven or curved surfaces, because it allows to apply a uniform coating on the entire 

sample. 

Besides the quality and geometry of the optical microsphere, the metrological parameters 

of the sensor are dependent on the quality of the ZnO ALD coating. The thickness of the coatings 

was calculated and because of the limited resources, their deposition was commissioned to the 

Institut Européen des Membranes in Montpellier (France). Each fabricated sensor was subjected to 

the characterization using Scanning Electron Microscopy (SEM, FEI S50, Hillsboro, OR, USA) to verify 

the accuracy of the geometrical design as well as the topography and morphology of the deposited 

ZnO coating. SEM images of uncoated sensor and sensors with 50 nm, 100 nm and 200 nm ZnO ALD 

coatings were included in Figure 3.7. The images were taken with 500x magnification. 
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a) b) 

  
c) d) 

 SEM images of designed microsphere-based fiber-optic sensors with their respective ZnO ALD 
coatings: a) uncoated, b) 50 nm, c) 100 nm, d) 200nm 

As can be observed all presented sensors demonstrate consistent spherical shape. 

Moreover, the coating is visible on the surface of the sensor’s structure. Images seen in Figure 3.7. 

indicate high repeatability of the fabrication process of the sensor. 
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4. MICROSPHERE-BASED SENSOR FOR TEMPERATURE MEASUREMENTS 

In order to validate a microsphere-based fiber-optic sensor, temperature measurements 

were performed. The investigation was executed using the sensors with a coating thickness of 100 

nm and 200 nm. The setup was following the general configuration for this sensor and it is presented 

in Figure 4.1. 

 

 The experimental setup for temperature measurements, where: 1 – SLD light source, 2 – OSA, 
3 – optical coupler, 4 – temperature calibrator. 

The light source used in this setup had a central wavelength of 1310 nm ±10 nm (SLD-1310-

18-W, FiberLabs Inc., Fujimino, Japan). The microsphere-based fiber-optic sensor was placed in the 

temperature calibrator (ETC-400A, Ametek, Berwyn, PA, USA) during the measurements. While 

adjusting the temperature in a range of 100°C - 300°C, the reflected signal was observed on the 

Optical Spectrum Analyzer with an increase of every 10°C. While the temperature was measured in 

the 100°C to 300°C, the working range is limited by operating temperature of the utilized fiber, as 

well as that of the coating. The latter depends on parameters of the selected material and its 

deposition method. The measurements exploited the thermal properties of a ZnO ALD coating, 

which allowed to observe spectral changes while the temperature was being adjusted. 

Experimental results of the microsphere-based fiber-optic sensor for temperature 

measurements are included in the following publications: 

• publication [PL3], titled “ZnO ALD-Coated Microsphere-Based Sensors for Temperature 

Measurements”, demonstrates experimental results of the temperature measured in 

the range of 100°C - 300°C using a microsphere-based fiber-optic sensor with a 200 nm 

ZnO ALD coating. The author’s contribution during the research included conceiving, 
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designing and performing the experiments, formal analysis of the experimental results, 

writing of the original draft of the manuscript. 

• publication [PL4] titled “Temperature Fiber-Optic Sensor with ZnO ALD Coating”, 

demonstrates experimental results of the temperature measured in the range of 100°C 

to 300°C using a microsphere-based fiber-optic sensor with a 100 nm ZnO ALD coating. 

The author’s contribution during the research included conceiving, designing and 

performing the experiments, formal analysis of the experimental results, writing of the 

original draft of the manuscript. 

The datasets obtained during the research are available in the MOST Wiedzy repository, 

Open Research Data - Measurement spectrum obtained with the use of ALD coated microsphere-

based fiber-optic sensor. In subsection 4.1, the optical power analysis for sensors with 200 nm and 

100 nm coatings is presented. In subsection 4.2, the data of the sensor with a 100 nm ZnO ALD 

coating with spectral shift analysis is included.  

 Optical power analysis of the microsphere-based sensors 

The results of the temperature measurements utilizing the sensors with ZnO ALD coatings 

of 200 nm [PL3] and 100 nm [PL4] are presented. Optical power analysis was performed. The 

comparison of both sensors is presented at the end of the subsection. 

4.1.1.Microsphere-based sensor with a 200 nm coating 

Figure 4.2 shows the measured response of the sensor with a 200 nm ZnO ALD coating. 

  
a) b) 

 Measured response of the microsphere-based fiber-optic sensor with a ZnO ALD coating of 200 nm 
thickness during the temperature investigation at: a) 100°C, b) 300°C. 
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As can be seen, the optical power of the reflected signal rises, the more temperature grows. 

The envelope of the spectrum and the distribution of the modulation are consistent throughout the 

measurements. That, along with the presence of the modulation provides the information about 

the proper functioning of the sensor, while the optical power level indicates the changes in the 

measured temperature. The increase of the power between 100°C and 300°C is about 10%. 

 

  Dependence of the reflected signal peak optical power on the rising temperature. 

In Figure 4.3, the dependency of the optical power of the reflected signal is presented. 

Moreover, a theoretical linear fitting was calculated to determine the metrological parameters of 

the designed sensor. Based on acquired data, the sensitivity of the sensor can be calculated from 

the following formula (4.1) [121]: 

 
𝑆 =

Δ𝑃

Δ𝑇
 (4.1) 

where: S – sensitivity of the sensor, ΔP – optical power of the reflected signal difference, 

ΔT – temperature range. 

The sensitivity of the temperature sensor with a 200 nm ZnO ALD coating equals 103.5 

nW/°C. The coefficient of determination R2, which determines the deviation of the data obtained 

during measurements from the regression line, was also calculated and it is 0.995. Thanks to the R2 

coefficient linearity of the sensor can be concluded. In this case, obtained data retains close fit to 

the theoretical data, except in the range between 225°C and 250°C, where it deviates the most. 
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4.1.2.Microsphere-based sensor with a 100 nm coating 

A similar situation can be observed for a sensor with a 100 nm ZnO ALD coating. Figure 4.4 

illustrates the measured response of the reflected signal optical power.  

  
a) b) 

 Measured response of the reflected signal optical power for the microsphere-based fiber-optic 
temperature sensor at: a) 100°C, b) 300°C. 

In this case, the similarities of the spectra can be observed, while the optical power of the 

reflected signal rises as a function of temperature. 

 

 Reflected signal optical power dependence on the changing temperature and its theoretical linear 
fit, measured at a wavelength of 1300 nm, using the microsphere-based sensor with 100 nm ZnO ALD coating. 

The results presented in Figure 4.5 allowed to calculate that the increase of the signal 

throughout the examined range is 16%. The sensitivity of the microsphere-based sensor with 100 
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nm ZnO ALD coating was also calculated and it equals 11.35 nW/°C. A theoretical linear fit was 

included in the presented graph. 

4.1.3. Comparison of the microsphere-based sensors with 200 nm and 100 nm coatings 

Figure 4.6. presents a comparison of the reflected signal optical power of both sensors: the 

one with a 100 nm ZnO ALD coating and with a 200 nm coating. As can be observed, the optical 

power of a reflected signal of the sensor with a thicker coating was 10 times higher than the other 

one. The values on the graph were normalized to the highest quantity of optical power as to 

comparison would be clear. 

 

 Normalized reflected spectra measured at 100°C with microsphere-based sensors with a 200 nm 
(black line) and a 100 nm (orange line) ZnO ALD coating. 

Furthermore, dependencies of the peak optical power of the reflected signals on the 

changing temperature were plotted, combined with the equations of theoretical linear fitting 

characteristics.  
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 Comparison of the obtained peak optical power of the reflected signal for each sensor. 

Figure 4.7 shows the dependency of the peak optical power on temperature for micro-

sphere fiber-optic sensors and their difference while using 200 nm and 100 nm ZnO ALD coating. 

Because the linear fit is a close match to the obtained data, by following linear regression, it is 

possible to accurately predict metrological properties of the sensor at a temperature beyond the 

investigated range and to forecast the behavior of the sensor with any other thickness of a ZnO ALD 

coating.  

In addition, the values of linearity error, sensitivity error and approximation error were 

calculated. The parameters are presented in Table 4.1.  

Table 4.1. List of metrological parameters of the microsphere-based fiber-optic temperature sensors – 
optical power analysis. 

Parameter 100 nm coating 200 nm coating 

Investigated range [°C] 100-300 

Characteristics linear 

Analysis type optical power 

Sensitivity [nW/°C] 11.35 103.5 

Sensitivity error [%] 0.99 3.97 

Theoretical sensitivity [nW/°C] 11.24 99.39 

Linearity error [%] 1.15 5 

Approximation error [%] 0.2 0.49 

R2 0.999 0.995 

As observed, the sensitivity of the sensor with a 200 nm ZnO ALD coating is almost 10 times 

higher than the sensor with a 100 nm coating. The sensitivity error, determining a deviation of this 

parameter from the one fitted from the theoretical zero-deviation slope, was calculated from the 

formula (4.2) [121]: 
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𝑢𝑠𝑒𝑛𝑠𝑖𝑡𝑖𝑣𝑖𝑡𝑦 = (1 −

𝑆𝑡ℎ𝑒𝑜𝑟

𝑆
) ∗ 100% (4.2) 

where: usensitivity – sensitivity error, Stheor – theoretical fitting sensitivity. 

While the sensitivity error of the sensor with a 100 nm coating is 1%, the sensor with 

a 200 nm coating errs by 3.97%. Throughout measurement planning, it is worth to consider the 

sensitivity needed to accomplish a task. For investigations requiring lower sensitivity, the sensor 

with thinner ZnO ALD coating may still provide sufficient metrological parameters, whereas in terms 

of time and cost of its production, it will be more beneficial. On the other hand, the sensor with a 

200 nm coating will be more suitable for high-sensitivity needs. 

The dependence of the optical power changes occurring in the spectra on increasing 

temperature during measurements with each sensor is consistent with linear characteristic and the 

linear fit was included in the graphs (Figure 4.3 and Figure 4.5). Therefore, the linearity error 

between obtained data to the theoretical model was calculated (4.3) [122]:  

 
𝑢𝑙𝑖𝑛𝑒𝑎𝑟𝑖𝑡𝑦 =

max|𝑃 − 𝑃𝑡ℎ𝑒𝑜𝑟|

𝛥𝑃
 (4.3) 

where: ulinearity – linearity error, P – optical power of the reflected signal, Ptheor – theoretical 

fitting optical power, 𝛥𝑃 – optical power difference. 

Calculated linearity error in terms of optical power analysis indicates almost 5 times lower 

error in case of the sensor with a 100 nm coating than the sensor with a 200 nm coating. However, 

in both instances, the error does not exceed 5%.  

The next calculated parameter was approximation error, which indicates divergency 

between obtained data and its linear fit. For both presented sensors, approximation error is less 

than 0.5%, while for the sensor with a 100 nm coating the error is 2.5 times lower. Approximation 

error was calculated from the following formula (4.4) [123]: 

 𝛿 = |
𝜐𝑀 − 𝜐𝑅

𝜐𝑅
| ∗ 100% (4.4) 

where: δ – approximation error, υM – obtained data, υR – linear fit. 

By comparing R2 coefficients of both sensors, it is shown, the value for the microsphere-

based fiber-optic sensor with a 100 nm ZnO ALD coating equals 0.999, which indicates a closer match 
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of the obtained data to the theoretical fit, therefore its measured characteristic exhibits higher 

linearity than the sensor with a 200 nm coating, where R2=0.995. 

 Spectral shift analysis of microsphere-based sensor 

Performing measurement with a sensor coated by 100 nm ZnO ALD, besides optical power 

analysis, spectral shift is also available. Figure 4.8 shows normalized values of the measured signal 

response for the microsphere-based sensor with a 100 nm ZnO ALD coating, at 100°C and 300°C to 

preserve the readability of the plot. By rising the temperature, the spectral peak of the reflected 

signal shifts toward lower values of the wavelength. The envelope remains similar for each 

temperature. 

  
a) b) 

 Normalized measured response of the reflected signal for the microsphere-based sensor with 100 
nm ZnO ALD coating at a) 100°C and b) 300°C. 

The dependence of the peak wavelength position on the temperature can be observed in 

Figure 4.9. 
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 Dependence of the spectral shift of a reflected signal on the temperature. 

The spectrum changes its peak wavelength position when the temperature is altered. As the 

temperature rises, the spectrum shifts by a constant value throughout the whole range of roughly 

2 nm per 100°C. By following linear regression, it is possible to determine the position of the 

reflected signal peak for each measured temperature. 

4.2.2.Comparison between a optical power and a spectral shift analysis of a temperature sensor with 100 nm 

ZnO ALD coating. 

As mentioned before the results of a microsphere-based fiber-optic sensor can be analyzed 

using optical power and spectral shift. In Table 4.2, the parameters of the sensor are listed.  

Table 4.2. Comparison between optical power and spectral shift analysis of parameters of the microsphere-
based sensor with a 100 nm coating. 

Parameter 100 nm coating 

Investigated range [°C] 100-300 

Characteristics linear 

Analysis type spectral shift optical power 

Sensitivity 19 pm/°C 11.35 nW/°C 

Sensitivity error [%] 0 0.99 

Theoretical sensitivity [%] 19 pm/°C 11.24 nW/°C 

Linearity error [%] 5.2 1.15 

Approximation error [%] 0.02 0.2 

R2 0.992 0.999 

The sensitivity of the sensor with optical power analysis cannot be compared to the one 

with spectral shift, however the parameters of both analysis methods are shown to provide 

metrological possibilities of the sensor. Depending on the nature of designed measurements, the 
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required sensitivity can differ. As observed, in spectral shift analysis sensitivity error equals 0%. The 

offset of the values is present, but the relative deviation takes the same values on both sides of the 

range. The sensitivity error in optical power analysis is close to 1%. On the other hand, the linearity 

error is almost 5 times lower, while analyzing the data of optical power, in comparison to those 

analyzed in the spectral shift analysis. Approximation error, while in both instances remains below 

0.2%, its value is 10 times lower (0.02%) with spectral shift analysis. Microsphere-based sensor with 

optical power analysis exhibits higher linearity.  

As presented in chapter 4, the microsphere-based fiber-optic temperature sensor with 

a ZnO ALD coating allows to perform temperature measurements, therefore concurring Thesis 1. 

The presence of the modulation in the measured signal allows to monitor the sensor microstructure, 

which substantiate Thesis 2. 
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5. APPLICATIONS 

In the previous chapter validation of the designed sensors was shown. Knowing the sensors 

are operational and their metrological parameters depend on properties of the deposited ZnO ALD 

coating, it is time to move to their applications, which is in situ monitoring of the supercapacitors. 

Besides internal temperature changes, the electrolyte used in the construction of the 

supercapacitor, can also change its other properties, i.e., refractive index [124]. Therefore, 

comprehensive study on the metrological parameters of the sensor depending on the changing 

refractive index are presented in [PL1, PL2]. 

The investigation was executed on the uncoated microsphere, as well as coated with a ZnO 

of various thicknesses: 50 nm, 100 nm and 200 nm. The setup used for this experiment is presented 

in Figure 5.1.  

 

 Experimental setup for measurements of refractive index, where: 1 – broadband light source, 2 – 
Optical Spectrum Analyzer, 3 – optical coupler, 4 – sensor immersed in refractive index liquid. 

The setup is consistent with previously shown general configuration. The light source used 

for those measurements was a superluminescent diode with a central wavelength of (S1300-G-I-20, 

SUPERLUM, Ireland). During the experiment, the sensors were immersed in Cargille Refractive Index 

Liquids (Series A, AA, AAA, Cargille Laboratories, Cedar Grove, NJ, USA). The refractive indices of 

examined liquids were of standardized series, between a range of 1.4-1.6 at 589.3 nm, with a 

resolution of 0.1. Because of dispersion, at the utilized wavelength refractive index values of the 

liquids alter. Therefore, at a wavelength of 1300 nm, the indices were respectively: 1.390, 1.487, 

1.576. The sensors were also validated without immersion to establish reference baseline. When 
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performing measurements of a medium, which the value of a refractive index is close to the this of 

an optical fiber cladding, the reflection of this interface drops toward zero. To prevent it, a 

microsphere-based fiber-optic sensor can be additionally modified by depositing a coating on the 

surface of an operational sensor. The coating made out of highly reflective and transparent material, 

with a refractive index different than those of fiber allows to shift the transition point of the 

reflection minimum to a higher value of refractive index. The results of the validation of the sensor 

are presented below. 

 

 

 Normalized measured reflected spectra for a microsphere-based fiber-optic sensor, with a 200 nm 
ZnO ALD coating, immersed in refractive indices liquids of 1.000, 1.390, 1.487, 1.576. 

Interferogram in Figure 5.2. shows the spectrum retains its envelope as well as the spacing 

of the modulation. The presence of the modulation proves, the sensor’s structure is intact, whereas 

the increase of the optical power of the reflected signal indicates changes occurring at the cladding-

investigated medium interface, which proves, the microsphere-based fiber-optic sensor can be 

successfully used for measurements of the refractive index. 
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 The dependencies of the reflected signal peak optical power on the refractive index measured using 
microsphere-based sensor with coating thickness of 200 nm, 100 nm, 50 nm, and with uncoated sensor. 

Based on the plots shown in Figure 5.3, the sensitivity of the sensor has been calculated. It 

equals: 89 µW/RIU for the uncoated device, 78 µW/RIU for the sensor with 50 nm coating, 259 

µW/RIU for 100 nm and 384 µW/RIU for 200 nm. It can be also observed the optical power was 

much higher – up to 6 times – for the sensor with ZnO ALD coating of 200 nm over the uncoated 

sensor or the one with a coating of 50 nm thickness. In general, the coating with 50 nm thickness is 

too thin to improve metrological parameters of the sensor, however, the optical power marginally 

increases, around 1.4-1.5 refractive index – the value exhibited by a standard telecommunication 

optical fiber cladding.  

 In situ supercapacitor temperature monitoring 

Microsphere-based fiber-optic temperature sensor was embedded inside the 

supercapacitor. By doing this, it is possible to constantly monitor in situ temperature of the device 

during its operation.  

The general setup described in chapter 5 was used for the experiment, which is presented 

in Figure 5.4. 
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 The experimental setup for in situ monitoring of the supercapacitor temperature, where: 
1 – broadband light source, 2 – OSA, 3 – optical coupler, 4 – hot plate, 5 – investigated supercapacitor, 6 – 
thermal camera. 

The superluminescent light source with a central wavelength of 1310 nm ±10 nm (SLD-1310-

18-W, FiberLabs Inc., Fujimino, Japan) was used, while the sensor was placed inside the 

supercapacitor between the electrode and the cover as to not intervene in the chemical process. 

The exact placement of the sensor is shown in Figure 5.5. 

 

 Placement of the microsphere-based fiber-optic sensor embedded in the supercapacitor in 
schematic cross-section, where: 1 – covers, 2 - electrodes, 3 – separator, 4 – microsphere-based fiber-optic 
sensor. 

The construction of the investigated supercapacitor is described in [125]. Additionally, the 

supercapacitor temperature was measured by a thermal camera (i7, FLIR, Wilsonville, OR, USA) as 

a reference to control temperature distribution during the measurements. The pictures were taken 
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at an emissivity setting of Ɛ=0.6, due to the semi-glossy properties of the supercapacitor enclosure. 

Representative images taken at the lowest and the highest temperature are presented in Figure 5.6 

below.  

  
a) b) 

 Images of the supercapacitor with the in situ fiber optic temperature sensor obtained by thermal 
camera for the lowest a) 30°C and highest b) 89.8°C value of investigated temperature range. 

Because of the aqueous electrolyte (1 M K2SO4), used for conductivity, the measurements 

were executed in a range of 30°C - 90°C with a step of 5°C. The data was obtained at about 80% 

state of charge of supercapacitor. All measurements were taken 5 minutes after the temperature 

was stabilized. Only selected spectra are included in Figure 5.7 to retain clarity of the graph and they 

show the correlation of the optical power of the reflected signal to the changing temperature. 

 

 Changes in the optical power of the reflected signal with rising temperature. 

As can be seen, an increase in the temperature also causes a rise in the optical power of the 

reflected signal. Characteristics of the spectra remain similar, demonstrating the proper operation 
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of the sensor. The entire range of the measurements and the dependence of the peak optical power 

on the temperature can be observed in Figure 5.8.  

 

 Reflected signal peak optical power dependence in the changing temperature. 

The plot exhibits a polynomial characteristic, unlike the measurement of the temperature 

performed for the range of over 100°C. This behavior repeats throughout multiple series of 

measurement, therefore allowing to use it as the basis of the sensing mechanism. Having 

repeatable, reference characteristics of the spectrum, any deviation is noticeable, which serves as 

an indicator about the significance of the changes. If the characteristics are altered completely, it 

shows critical problem, and the device should be immediately shut down. Smaller changes serve as 

a warning, which if unattended, could lead to further damage.  

Table 5.1. List of metrological parameters of the microsphere-based fiber-optic sensor for in situ 
temperature monitoring. 

Parameter In situ sensor with a 200 nm coating 

Investigated range [°C] 30 – 90 

Characteristics 2nd order polynomial 

Analysis type optical power 

Sensitivity [nW/°C] 109.59 

Sensitivity error [%] 10.16 

Theoretical sensitivity [nW/°C] 98.45 

Linearity error [%] 9.92 

Approximation error [%] 3.26 

R2 0.97 

In the range of 30°C - 90°C, presented plot assumes linear characteristic with a sensitivity of 

109.6 nW/°C and the sensitivity error between the theoretical calculations and the one obtained 
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from the measurements is 10.16%. Approximation error at this temperature range equals 3.26%, 

while the linearity error is just below 10%. The R2 coefficient assumes 0.97.  

Based on the results presented in this chapter, both theses were confirmed. The 

dependence of changing optical power of the reflected signal on the temperature changes 

corroborates Thesis 1, while the stability of the modulation during the measurements supports 

Thesis 2. 

Because of the ZnO incompatibility in certain environments [126], the idea of protecting the 

sensor and the medium arose. A preliminary study was conducted, which investigates the possibility 

to protect the deposited coating with a nanocrystalline diamond sheet (NDS). The results are 

presented in the following publication: 

• publication [PL5], titled “Microscale diamond protection for a ZnO coated fiber optic 

sensor”, demonstrates the application of the nanocrystalline diamond sheet, 

synthesized in a Microwave Plasma Assisted Chemical Vapor Deposition System, on the 

end-face of an optical fiber coated by ZnO ALD. The author’s contribution during the 

research included conceiving and designing the experiments, formal analysis of the 

experimental results, writing of the original draft of the manuscript. 

During the research, a nanocrystalline diamond sheet was attached to the sensor head 

made of an end-face of an optical fiber with deposited ZnO ALD coating. NDS works as a protective 

layer to prevent the ZnO coating from mechanical and chemical damage. The experimental 

investigation considers how the NDS influences the output signal of the sensor. Sensing parameters 

of both layers were measured using Fabry-Pérot interferometer operating in the reflective mode – 

the setup similar to the one shown in Figure 2.7. The measurements were taken firstly, with a sensor 

with just ZnO coating deposited on the end-face of an optical fiber, and secondly with NDS attached 

over the coating. The results of the experiment are presented in Figure 5.9. While validating the 

sensor, the distance was measured by changing the cavity length between the sensor head and the 

additional reflective surface placed directly underneath. The results shown in figure below, were 

taken while the cavity was set to 140 µm. 
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 Measurement signals obtained for the measurement head with ZnO coating, and ZnO coating and 
nanocrystalline diamond sheet. The Fabry–Pérot cavity length was set to 140 μm. 

As observed, application of the nanocrystalline diamond sheet over the sensor head with 

ZnO coating causes the optical power to decrease about 30%, while the envelope and modulation 

distribution of the spectra remains similar. Presented results suggest it is possible to apply a 

nanocrystalline diamond sheet on the surface of the microsphere-based fiber-optic sensor with ZnO 

ALD coating. The decline of the optical power with an additional protective layer is acceptable, 

considering it would allow the longer lifetime of the sensor and immunity against unforeseen 

reactions between a ZnO and an investigated medium. 

 Measurement method of optical and thermal properties of nanomaterials 

Microsphere- based fiber-optic sensor can be utilized for the investigation of 2D 

nanomaterials, such as: optical and thermal properties of black phosphorus. For the purpose of the 

study, Few-Layer Black Phosphorus (FLBP) was deposited as a coating on the surface of the optical 

microsphere, which allows for rapid and accurate measurements. The coating was investigated after 

2, 3, and 5 deposition cycles. Black phosphorus is a 2D material, which properties are still being 

discovered, therefore the acquisition of any new data is a substantial information leading to better 

understanding of the material.  

The results of the study of optical and thermal properties of FLBP using microsphere-based 

fiber-optic sensor are included in the following publication: 

• publication [PL6], titled “Measurements of the optical and thermal properties of the 2D 

black phosphorus coating”, demonstrates optical and thermal properties measured in 
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the range of 50°C to 300°C using a microsphere-based fiber-optic sensor before 

deposition of the coating and after deposition of 2, 3 and 5 cycles of FLBP coating. The 

author’s contribution during the research included conceiving, designing and performing 

the experiments, formal analysis of the experimental results, writing of the original draft 

of the manuscript. 

The experimental measurements were performed using the setup shown in chapter 3 

(Figure 3.1), using a broadband light source with a central wavelength of 830 nm (SLD830S-A20, 

Thorlabs Inc., Newton, NJ, USA), for investigation of optical properties and of 1310 nm (SLD-1310-

18-W, FiberLabs Inc., Fujimi), for investigation of thermal properties. Optical properties of the FLBP 

coating were examined after 2, 3 and 5 deposition cycles. The spectrum of the uncoated sensor is 

also presented as a reference. The measured spectra obtained after each deposition cycle are 

included in Figure 5.10a and the dependence of the deposition cycles on the peak optical power is 

shown in Figure 5.10b. 

  
a) b) 

 The measured reflected signal from the fiber-optic microsphere-based structure coated with 2D 
black phosphorus, where: a) spectra before deposition of FLBP and for coatings of 2, 3 and 5 deposition cycles, 
b) the dependence of the peak intensity on the number of deposition cycles. 

As observed, optical power increases after each measured deposition cycle, which is a result 

of tightening of the material on the surface of the microsphere with each layer, therefore increasing 

its thickness. With increasing thickness of the coating, optical path difference also changed. The 

dependency of the intensity of the reflected light on the thickness of the layer was demonstrated 

by Yang et al. [127]. The R2 coefficient was also calculated based on the theoretical linear fit, which 

equals 0.995. 
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Furthermore, the coating sensitivity on the changing temperature was investigated, in the 

range of 50°C to 300°C. To retain the clarity of the plot, only the spectra obtained at 50°C, 150°C 

and 200°C are included in Figure 5.11. The dependency of the peak optical power on the 

temperature is also illustrated in the figure below. 

  
a) b) 

 The measured reflected signal from the fiber-optic microsphere-based sensor during the 
temperature measurements, where: a) representative spectra measured at 50°C, 100°C, 200°C for the sensor 
with a coating of 5 deposition cycles; and reflected signal peak intensity dependence on changing temperature, 
measured for a coating of 5 deposition cycles in the range of 50°C - 350°C. 

As can be seen, the optical power increases with rising temperature up to 200°C, at which 

point it stabilizes. The growth of the temperature causes softening of atomic bonds and higher 

phonon velocity, resulting in a higher refractive index, which in turn leads to an increase of the 

reflected signal optical power. Stabilization of the signal at temperatures over 200°C may be a result 

of the anharmonicity of phonons and further the phonon-phonon scattering. A similar dependence 

on temperature is in the case of the thermal conductivity of phosphorene [128,129].  

The results presented in this chapter, prove both theses. The dependence of changing 

optical power of the reflected signal on the temperature changes corroborates Thesis 1, while the 

stability of the signal modulation during the measurements supports Thesis 2. 
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6. DISCUSSION 

In the dissertation, the microsphere-based fiber-optic intensity-modulated sensors are 

discussed. In general, intensity-modulated sensors provide low-complexity systems and rapid 

response time, however most fiber-optic sensors without microsphere structure are susceptible to 

the changes of their cavity, low robustness and accuracy due to external influences, therefore when 

the reflected signal cannot be detected, the reason for it is uncertain e.g., whether the sensor head 

is damaged, the sensor is out of alignment. The proposed design exhibits a number of advantages 

over traditional intensity-modulated fiber-optic sensors. The application of an optical microsphere 

provides a fixed cavity within the sensor head, which desensitizes the sensor to the cavity changes 

and provides a monitoring mechanism for the integrity of the sensor structure. 

By modifying the parameters of the structure as well as the coating, the metrological 

parameters can be tuned. While the changes occurring in the investigated medium are determined 

by observing the optical power of the reflected signal, the presence of modulation provides 

information about the integrity of the structure. When the modulation in the spectrum recedes, it 

may indicate the microstructure of the sensor sustained damage or was completely broken off. 

Constant, real-time monitoring of the sensor operation allows for immediate feedback, which in 

turn allows to take appropriate steps to mend the situation. The sensors are ideal for application in 

remote and hard-to-reach places because they limit inaccuracies related to the uncertainties about 

the proper operation of the sensor.  

Implementation of the coating thickness of 200 µm on the surface of the microsphere allows 

to obtain the sensitivity of 103.5 nW/°C. The results presented in this dissertation revealed it is 

possible to perform the temperature measurements with thinner coating, while retaining high 

sensitivity – 11.35 nW/°C. Application of the thinner coating requires fewer deposition cycles, 

therefore saving time and reducing the cost of production. 

The microsphere-based sensor was directly made of the end of an optical fiber, so it does 

not require additional steps during the fabrication process. To date, other solutions involved the 

preparation of the microsphere separate from the fiber, and then connecting both by fusion splicing. 

The sensor using optical microspheres can also be fabricated and left unattached, in which case, the 

signal has to be guided by an independent probe, e.g., a tapered optical fiber, which may cause 

losses of the input light optical power. Not only, the method presented in the dissertation allows to 

create repeatable structures, but also the microsphere always keeps in alignment with the 

waveguide fiber. 
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The simplicity of the sensor design subsequently benefits the entire system because it does 

not require supplementary elements or components (e.g., external reflective surfaces). Thanks to 

the structure is fabricated from the standard, telecommunication, single-mode optical fiber, it is not 

necessary to combine them with specialty fibers. 

When selecting the best method for specific temperature measurement, several factors 

should be considered, especially investigated environment. Consideration of the working 

environment is crucial, while choosing the measurement method and the type of instrument 

[130].Based on their construction and materials used during manufacturing, the sensors differ in 

terms of measurement parameters, such as: 

• temperature range – defines the minimum and maximum temperatures, in which the 

device can operate. Microsphere-based sensors with a ZnO ALD coating were validated 

in the temperature range of 30°C to 300°C due to the limitation of available resources. 

The range can be broaden depending on the optical fiber, of which the sensor will be 

fabricated, the material of the coating and the method of its deposition. based on 

previous investigation [131] and further research [132], stands to reason the sensor 

would be fully functional, upon appropriate optimization of its parameters, at the 

temperature of at least 600°C.  

• invasiveness – explores if the sensor utilized during the measurements can cause 

damage to the measured environment, e.g.: electric sensor can be a potential risk, while 

surrounded by combustible materials or improperly selected instrument can 

contaminate the environment. Because the designed sensor is made of optical fiber it is 

resistant to external influences, such as electromagnetic interference. While due to its 

small size (250 µm), the sensor will not distort the measured medium, the deposited ZnO 

coating depending on the type of the medium may have an unwitting chemical reaction. 

• sensitivity – the temperature sensitivity determines the capability of the sensor to detect 

changes of the investigated environment, while the sensor temperature also changes. 

As presented in the dissertation, by selecting the suitable thickness of the ZnO ALD 

coating, the sensitivity of the designed sensor can be tuned according to the 

measurement needs. The sensitivities of designed sensors range from 103.5 nW/°C to 

11.35 nW/°C, or in case of spectral analysis: 19 pm/°C. 

• replicability – indicates the ability to reconstruct the sensor, while preserving its full 

range of parameters. The microsphere-based sensor is fully replicable. Choosing the 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


 

52 

 

same equipment for structure manipulation and the exact same set of modification 

parameters (e.g., fusion current and time), ensures obtaining optical microspheres of 

matching metrological parameters. 

• reusability – considers whether the sensor can be used again after the measurements 

and additionally, if it can be further utilized in modified conditions, e.g., different type 

of investigated environment. The presented sensor is fully reusable, until the structure 

or the coating will sustain damage. 

• stability – specifies retention of the parameters over time. The drift of stability can 

provide information about the sensor’s state and changes in the measured signal. The 

stability of the presented sensors largely depends on the stability of the light source, 

used to generate the signal. The measures were taken to limit the instability of the 

utilized system. The light sources are equipped in polarization-insensitive insulators. 

• compatibility – specifies whether used sensor is suitable for a measured environment. 

Improper instrument can cause unforeseen reactions, causing damage to both the 

sensor and to the investigated medium. Considering the designed sensor, the ZnO 

coating can react with certain environments, however, the preliminary results indicate, 

negative reactions can be neutralized by applying nanocrystalline diamond sheet in 

addition to ZnO coating as a protective layer. 

• response time – is a time lapse between the temperature change and the reading of the 

value [39]. Response time is dependent on multiple factors, e.g., the type of the 

measured medium, utilized detector. The Optical Spectrum Analyzer, which served as 

the detector during this research allowed to gather data every 3 s, as can be seen in 

Table 3.2. 

• linearity – specifies consistency of the measured parameter along over the 

measurement range. Presented temperature sensors demonstrate high linearity from 

70°C to 300°C, with a fitting coefficient of over 0.99. 

• repeatability – refers to the ability to reproduce the same results during multiple 

measurement series, while retaining the same measurement conditions. Because of the 

implemented fixed cavity, the problems with allocation and displacement of the sensor 

are eliminated. Therefore, measurements with the designed sensor are highly 

repeatable. 
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In the literature, several solutions of the fiber-optic sensor using microsphere can be found, 

however none of them offer the possibility to monitor the state of their structure during the 

measurements. For example, He et al. [133] propose the application of the microsphere for 

measurement of the temperature, using Whispering Mode Gallery phenomenon as a basis of 

sensing. The authors investigate temperature change in the range of 25°C to 80°C. The sensor 

described in this dissertation is capable of measurements in the range of at least 30°C to 300°C. The 

sensor was not tested in a wider range, because of limited resources, i.e., validated measurement 

method. 

Monteiro et al. [134] presents a microsphere structure, which requires to splice two fiber 

beforehand, then fabricate microsphere and at the end splice another optical fiber to the structure. 

The sensitivity of such sensor for the temperature measurements is 1.17 pm/°C. In comparison, the 

microsphere-based sensor with a 100 nm coating presented in this dissertation has sensitivity of 

almost 10000 times higher. A similar solution was proposed by Yan et al. [135], who utilize two 

tapered optical fibers to propagate light through a microsphere. Obtained sensitivity demonstrated 

in the paper equals 13.37pm/°C.  

Chen et al. [79] demonstrate an air-microbubble Fabry-Pérot interferometer from the 

hollow core fiber. The sensitivity of such sensor reaches 2.7 nm/°C. The microsphere-based fiber-

optic sensor is made from standard telecommunications, single-mode fiber and its lowest sensitivity 

is about 5 times higher.  
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7. CONCLUSIONS 

The subject of the dissertation is “fiber-optic sensors based on microspheres with 

nanocoatings”. In the first chapter, the significance of the research is presented, as well as goals and 

theses, that are being proven throughout the dissertation. Temperature measurement methods, 

and to optimize performance of the fiber-optic sensors are described in chapter 2.  

In chapter 3, the principle of operation of the microsphere-based fiber-optic sensor with 

ZnO ALD coatings, its fabrication, characterization is demonstrated. The validation of the 

microsphere-based fiber-optic sensor was executed, by performing temperature measurements. 

The results of the measurements are presented in chapter 4. Proposed applications of microsphere-

based fiber-optic sensor are demonstrated in chapter 5. 

Based on conducted research (chapter 3) as well as the results presented in chapter 4 and 

chapter 5, it can be concluded the following thesis was proven: 

T1:  Deposition of the nanocoatings on the surface of an optical microsphere integrated with a 

fiber-optic sensor allows to perform temperature measurements. 

By depositing the ZnO ALD coating of at least 100 nm thickness on the microsphere, which 

forms the fiber-optic head, the temperature measurements in the temperature range of 30°C - 

300°C were successfully executed. 

Based on the experimental results presented in chapter 4 and chapter 5, it can be concluded 

the thesis T2 was proven: 

T2:  Application of optical microspheres of a certain geometry, allows to identify the damage 

sustained by the sensor during measurement execution. 

Fabrication of the microsphere allowed to obtain intensity-modulated sensor, with a fixed 

cavity. When performing the temperature measurements, the optical power of the reflected signal 

provides information about the changes in the temperature occurring in the investigated medium. 

Simultaneously, the presence of the modulation allows to monitor the integrity of the microsphere 

structure in real-time. 

The results of conducted research were published in many peer-reviewed international 

journals and they were presented at an international conferences. During doctoral studies, the 

author participated in international scholarship exchange program, which provided additional data 

to improve the quality of the study. The author has published 12 papers, of which 8 are the journals 
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indexed in the JCR. 6 publications, which validate the theses have been included in the dissertation. 

Their list is presented in chapter 8 of this work. Over the duration of doctoral studies, the author co-

submitted 2 patent applications and she is participating in 2 research grants: „Fiber-optic biosensors 

with metal-oxide ALD coatings” financed by the Polish National Agency of for Academic Exchange 

and “Functionalized fiber-optic sensor – optical detection method of SARS-CoV-2” financed by 

Gdańsk University of Technology under the ‘Excellence Initiative - Research University’ program. 

Author’s achievements include: 

• Devising a method of fabrication of the optical microsphere from the end-face of the 

optical fiber. 

• Conceiving, designing and fabricating the microsphere-based temperature sensors with 

a ZnO coating applied by Atomic Layer Deposition method. 

• Validation of the sensors by performing experimental measurements in representative 

media, using representative constructions of the sensor.  

• Successful application of the sensor for an in situ temperature monitoring of the 

supercapacitors 

• Successful application of the sensor for measurement of the optical and thermal 

properties of the few-layer black phosphorus coating. 

 

The microsphere-based fiber-optic sensors can be further developed as well as they can find 

many new applications. Future tasks will focus on the following issues: 

 

1. Application of the nanocrystalline diamond sheet on the surface of the optical 

microsphere with a ZnO coating. 

As mentioned before, ZnO coating is not compatible with all investigated media. Therefore, 

application of the nanocrystalline diamond sheet may be crucial, in order to protect both the 

construction of the sensor and the investigated medium from possible contamination by leftover 

particles, which can break off of the sensor. The next study will concentrate on possible methods of 

applying the nanocrystalline diamond sheet to the surface of the microsphere structure. 
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2. In situ simultaneous measurements of both temperature and electrochemical changes of 

the supercapacitors. 

Simultaneous measurement of two parameters will allow to study not only influence of the 

changing temperature of the supercapacitor, but also other processes occurring inside the device, 

which will allow to better understand it, therefore providing basis for further enhancement of the 

technology. 
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8. LIST OF PUBLISHED PAPERS 

This chapter contains the list of papers, that was decided to relate the most to the subject 

of this dissertation. A brief description of its content was provided for each paper. 

Description of the fabrication and characterization of the uncoated microsphere-based fiber-optic 

sensor and with a ZnO ALD coating thickness of 200 nm. Analysis of the results obtained from an 

experimental investigation of the refractive index. 

[PL1]  Listewnik, P.; Hirsch, M.; Struk, P.; Weber, M.; Bechelany, M.; Jędrzejewska-Szczerska, M. 

Preparation and Characterization of Microsphere ZnO ALD Coating Dedicated for the 

Fiber-Optic Refractive Index Sensor. Nanomaterials 2019, 9, doi:10.3390/nano9020306. 

Description of the fabrication and characterization of the microsphere-based fiber-optic sensor and 

with ZnO ALD coatings thickness of 50 nm and 100 nm. Analysis of the results obtained from an 

experimental investigation of the refractive index. 

[PL2]  Hirsch, M.; Listewnik, P.; Struk, P.; Weber, M.; Bechelany, M.; Szczerska, M. ZnO coated 

fiber optic microsphere sensor for the enhanced refractive index sensing. Sensors 

Actuators, A Phys. 2019, 298, doi:10.1016/j.sna.2019.111594. 

Analysis of the results from an experimental investigation of the temperature obtained with a 

microsphere-based fiber-optic sensor with a 200 nm ZnO ALD coating. 

[PL3]  Listewnik, P.; Bechelany, M.; Jasinski, J.B.; Szczerska, M. ZnO ALD-coated Microsphere-

Based Sensors for Temperature Measurements. Sensors (Switzerland) 2020, 20, 1–8, 

doi:10.3390/s20174689. 

Analysis of the results from an experimental investigation of the temperature obtained with a 

microsphere-based fiber-optic sensor with a 100 nm ZnO ALD coating. 

[PL4]  Listewnik, P. Temperature Fiber-Optic Sensor with ZnO ALD Coating. Eng. Proc. 2021, 2, 

99, doi:10.3390/engproc2020002099. 
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Analysis of the preliminary results of the influence of nanocrystalline diamond sheet on the measured 

response of the Fabry-Pérot fiber-optic sensor. 

[PL5]  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, doi:10.1038/s41598-020-76253-5. 

Analysis of the results of the optical and thermal properties of the few-layer black phosphorus 

coating measured with a microsphere-based fiber-optic sensor. 

[PL6]  Listewnik P.; Szczerska M.; Jakóbczyk P. Measurements of the optical and thermal 

properties of the 2D black phosphorus coating. Mater. Res. Express 2021, 8, 

doi: 10.1088/2053-1591/ac07e2 
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Abstract: We report the fabrication of a novel fiber-optic sensor device, based on the use of a
microsphere conformally coated with a thin layer of zinc oxide (ZnO) by atomic layer deposition
(ALD), and its use as a refractive index sensor. The microsphere was prepared on the tip of a
single-mode optical fiber, on which a conformal ZnO thin film of 200 nm was deposited using an ALD
process based on diethyl zinc (DEZ) and water at 100 ◦C. The modified fiber-optic microsphere was
examined using scanning electron microscopy and Raman spectroscopy. Theoretical modeling has
been carried out to assess the structure performance, and the performed experimental measurements
carried out confirmed the enhanced sensing abilities when the microsphere was coated with a ZnO
layer. The fabricated refractive index sensor was operating in a reflective mode of a Fabry–Pérot
configuration, using a low coherent measurement system. The application of the ALD ZnO coating
enabled for a better measurement of the refractive index of samples in the range of the refractive
index allowed by the optical fiber. The proof-of-concept results presented in this work open prospects
for the sensing community and will promote the use of fiber-optic sensing technologies.

Keywords: ZnO; atomic layer deposition; coating; microsphere; fiber-optic sensors; refractive index

1. Introduction

Fiber-optic sensing devices present enormous potential, as they benefit from low-cost
manufacturing, while maintaining high sensitivity and robustness. Nowadays, advanced fabrication
techniques allow the incorporation of various nanomaterials for the tuning of sensing devices,
including fiber-optic sensors [1–4]. Fiber-optic sensing devices can find application in many
different fields of science such as chemistry (composition and content of various solutions) [1,2,5,6],
biology [7–10] and physics [11–14]. Fiber-optics based sensors present a number of advantages,
including high sensitivity, the ability to be used in demanding environments (narrow spaces, hazardous
areas), as well as immunity to electromagnetic noise during operation [15,16]. Furthermore, the
properties of fiber-optic sensors can easily be tuned by modifying their design with optical coatings.
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ZnO is an oxide semiconductor material presenting a wide energy band gap of ~3.3 eV [17].
The physical properties of ZnO, including the optical properties, strongly vary with the deposition
technology used for its preparation. For sensing applications, ZnO films deposited as continuous
layers with low surface roughness and/or in the form of nanoporous structures are morphologies
which are particularly desired [18,19]. Concerning the optical properties, the refractive index of ZnO
is around 2, and this semiconductor is optically transparent for the light above the absorption edge
of 380 nm [20–22]. Due to these physical properties, ZnO coatings can be applied for a wide range
of applications in sensing devices, for example for the detection of selected molecules in gases and
liquids, and for the measurement of refractive indices [19,23–28].

One upcoming deposition technology that can be applied for the preparation of high quality ZnO
nanomaterials is atomic layer deposition (ALD). This vapor phase deposition route is typically used
for the synthesis of thin films with a thickness controllable at the (sub)nanometer scale. In fact, ALD
enables the preparation of thin films and nanoparticles with controlled dimensions at the nanoscale
on high aspect ratio substrates and is thus particularly appropriate for the coating of challenging
substrates such as optical fibers [29–33].

Fiber-optic structures, such as microspheres are applied in the sensing systems. Most of them are
coupled with fiber tapers and utilize the concept of Whispering Gallery Mode (WGM) in order to incite
resonance. Successful applications of those sensors have been shown in biosensing and measurement
of physical quantities (like temperature) [10,34]. To the best knowledge of the authors, so far none of
the research uses fiber-optic microspheres as a low-coherence standalone refractive index sensor.

In this work, we report for the first time the modification of a fiber-optic microsphere-based
sensor with a thin ZnO layer prepared by ALD. We also investigate the application of this ALD
modified optical fiber as a refractive index sensor. Theoretical modeling is carried out to assess the
structure performance, and experimental measurements are achieved to assess the sensing abilities of
the new device.

The refractive index sensing principle is based on the measurement of the light reflected from
the external surface of the fiber-optic microsphere (Figure 1). In the case of the microsphere, there
is also a weak reflection originating from the boundary between the core and the cladding material.
The reflected beams interfere, creating a low finesse intrinsic Fabry–Pérot interferometer with a fixed
cavity. The reflection of the core—cladding interface is constant, but the value of the reflection
coefficient of the sphere surface is highly dependent on the refractive index of the external medium.
As its value is close to the refractive index value of the fiber cladding, the reflection decreases toward
zero. The coating of the sphere surface by a thin film of transparent, high refractive index material like
ZnO allows modification of the reflection function and shifts that transition point to the higher value
of the surrounding refractive index [35,36]. Graphical visualization of the sensor structure is presented
in Figure 1.
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2. Materials and Methods

The fiber-optic sensing device fabricated in this work is based on a single-mode optical fiber
SMF-28, purchased from Thorlabs (Newton, NJ, USA). The microsphere is formed on the tip using
the optical fiber fusion splicer (FSU 975, Ericsson Network Technologies AB, Stockholm, Sweden).
The splicer produces an electronic arc of, in this case, 14.9 mA and a three-step pull, each of a
different duration. To obtain the sphere with a diameter of about 240 µm optical fiber was pulled for
3 s, collectively.

All ALD depositions have been carried out in a custom-built ALD reactor described
elsewhere [37,38]. Diethyl zinc (DEZ) precursor was purchased from Sigma Aldrich and used as
received. The co-reactant was millipore water. The substrates used were p-type (100) silicon wafers
(MEMC Korea Company, Cheonan, Korea) and SMF-28 optical fibers (Thorlabs, Newton, NJ, USA).
To remove the organic contaminants, the substrates were pre-cleaned in acetone, ethanol and de-ionized
water for 5 min in an ultrasonic bath before the depositions. ALD of ZnO was performed using
sequential exposures of DEZ and H2O at 100 ◦C separated by purge steps of argon with a flow rate of
100 sccm. The process consisted of 0.4 s pulse DEZ, 30 s exposure, and 40 s purge with dry argon and a
2 s pulse (H2O), 30 s exposure and 40 s purge. One thousand ALD cycles were carried out in order to
achieve the deposition of ZnO of ≈200 nm with a growth per cycle of 0.2 nm [39].

Next, the sample has been characterized using scanning electron microscope (SEM, FEI S50,
Hillsboro, OR, USA) to determine both geometrical properties and surface topography of the deposited
ZnO layer on the microsphere. Raman spectroscopy was performed to analyze the structure of the
layer on the surface of the sphere. The Raman spectra were measured by N-TEGRA Spectra (NT-MDT
Company, Moscow, Russia) setup. During the experiment, the ZnO film was illuminated by a light
beam generated by a laser with central wavelength λc = 532 nm. The analysis of literature shows
the ZnO in wurtzite structure (bulk form) belongs to the space group C4

6v (Schoenflies notation)
with two formula units per primitive cell, for which atoms occupy C3v sites [40,41]. The group
theory describes the Raman active zone-center optical phonon as follows: Γopt = A1 + 2B1 + 2E2

+ E1 [40–45]. The literature also presents the phonons A1 as well as E1 as polar and presenting
different frequencies for longitudinal-optical (LO) and transverse-optical (TO) phonons, the B1 mode
is non-active (silent mode) [40–45].

The microsphere was also examined using a measurement setup similar to the Fabry–Pérot
interferometer operating in a reflective mode, in order to obtain information about the sensing abilities
of the developed device. Operating principle of the utilized setup is shown in Figure 2 below.
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Figure 2. Operating principle of Fabry–Pérot interferometer used for measurements.

The signal from a broadband superluminescent diode (SLD) light source with the central
wavelength of 1290 nm and the full width at half maximum of 50 nm (S1300-G-I-20, SUPERLUM,
Ireland) was applied directly to the input of a fiber-optic coupler. After reflecting on the core–cladding
interface of the microsphere and the ZnO layer, the signal was detected by the Optical Spectrum
Analyzer (OSA, Ando AQ6319, Kanagawa, Japan). During the experiment the sensor head was
immersed in Cargille Refractive Index Liquids (Series A, AA, AAA, Cargille Laboratories, Cedar Grove,
NJ, USA), each characterized by a different refractive index as follows: 1.4, 1.5, 1.6, to assess the sensing
performance. Refractive indices of those liquids are provided for a wavelength of 589.3 nm. However,
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because of dispersion, refractive indices are accordingly lower for a longer wavelength, therefore the
actual values of those liquids for a wavelength of 1300 nm are following: 1.390, 1.487, 1.576.

3. Theory and Calculation

Firstly, the theoretical modeling of the spectral response was performed to consider the rationale
of the device. In formation of the microsphere by use of optical fiber fusion splicer, the localized
melting of the fiber by arc discharge results in the creation of a spherical tip due to surface tension.
The structure achieved in this process is not uniform, but exhibits the boundary of the core and
cladding materials with different refractive indices. When the reflectivity of the mirrors is low, as
in the investigated case, the influence of the higher order reflections in a Fabry–Pérot interferometer
becomes insignificant. In addition, due to the very low thickness of the ALD film in comparison to the
device structure and operating wavelength, the investigated structure can be simplified from a dual
cavity interferometer (cladding layer and ZnO film) to a single cladding-material cavity interferometer
with a reflection coefficient of the outermost mirror surface modeled by ZnO spectral reflection
response. Therefore, the output signal of the sensor can be approximated by two-beam interferometer
response—one reflected from the core/cladding interface and the second from the external surface of
the microsphere and coupled back to the fiber core (Figure 1). The method for calculation of the ZnO
thin film spectral reflection function was described in detail by Majchrowicz et al. [35]. The thickness of
the film 200 nm was chosen for the application, as it provides highest reflection value for wavelengths
in the 1300–1500 nm range [35].

The field distribution of the light propagated in the fiber core, and thus the first reflected beam, can
be approximated by Gaussian distribution [46]. The transformation of the second beam, propagated
in the cladding sphere, can be modeled by ray-matrix approach for the Gaussian beam. The ABCD
matrix for the microsphere can be written as:

M =

[
1 0

n2−n1
n2Rin

n1
n2

][
1 L
0 1

][
1 0
−2
Rex

1

][
1 L
0 1

][
1 0

n1−n2
n1Rin

n2
n1

]
(1)

where n1,2 are the refractive indices of the core and cladding, L is the length of the cavity, Rin,ex is the
radius of the core and cladded spheres.

In the case of the second interfering beam, it is also important to take into account the coupling
coefficient of the reflected wave propagated in the cavity back to the optical fiber core. It can be
estimated using the complex beam parameters calculated using M matrix elements and initial beam
properties [47]. A detailed description of the theoretical background used for the simulation has been
described [48].

4. Results

4.1. Characterization of the ZnO ALD Coating

First, the morphology of the device has been examined by scanning electron microscopy (SEM).
The presented microsphere shows a regular spherical shape and the diameter of the microsphere head
was calculated by circle fitting and it is equal to ΦrZnO = 240.7 µm for the microsphere with the ZnO
layer. The SEM micrograph of the fiber-optic microsphere with deposited ZnO layer measured with
1000x magnification is presented in Figure 3a. Figure 3c shows the same surface topography on the
front side of the microsphere head, measured with 5000x magnification. The ZnO layer is clearly
visible. In addition, the diameter of optical fiber which was used for fabricating the microsphere was
also measured and it is equal to Φr = 127.8 µm (core with cladding). In the case of the microsphere
without ZnO coating, the surface topography is presented in Figure 3b,d.
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Figure 3. SEM images of optical fiber microsphere: (a) the microsphere with 200 nm ZnO coating, (b) the
microsphere without ZnO coating, (c) surface topography on the front side of the microsphere with
200 nm ZnO coating, (d) surface topography on the front side of the microsphere without ZnO coating.

The investigation of the ZnO thin film deposited on the microsphere was carried out by Raman
spectroscopy method. The Raman spectra of the ZnO film deposited on the microsphere is presented in
Figure 4. The analysis of Raman peaks is: 379 cm−1 corresponds to acoustic mode A1 transverse-optical
(TO) phonon, 412 cm−1 corresponds to E1 transverse-optical (TO) phonon, 440 cm−1 corresponds
to E2, 537 cm−1 corresponds to A1 longitudinal-optical (LO) phonon and 586 cm−1 corresponds to
E1 longitudinal-optical (LO) phonon. The Raman peaks for 494 cm−1 and 611 cm−1 correspond to
substrate (fiber cladding–fused silica). It should be mentioned that the presented Raman peaks of ZnO
are hardly visible, which can be caused by surface curvature (ΦrZnO = 240.7 µm) of the microsphere.
In this case, the generated Raman signal is highly diffused sideways (in comparison to a flat surface),
which means that only a small part of the Raman signal can reach the detector. The presented Raman
spectra confirm the ZnO layer has been deposited properly and exists on the microsphere.
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4.2. Modeling

In Figure 5a,b normalized reflected spectra of a sphere with and without ZnO film for different
values of surrounding refractive index are presented. Sensor response was simulated assuming
illumination with a broadband source of Gaussian characteristic; source parameters were set to
λ = 1290 nm and a full width at half maximum (FWHM) ≈ 40 nm, which gives good approximation
of a superluminescent diode (SLD) spectra, peak intensity was assumed as 1. The sphere geometry
was as follows: Rex = 120 µm, L = 110 µm, Rin = 10 µm. The refractive index of the fiber core was
assumed as 1.46 and for the cladding 1.454 in the investigated wavelength range. Figure 5c,d show
dependence of peak intensity of the output signal in function of external refractive index. As can be
observed, modulation of source spectra by interference fringes is present, however the visibility of
the interference signal is not high. The expected intensity of the signal obtained with the ZnO coated
sphere is four times that for the clean sphere. As the external refractive index increases, the peak
intensity of the reflected signal diminishes, reaching the minimum in the range between 1.4 and 1.5 for
the uncoated sphere. Application of a ZnO thin film allows this extremum to shift to higher refractive
index values, thus extending available sensing range to over 1.6.
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4.3. Measurement Results

In order to determine the spectral response of the device and to evaluate the potential performance
in refractive index sensing applications, a series of measurements were performed. During the
experiment, the measurement head was immersed in media characterized by different refractive
indices (1, 1.390, 1.487, and 1.576).

In Figure 6, the measured response of the fiber-optic sensor with microsphere coated with ZnO
thin film can be seen. The dependence of the signal intensity on the refractive index of the surrounding
medium is shown in Figure 7. For each refractive index, the values of peak intensity were normalized
to the reference value (highest value for n = 1). Theoretical modeling was included to facilitate
comparison of the simulation and experimental results. Coefficient of determination, R-squared,
indicates the accuracy of the measurements is close to 1 (0.9999).
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It can be observed that this plot similarly traces the modeled characteristics presented in Figure 5b.
The intensity of a measured signal from the sensor with ZnO coated microsphere decreases with
the increase of the refractive index. The results of the experiments are in close agreement with
the theoretical modeling. The signal is easily detectable in the full investigated range (up to 1.6),
showing that the sensing range of a fiber-optic refractive index sensor can be successfully extended by
application of a ZnO thin film coating. The modulation of reflected signal due to the interference in
the microsphere structure is also clearly visible in the whole range. The density of interference fringes
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is not dependent on the external medium, therefore it can be used for remote checking of the integrity
of sensor structure.

5. Conclusions

In this paper, the interferometric fiber-optic sensor with the incorporation of a microsphere coated
with a thin film of ZnO by ALD at the tip of the optical fiber is reported for the first time. The sensor
was first characterized using scanning electron microscope and Raman spectroscopy, confirming the
presence of a conformal 200 nm ALD ZnO film around the microsphere. Theoretical simulations as
well as experimental measurements have been performed to assess the performance of the device as a
refractive index sensor. The measurements carried out confirmed its successful use as an optical sensor,
and the enhanced sensing abilities when the microsphere was coated with the ZnO layer. Compared to
other refractive index sensors reported in literature, this design allowed the measurement range to
be extended. The application of a ZnO layer at the surface of a microsphere allowed us to perform
measurements for refractive indices close to those of an optical fiber (1.4). Furthermore, the application
of the sensor with the ALD modified microsphere allowed us to observe the interference fringes coming
from the microsphere, which worked as a two-beam interferometer operating in a reflective mode.
The innovative results presented in this paper open new perspectives for the sensing community and
will promote the use of fiber-optic sensing devices.

Author Contributions: The manuscript was written through contributions of all authors. M.W. and M.B.
performed the ALD experiments. P.L. and M.J.-S. conceived and designed the experiments. M.H. performed
theoretical modeling. P.L. performed the experiments. P.S. performed characterization of the developed device
(SEM, Raman spectroscopy).

Funding: The authors M.W. and M.B. want to thank the French national research agency (ANR, program
MeNiNA—ANR-17-CE09-0049) for funding. The authors P.L., M.H. and M.J.-S. acknowledge the financial
support by the Polish National Centre for Research and Development (NCBiR) under the project Techmatstrateg
Diamsec 347324 and DS Programs of the Faculty of Electronics, Telecommunications and Informatics of
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20. Struk, P.; Pustelny, T.; Gołaszewska, K.; Kamińska, E.; Borysiewicz, M.A.; Ekielski, M.; Piotrowska, A. Hybrid
photonics structures with grating and prism couplers based on ZnO waveguides. Opto-Electron. Rev. 2013,
21, 376–381. [CrossRef]

21. Morkoç, H.; Özgür, Ü. Zinc Oxide: Fundamentals, Materials and Device Technology; Wiley-VCH Verlag GmbH &
Co. KGaA: Weinheim, Germany, 2009; ISBN 978-3-527-62394-5.

22. Özgür, Ü.; Alivov, Y.I.; Liu, C.; Teke, A.; Reshchikov, M.A.; Doğan, S.; Avrutin, V.; Cho, S.-J.; Morkoç, H. A
comprehensive review of ZnO materials and devices. J. Appl. Phys. 2005, 98, 041301. [CrossRef]

23. Boyadjiev, S.I.; Georgieva, V.; Yordanov, R.; Raicheva, Z.; Szilágyi, I.M. Preparation and characterization of
ALD deposited ZnO thin films studied for gas sensors. Appl. Surf. Sci. 2016, 387, 1230–1235. [CrossRef]

24. Pawar, D.; Kitture, R.; Kale, S.N. ZnO coated Fabry-Perot interferometric optical fiber for detection of gasoline
blend vapors: Refractive index and fringe visibility manipulation studies. Opt. Laser Technol. 2017, 89, 46–53.
[CrossRef]

25. Weber, M.; Julbe, A.; Ayral, A.; Miele, P.; Bechelany, M. Atomic Layer Deposition for Membranes: Basics,
Challenges, and Opportunities. Chem. Mater. 2018, 30, 7368–7390. [CrossRef]

26. Viter, R.; Chaaya, A.A.; Iatsunskyi, I.; Nowaczyk, G.; Kovalevskis, K.; Erts, D.; Miele, P.; Smyntyna, V.;
Bechelany, M. Tuning of ZnO 1D nanostructures by atomic layer deposition and electrospinning for optical
gas sensor applications. Nanotechnology 2015, 26, 105501. [CrossRef] [PubMed]

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://dx.doi.org/10.3390/s7123100
http://www.ncbi.nlm.nih.gov/pubmed/28903282
http://dx.doi.org/10.1021/ac00298a034
http://dx.doi.org/10.1117/1.JBO.21.8.087005
http://www.ncbi.nlm.nih.gov/pubmed/27548775
http://dx.doi.org/10.1109/JLT.2016.2615294
http://dx.doi.org/10.1021/acssensors.7b00918
http://www.ncbi.nlm.nih.gov/pubmed/29726679
http://dx.doi.org/10.1038/s41377-018-0063-4
http://www.ncbi.nlm.nih.gov/pubmed/30275946
http://dx.doi.org/10.3390/s16010099
http://www.ncbi.nlm.nih.gov/pubmed/26784192
http://dx.doi.org/10.1364/OE.22.011892
http://www.ncbi.nlm.nih.gov/pubmed/24921310
http://dx.doi.org/10.1016/j.tsf.2013.06.058
http://dx.doi.org/10.3390/s140407451
http://www.ncbi.nlm.nih.gov/pubmed/24763250
http://dx.doi.org/10.3390/bios7020023
http://www.ncbi.nlm.nih.gov/pubmed/28635665
http://dx.doi.org/10.1016/j.apsusc.2013.03.133
http://dx.doi.org/10.1515/bpasts-2015-0094
http://dx.doi.org/10.2478/s11772-013-0102-x
http://dx.doi.org/10.1063/1.1992666
http://dx.doi.org/10.1016/j.apsusc.2016.06.007
http://dx.doi.org/10.1016/j.optlastec.2016.09.038
http://dx.doi.org/10.1021/acs.chemmater.8b02687
http://dx.doi.org/10.1088/0957-4484/26/10/105501
http://www.ncbi.nlm.nih.gov/pubmed/25694034
http://mostwiedzy.pl


Nanomaterials 2019, 9, 306 10 of 11

27. Tereshchenko, A.; Fedorenko, V.; Smyntyna, V.; Konup, I.; Konup, A.; Eriksson, M.; Yakimova, R.;
Ramanavicius, A.; Balme, S.; Bechelany, M. ZnO films formed by atomic layer deposition as an optical
biosensor platform for the detection of Grapevine virus A-type proteins. Biosens. Bioelectron. 2017, 92,
763–769. [CrossRef] [PubMed]

28. Graniel, O.; Weber, M.; Balme, S.; Miele, P.; Bechelany, M. Atomic layer deposition for biosensing applications.
Biosens. Bioelectron. 2018, 122, 147–159. [CrossRef] [PubMed]

29. George, S.M. Atomic Layer Deposition: An Overview. Chem. Rev. 2010, 110, 111–131. [CrossRef] [PubMed]
30. Weber, M.; Koonkaew, B.; Balme, S.; Utke, I.; Picaud, F.; Iatsunskyi, I.; Coy, E.; Miele, P.; Bechelany, M.

Boron Nitride Nanoporous Membranes with High Surface Charge by Atomic Layer Deposition. ACS Appl.
Mater. Interfaces 2017, 9, 16669–16678. [CrossRef] [PubMed]

31. Weber, M.J.; Mackus, A.J.M.; Verheijen, M.A.; van der Marel, C.; Kessels, W.M.M. Supported Core/Shell
Bimetallic Nanoparticles Synthesis by Atomic Layer Deposition. Chem. Mater. 2012, 24, 2973–2977. [CrossRef]

32. Cabello-Aguilar, S.; Balme, S.; Chaaya, A.A.; Bechelany, M.; Balanzat, E.; Janot, J.-M.; Pochat-Bohatier, C.;
Miele, P.; Dejardin, P. Slow translocation of polynucleotides and their discrimination by α-hemolysin inside a
single track-etched nanopore designed by atomic layer deposition. Nanoscale 2013, 5, 9582–9586. [CrossRef]
[PubMed]

33. Viter, R.; Balevicius, Z.; Abou Chaaya, A.; Baleviciute, I.; Tumenas, S.; Mikoliunaite, L.; Ramanavicius, A.;
Gertnere, Z.; Zalesska, A.; Vataman, V.; et al. The influence of localized plasmons on the optical properties of
Au/ZnO nanostructures. J. Mater. Chem. C 2015, 3, 6815–6821. [CrossRef]

34. Liang, L.; Li, M.; Liu, N.; Sun, H.; Rong, Q.; Hu, M. A high-sensitivity optical fiber relative humidity sensor
based on microsphere WGM resonator. Opt. Fiber Technol. 2018. [CrossRef]

35. Majchrowicz, D.; Hirsch, M.; Wierzba, P.; Bechelany, M.; Viter, R.; Jędrzejewska-Szczerska, M. Application of
Thin ZnO ALD Layers in Fiber-Optic Fabry-Pérot Sensing Interferometers. Sensors 2016, 16, 416. [CrossRef]
[PubMed]

36. Hirsch, M.; Majchrowicz, D.; Wierzba, P.; Weber, M.; Bechelany, M.; Jędrzejewska-Szczerska, M.
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Optical  fiber-based  sensors  are  expected  to  become  key  components  in  the control  of  industrial  processes,
and  the tuning  and  the enhancement  of their  sensing  properties  are  crucial  for  the  further  development
of  this  technology.  Atomic  Layer  Deposition  (ALD),  a vapor  phase  technique  allowing  for  the  deposition  of
conformal  thin films,  is  particularly  suited  for the deposition  of controllable  thin films  on challenging  sub-
strates.  In  this  work,  we report  the  tuning  of  fiber-optic  microsphere  sensors  using  an ALD  process  of  zinc
oxide (ZnO)  based  on  diethylzinc  (DEZ)  and  H2O  at 90 ◦C.  Nanolayers  of 50 and  100  nm  were  deposited  on
the  fiber-optic  microspheres  sensors,  using  250 and  500 ALD cycles  respectively.  The  fabricated  samples
tomic layer deposition
oating
icrosphere

iber-optic
ensors
efractive index

were  characterized  using  Scanning  Electron  Microscopy  (SEM),  and  the  spectral  responses  of the  devices
were  investigated  theoretically  and  experimentally,  by measuring  the refractive  index  of  different  oils.
It has  been  found  that  the  biocompatible  ZnO  functional  nanocoatings  of the  fiber-optic  microsphere
sensors  allowed  for  a wider  measurement  range  of  refractive  indexes,  opening  up new  prospects  for
fiber-based  sensing  devices.

©  2019  Published  by  Elsevier  B.V.
. Introduction

The advantages of fiber optic sensors make them popular for
arious applications, from industrial and quality control processes
o medical diagnostics. Therefore, optical fibers technologies have
een involved in the field of sensing applications for decades, and
ber-optic sensors have been the focus of interest for their effec-

ive, easy and low cost fabrication process [1–5]. Refractive index
s one of the key optical parameters measured in medical diagnos-
ics, chemical and food industries [6,7]. The refractive index value
s directly connected the concentration of the chemical solutions,

herefore the measurements are used for investigation of sam-
le composition in various fields, e.g. determination of sucrose or

at content in beverages [8,9], water salinity measurements [10],

Abbreviations: ZnO, Zinc Oxide; ALD, Atomic Layer Deposition; SEM, Scanning
lectron Microscopy.
∗ Corresponding authors.

E-mail addresses: paulist@o2.pl (P. Listewnik),
ikhael.bechelany@umontpellier.fr (M.  Bechelany), malszcze@pg.edu.pl

M.  Szczerska).

ttps://doi.org/10.1016/j.sna.2019.111594
924-4247/© 2019 Published by Elsevier B.V.
quality control in chemical production [11–13]. Many features of
fiber-optic sensors – like small size, possibility of remote and real
time measurements, biocompatibility, immunity to electromag-
netic noise and corrosive environment – are the reason they are
used for refractive index sensing in demanding biomedical and
industrial applications [14–19].

Recently, thanks to advance in nanotechnology, the nanolayer
deposition techniques are made accessible more broadly to sci-
entists and engineers in many fields, among them the fiber optic
sensors. It was shown that the application of titanium dioxide thin
films in SPR and Bragg grating sensors allowed to increase the sen-
sitivity and tune the resonance wavelength [20–23] and to expand
the sensing range of a fiber optic interferometer [24]. Also, in recent
years, fiber optic gas sensors based on metal-oxides materials as
sensing media have been reported to enhance both the gas sen-
sitivity and selectivity [25,26]. Zinc oxide (ZnO) is an attractive
material for optics and optoelectronic devices. For example, it has
been applied as a coating layer on fiber-based sensors, semiconduc-

tor mirrors, waveguide layer in integrated photonic structures and
as an active part in optoelectronic sensors structures [27–33]. ZnO
is an n-type semiconductor with excellent optoelectronic prop-
erties, a wide band gap (3.36 eV), a high dielectric constant and

https://doi.org/10.1016/j.sna.2019.111594
http://www.sciencedirect.com/science/journal/09244247
http://www.elsevier.com/locate/sna
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efractive index at n∼1.9-2 depending on the deposition technol-
gy and wavelength [29,31,32,34,35]. In addition, ZnO is nontoxic
nd biocompatible, making it very suitable for medical diagnostic
pplications [36,37]. The physical properties of ZnO can be tailored
o meet the requirements for a given application, as this material
an be prepared with different physical properties using numerous
ethods, such as magnetron sputtering, Molecular Beam Epitaxy

MBE), Chemical Vapor Deposition (CVD), and Atomic Layer Depo-
ition (ALD), among others [28,28,29,30,31,32,33,38].

ALD is a gas phase deposition technique allowing for the prepa-
ation of thin films on challenging 3D substrates with excellent
hickness control. It is based on sequential pulses of precursors and
oreactants in the gas phase, enabling for self-limiting chemical
eactions to take place at the substrate surface [39–42]. The nano-

aterials typically synthesized by ALD are metal oxides such as
l2O3 and ZnO [43,44], but metals [40,45,46] and nitrides [47–49]
ave been prepared as well. The subnanometer thickness control
nd the excellent conformality allowed by ALD enabled this tech-
ique to become a key technology for the deposition of thin films

or numerous applications, from microelectronics [50] to photo-
oltaics [51], and from biosensing [52] to membranes [53]. The key
enefits of thin films prepared by ALD allow them to be used for
ptical sensing applications as well [24,27,54].

In this work, we demonstrate the possibility to tune the param-
ters of fiber-optic microsphere sensors, using ZnO nanolayers
repared by ALD. We  first developed a ZnO ALD process and used

t to prepare thin film coatings on fiber-optic microsphere sen-
or heads. We  then show that the prepared coatings of 50 nm and
00 nm enable to modify the metrological parameters of the sen-
ors. The measurement range of investigated refractive index and
he intensity of the measured optical signal have been investigated,
oth theoretically and experimentally.

. Materials and methods

.1. Theoretical investigation

For the theoretical analysis of the reflected spectra for an inter-
erometer presented in this paper, a few assumptions have been

ade. First, for a low-finesse Fabry-Pérot interferometer the influ-
nce of the high order reflections can be neglected, and two-beam
nterferometer approximation can be used. Thanks to the fact that
LD allows for the deposition of ultra-thin films, the thickness of the
nO layer can be assumed to be very thin compared to the dimen-
ions of the device structure as well as wavelength of the light
ource. Hence, reflected spectra calculation for the investigated
n-line interferometer can be simplified to two-beam Fabry-Perot
nterferometer approximation, where upon illumination of the
tructure via optical fiber, the light is first reflected from the inter-
al core-cladding boundary and then from the external surface
f the sphere. The intensity of field distribution for light propa-
ated in the fiber core is approximated by Gaussian distribution,
ith the reflection coefficient of the first boundary determined by

resnel equations, while the ray transfer matrix analysis is used to
etermine the transformation of the beam travelling through the
ladding-material cavity and reflected from the outer interface of
he structure. The reflection coefficient of ZnO coated microsphere
urface is highly dependent to the refractive index of the surround-
ng medium as well as the thickness of the film [27]. To determine
nO film reflection function we used method proposed for descrip-
ion of reflectance spectra of ALD films deposited on the end-face

f the fiber [27] – the highest value of reflectance in 1300–1600 nm
ange, which is in particular interest because of compatibility with
ptical fibers typically used in telecommunication, can be achieved
or films with thickness close to 200 nm.  However, due to the time-
rs and Actuators A 298 (2019) 111594

consuming nature of ALD deposition process, it is worthwhile to
investigate how the lowered thickness of the layer is affecting the
response of the device.

Detailed description of the theoretical model assumed for the
microsphere structure and formulas used in calculations were pre-
sented in [55].

2.2. Microsphere development and ALD process

Fig. 1 presents a schematic representation of the investigated
fiber-optic microsphere structure. In this microsphere sensor struc-
ture (1), the original interface between the cladding (2) and the
core (3) material is preserved and forms a reflective surface for
the light (4) propagating in the core of the optical fiber. The core-
cladding interface (M1) together with the external surface (M2) of
the sphere creates a low-finesse in-line Fabry-Pérot interferome-
ter with the cavity length dependent on the radius of the sphere.
The free spectral range of such interferometer is directly dependent
on the sphere geometry and cladding refractive index and can be
assumed to be constant in normal operating conditions. However,
the intensity of the reflected signal (5) is highly sensitive to changes
of the refractive index of the surrounding medium.

The microspheres were developed at the end of single mode
optical fibers (SMF-28, Thorlabs, USA), using a single fiber fusion
splicer (FSU 975, Ericsson, Sweden). During the initial fabrication
of the microsphere sensor, the tip of the fiber is melted under the
influence of the heat created by an electric arc and forms a new
shape due to the surface tension by simultaneous pulling at the
fiber. Inconsistencies in the diameter between the spheres could
result from the variability of the technological process, however,
the observed deviations were limited to 1.3% (245.7 �m ± 3 �m).
The prepared microspheres were then coated using ALD of ZnO.

The ALD process allowing for the synthesis of ZnO thin films
around the microsphere sensor has been carried out in a low-
pressure hot-wall (home-built) ALD reactor. The base pressure was
around 10–2 mbar. The process was based on the successive pulses
and exposures of diethylzinc (DEZ) precursor and water (H2O)
as coreactant, separated by purge steps. Precisely, the ALD cycle
consisted of 0.1 s pulse of DEZ, 20 s exposures, and 45 s purge, fol-
lowed by a 1 s pulse H2O, 20 s exposure and 60 s purge to complete
the cycle. To obtain the 50 and 100 nm ZnO conformal thin films
around the fiber optic microspheres, we  applied 250 and 500 ALD
cycles, respectively. The time for pulse, exposure, and purge cycles
were chosen to ensure saturation. The thickness of the films has
been controlled on Si wafers placed in parallel in the reactor, using
spectroscopic ellipsometry (Semilab GES5E, Budapest, Hungary).
Further details about both this deposition process and the associ-
ated ALD reactor can be found elsewhere [24,44,56].

The morphological properties of presented the fiber-optic
microsphere structures were determined by Scanning Electron
Microscopy method (SEM, FEI S50, Hillsboro, USA).

2.3. Sensor experimental setup

The device sensing functionality was validated using a measure-
ment setup, similar to that of Fabry-Pérot interferometer operated
in a reflective mode [27]. The signal from the light source, in this
experiment a superluminescent diode (SLD) with a central wave-
length of 1300 nm (S1300-G-I-20, SUPERLUM, Ireland), is applied
through the optical coupler to the input of a single-mode optical
fiber (SMF-28, Thorlabs, USA). The light is reflected at the interface
between core and cladding and again on the external surface of the

microsphere. At the exit, an Optical Spectrum Analyzer (OSA, Ando
AQ6319, Japan) is used to detect and process the measured sig-
nal. Schematic representation of described setup is shown in Fig. 2
below.

http://mostwiedzy.pl
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Fig. 1. Schematic representation of a microsphere fiber optic sensor with ZnO coating, where: 1 – ZnO coated microsphere, 2 – fiber-optic cladding, 3 – fiber-optic core, 4 –
input  signal, 5 – signals reflected from the mirrors made by the border between the fiber-optic core and cladding (M1) and microsphere and surrounding medium (M2).
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ig. 2. Schematic representation of a microsphere fiber optic sensor experimental 

uperluminescent diode light source, OSA – Optical Spectrum Analyzer.

During the measurements, each microsphere was  immersed in
our refractive oils (Cargille Refractive Index Liquids, USA), whose
efractive indexes varied from 1.3 to 1.6, with 0.1 step. The value
f refractive indexes is at 589.3 nm.  Additionally, the microspheres
ensing properties were measured without immersing in refractive
ils to establish a reference spectrum.

. Results and discussion

.1. Results of simulations

The reflected spectra were simulated for three setups of micro-
phere: an uncoated one, one coated with a ZnO film presenting

 thickness of 50 nm,  and one coated with a 100 nm ZnO film.
he assumed parameters of the microspheres were as follows:
ex = 120 �m,  Rin = 10 �m,  L = 110 �m,  ncore = 1.46, ncladding = 1.454.
he value of ZnO refractive index was close to 1.83 for investigated
avelength range (1240–1340 nm), the dispersion curve was calcu-

ated in accordance with the references [27,55,57]. The calculations
ere performed using GNU Octave.

In Fig. 4a) are presented simulation data obtained for refractive
ndex of external medium set as 1.0 – which correspond to micro-
phere placed in air. The results show that the deposition of ALD

hin films on the microspheres allows for a higher reflected signal
ntensity. The increase of the intensity observed for the micro-
phere with 50 nm ZnO film is 1.7 higher than for the uncoated
phere and is multiplied by 3 for the microsphere with the 100 nm
 during immersion of the sensor head in the refractive index liquids, where: SLD –

nanolayer. The depth of the interference pattern also grows with
the thickness of the ZnO layer. This behavior can be attributed to
the influence of the reflectance of the ZnO film. In the investigated
wavelength range and for the selected thicknesses of the films, the
reflection function shows that the increase of the reflection is well
correlated with the presented results [27].

Fig. 4b) shows the results obtained for refractive index of sur-
rounding medium equal to 1.3 – which is in the lower rage of
values typically encountered in applications involving liquid solu-
tions (1.3–1.5). As can be noted, the intensity of reflected signal is
significantly lower – in case of 100 nm ZnO coated device it is half
of the original signal, for 50 nm the intensity is 3 times lower. In
case of an uncoated sphere the reflected signal is 7 times lower
with peak intensity of about 0.001, which would probably be hard
to detect in real-life application. The difference is caused by dimin-
ished reflection from the outer surface of the microsphere, due to
lower difference between the refractive index value of optical fiber
and surrounding media.

Application of ZnO film of different thickness allows to affect
the intensity response of the device in function of external refrac-
tive index. The tuning of the sensor response by differentiation of
thickness coating can be used to optimize the device and its fab-
rication process to the target application – for example 100 nm
coating might be necessary to achieve required signal strength and
sensitivity in the refractive index range 1.4–1.5, whereas for the
measurements of value close to 1.3 device coated with 50 nm film

would work well enough and offer faster production time.
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Fig. 3. SEM images of fiber-optic microsphere sensor head with ALD nanolayers, magnification of 500x: (a) 50 nm and (b) 100 nm and magnification of 5000x: (c) 50 nm and
(d)  100 nm.  The diameter of the spheres (246 �m ± 3 �m)  is indicated.

Fig. 4. Comparison of the simulated reflected spectra for uncoated microsphere and with ZnO coating of 50 and 100 nm thickness, obtained for refractive index of external
medium equal (a) 1.0 and (b) 1.3.
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Fig. 5. Normalized measured reflected spectra of: (a) microsphere fiber-optic interferometer with 100 nm ZnO coating immersed in refractive indexes of 1, 1.3, 1.4 and (b)
microsphere ZnO coated fiber-optic interferometers in medium with n = 1.

Fig. 6. Normalized values of peak intensities of the signal measured as a function
o
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f  the media refractive index for the microsphere-based sensor with 100 nm and
0  nm ALD ZnO coating.

.2. Device characterization

In this work, ALD of ZnO has been used to prepare thin film
oatings on fiber-optic microsphere sensors. First, the fiber-optic
icrospheres were coated using ALD of ZnO. The ALD of ZnO pro-

ess was based on DEZ and H2O pulses separated by Argon purge
teps (see Materials and Methods section for details). By apply-
ng 250 and 500 ALD cycles, ZnO nanolayers of 50 and 100 nm
ave been deposited on the fiber-optic microspheres. Spectroscopic
llipsometry has been used to confirm the thicknesses of the films
eposited on Si wafers placed in parallel in the reactor [45,58]. The
orphological properties of the resulting two fiber-optic micro-

pheres with the different thicknesses (50 and 100 nm)  have been
nvestigated using Scanning Electron Microscopy (SEM). The SEM
mages of the ZnO coated fiber-optic microspheres are presented
n Fig. 3 (magnification x500). The microspheres are characterized
y a very regular and spherical shape. The microsphere with the
0 nm ZnO layer presented a diameter of �ZnO50 = 248 �m,  whereas

icrosphere with 100 nm layer has a diameter equal to �ZnO100 =

46 �m.  Each sample was measured by circumscribing the head of
 sensor. The difference in diameter of the spheres is not due to the
Fig. 7. Absolute values of peak intensities of the signal measured as a function of the
media refractive index for the microsphere-based sensor with 100 nm and 50 nm
ALD  ZnO coating.

ALD coating but can be attributed to the variability of the melting
process. However, please note that the observed deviations were
limited to 1.3% (246 �m ± 3 �m).  The analysis carried out with the
use of SEM has also confirmed the high repeatability of fabrication
technology of fiber-optic microsphere.

3.3. Experimental results

Fig. 5(a) presents the measured reflected spectra for ZnO coat-
ing of 100 nm,  while the sensor head was immersed in media
with the different refractive indexes n = 1.0, 1.3, and 1.4. Fig. 5(b)
shows the reflected signals measured on the microspheres coated
with 50 and 100 nm ZnO layers. All values were normalized to the
highest intensity, which in a medium with n = 1 equals 193 �W
for a sensor with 100 nm ALD ZnO coating and 53,4 �W for a
sensor with 50 nm ALD ZnO coating. It can be clearly seen that
the modulation of the signal, in both cases, remains the same,
but the intensity increases with the increase of the layer thick-
ness. The visibility of interference fringes is also increased for
analysis.
Additionally, Fig. 6 presents the signal peak intensity measured

during immersion of the microspheres with 50 nm and 100 nm ZnO
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oatings in solutions of refractive indexes from 1.0 to 1.6. The sec-
nd order polynomial regression has also been calculated for the
0 nm ZnO coating by equation: y50 = 2.6x2−8.1x + 6.5 and for the
00 nm ZnO coating y100 = 1.4x2−5x + 4.6.

The R-squared parameter demonstrates over 99.99% closeness
etween collected data and the theoretical model. The first obser-
ation is that the reflected intensity of a microsphere with a 50 nm
nO layer is substantially lower (155 �W)  – about 70% – than the

ntensity of the 100 nm coated microsphere. An interesting obser-
ation is that the sensitivity to the refractive index variation is
ignificantly improved for the 100 nm ZnO coating especially for
alues in the range of 1.4–1.6.

To get a better understanding of the sensor parameters, peak
ntensities absolute values of the signal, for a sensor with 100 nm
nO and 50 nm ALD coating, are presented in Fig. 7.

Sensitivity of this setup gets up to 259 �W/RIU, while sensi-
ivity of the sensor with a coating of 50 nm reaches 78 �W/RIU.
epending on the target application, the parameters of the fiber
ptic sensors have to be fitted by properly tuning the thickness
f the ZnO layer. Commonly used setups of fiber optic sensors
or refractive index measurements are based on the mechanism
f reflection on the interface between a bare fiber and tested
ubstance. However, the typical measurement range is strongly
imited by the fact that when the refractive index of the tested
ample is close to the fiber one (1.4–1.5), the reflection value
s drastically lowered. The application of ALD ZnO films allows
xpanding the measurement range above that value, making
he measurements of many substances possible with refractive
ndex close to 1.5 like benzene, toluene, glycerol and various
ils.

. Conclusion

We  reported the preparation of fiber-optic microspheres sens-
ng devices, using ALD of ZnO to coat the microsphere sensor tip.
he proof-of-concept results presented in this work were obtained
ith different thicknesses of ZnO ALD thin film coatings on a
icrosphere fiber-optic sensor head, which allowed the tailor-

ng of the sensor parameters. A broaden measurement range of
he investigated refractive index has been obtained. Application
f ZnO films of different thickness allowed controlling the inten-
ity of reflected signal and amplitude of the interference fringes.
he measured increase of the intensity observed for the micro-
phere with 100 nm ZnO film is over 3 times higher than for the
icrosphere with the 50 nm nanolayer. In the proposed refrac-

ive index sensing application, the interference fringe spacing is
ot affected by external medium, yet the effect can be used for
emote validation of presence and integrity of the sensor head.
s typical measurement ranges of fiber optic sensors are limited
y low reflection values when the refractive index of the tested
amples is close to the fiber one, the application of ALD ZnO films
llows for the considerable expansion of the measurement range.
hese proof-of-concept results open prospects for the development
f fiber-optic sensing devices and the application of ALD to this
rowing field.
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Abstract: In this paper, the application of a microsphere-based fiber-optic sensor with a 200 nm zinc
oxide (ZnO) coating, deposited by the Atomic Layer Deposition (ALD) method, for temperature
measurements between 100 and 300 ◦C, is presented. The main advantage of integrating a fiber-optic
microsphere with a sensing device is the possibility of monitoring the integrity of the sensor head in
real-time, which allows for higher accuracy during measurements. The study has demonstrated that
ZnO ALD-coated microsphere-based sensors can be successfully used for temperature measurements.
The sensitivity of the tested device was found to be 103.5 nW/◦C when the sensor was coupled with a
light source of 1300 nm central wavelength. The measured coefficient R2 of the sensor head was over
0.99, indicating a good fit of the theoretical linear model to the measured experimental data.

Keywords: atomic layer deposition; fiber-optic; microsphere; temperature; ZnO

1. Introduction

Temperature is one of the most important parameters, measured in many different fields, such as
science, medicine or industry [1–5]. It is used to monitor quality of the products, procedures and
energy consumption. Accurate temperature measurements are highly dependent on carefully chosen
instruments, which should be selected based on conditions in which the device will be used, external
influences and the parameters suitable for each task, especially temperature range, pollution, sensitivity
and period of time, over which the measurements will be performed [6,7].

One of the fields, where the temperature is strictly controlled is the food industry. This is to
ensure that the proper standards are preserved and to minimize the risks, such as bacteria growth and
formation of toxins, while processing and storing the food [8,9]. Maintaining the right temperature
helps to avoid food poisoning or its spoiling [10,11]. Another area, where those measurements are also
highly utilized are electrochemical batteries and energy storage cells, where temperature control is used
to monitor device performance and stability during charging cycles, therefore preserving its properties
for as long as possible and estimating its lifetime [12,13]. Monitoring temperature is also useful during
plastic or metal production to ensure the quality of the products and workplace security [14–16].

There is an abundance of instruments for temperature measurements, from contact sensors, such as
thermocouples and thermistors to contactless devices, i.e., infrared thermal detectors [17–19]. Among them,
all fiber-optic sensors stand out and, as a consequence, their development has been steadily progressing
throughout the years thanks to the ease of use of these devices, their high durability, low fabrication
cost, and chemical inertness [20–22]. Over the last decade, researchers gained new measurement

Sensors 2020, 20, 4689; doi:10.3390/s20174689 www.mdpi.com/journal/sensors
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techniques using fiber-optic sensors, such as: hybrid fiber-optic sensing, GOD-complex-based (glucose
oxidase complex) sensors, multi-parameter sensors, deformable micro-mirror sensors or core-offset
splicing [23–28]. The requirement for the long-term monitoring of temperature in severe, remote
conditions caused fiber-optic sensors application in many fields, including industry, e.g., building
applications, oil leakage railway infrastructure [29–33], but also they are used in biochemistry [34].
Moreover, fiber-optic sensors can be adapted to best suit the needs of specific applications, by modifying
geometrical parameters or by adding additional passive components, such as coatings [35–37].

In traditional fiber-optic sensors, many desired properties have been hampered by low sensitivity,
limited measurement range and the lack of protection against mechanical damage. In order to address
these shortcomings, the sensors with various coatings (metal, metal oxides, diamond, etc.), deposited
on the surface of the sensor head by different methods (atomic layer deposition, magnetron sputtering,
electron beam evaporation e-beam) [38–40], have started to be developed in recent years.

Geometrical modifications have also been introduced to increase resolution, employ phenomena
such as resonance or Whispering Mode Gallery, and control the optical path of the light within the
utilized medium [41]. The most used optical-fiber structures include tapers and microspheres [42,43].

One of the most challenging aspects in remote sensing, especially under volatile conditions,
is determining whether the integrity of the sensor head remains preserved. Ensuring that the sensor
head keeps its integrity, it helps to eliminate inaccuracies from the obtained data and prevent major
disruptions of the measurement process. Incorporating a microsphere to the fiber-optic sensor allows
one to monitor the state of the sensor head during real-time measurements.

This work presents the advantages of combining a fiber-optic microsphere and ZnO (zinc
oxide) ALD (Atomic Layer Deposition) 200 nm coating into one sensor, designed for temperature
measurements at the central wavelength of 1300 nm.

2. Materials and Methods

2.1. Microsphere Development

The fiber-optic microsphere was manufactured at the end of a standard single-mode optical fiber
(SMF-28, Thorlabs Inc., Newton, NJ, USA) by using an electric arc from the splicer (FSU975, Ericsson,
Sweden), which provided sufficient energy to affect the original structure of the fiber and allowed
for the microsphere to be formed by a three-step pull. During the fabrication process, the splicing
parameters were carefully controlled, ensuring the high reproducibility of the microsphere structure.
The diameter of the microsphere used for this study was 245 µm.

The microsphere was coated with a 200-nm-thick ZnO layer using Atomic Layer Deposition
(ALD), as described elsewhere [38,44].

The described device worked as an interferometric fiber-optic sensor with an intrinsic fixed cavity.
The principle of the operation of the sensor is shown in Figure 1.

During operation, part of the optical signal propagating through the fiber is reflected at the
boundary between the core and the cladding of the microsphere, whereas the rest passes through and
reflects off the microsphere surface. Cross-section of the sensor head presented in Figure 1b provides
visualization how the signal propagates through the sensor.

These two beams interfere with each other. While the reflection on the boundary between the
core and the cladding is constant, the reflection from the microsphere surface depends on the optical
properties of the deposited ZnO coating. By adjusting the thermal radiation around the device, the ZnO
coating is influenced, which affects the intensity of the output signal.

The sensor head has been subjected to Scanning Electron Microscopy (SEM) imaging to provide
the characterization of the ZnO coating after its deposition on the surface of the microsphere. The image
presented in Figure 2 is of 5000×magnification and it shows the uniformity of the ALD ZnO coating.
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surface of the microsphere with 5000× magnification. 
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To validate the sensing capabilities of the device, experimental measurements were performed. 
Test measurements were performed in order to obtain a spectral response of the signal during 
temperature changes. The temperature was measured using a low-coherence light source, 
temperature calibrator and an optical signal analyzer in a configuration presented in Figure 3. 

 
Figure 3. Schematic of the experimental setup used for temperature measurement, where: 1—
superluminescent diode, 2—Optical Signal Analyzer, 3—optical coupler, 4—temperature calibrator. 

During measurements, an optical signal, that was generated and provided by the low-coherent 
light source—superluminescent diode with a center wavelength of 1310 nm (SLD-1310-18-W, 
FiberLabs Inc., Fujimino, Japan), propagated through a typical 2:1 50/50% optical coupler (G657A, 
CELLCO, Kobylanka, Poland) to the microsphere-based fiber-optic sensor, placed in the temperature 
calibrator (ETC-400A, Ametek, Berwyn, PA, USA). 
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Figure 2. Scanning Electron Microscopy (SEM) image of the ALD ZnO coating deposited on the surface
of the microsphere with 5000×magnification.
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2.2. Experimental Setup

To validate the sensing capabilities of the device, experimental measurements were performed.
Test measurements were performed in order to obtain a spectral response of the signal during
temperature changes. The temperature was measured using a low-coherence light source, temperature
calibrator and an optical signal analyzer in a configuration presented in Figure 3.
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Figure 3. Schematic of the experimental setup used for temperature measurement, where:
1—superluminescent diode, 2—Optical Signal Analyzer, 3—optical coupler, 4—temperature calibrator.

During measurements, an optical signal, that was generated and provided by the low-coherent
light source—superluminescent diode with a center wavelength of 1310 nm (SLD-1310-18-W, FiberLabs
Inc., Fujimino, Japan), propagated through a typical 2:1 50/50% optical coupler (G657A, CELLCO,
Kobylanka, Poland) to the microsphere-based fiber-optic sensor, placed in the temperature calibrator
(ETC-400A, Ametek, Berwyn, PA, USA).

The reflected signal intensity was measured in a temperature range from 100 to 300 ◦C with a
10 ◦C step. The temperature was adjusted every 5 min in order to allow the sensor to adapt to the
change. After the signal was reflected by the microsphere, it was received and analyzed by the Optical
Signal Analyzer (OSA, Ando AQ6319, Yokohama, Japan).

3. Results and Discussion

The results presented in this section were obtained according to the procedures described in
Section 2.

Several series of measurements were carried out in order to test the device temperature sensing
abilities. During measurements, the sensor head was placed inside the temperature calibrator, while
the range was increased with 10 ◦C steps, between 100 and 300 ◦C.

Figure 4 shows an example of the measured response of the microsphere-based fiber-optic sensor
at a wavelength of 1300 nm. As shown, the intensity of the reflected signal increased with the increase
in the temperature. Not all of the measured responses were plotted to maintain clarity of the graph.
A slight shift in wavelength (±2 nm) is a result of an optical coupler loss.
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Figure 4. Measured response of the reflected signal intensity for the microsphere-based sensor with
200 nm ZnO ALD coating at 100, 200 and 300 ◦C.

The temperature dependence of the reflected signal peak intensity measured in the entire
temperature range is presented in Figure 5. Additionally, Figure 5 shows a theoretical linear fit
indicating the accuracy of the device. As shown, the intensity of the reflected signal increased linearly
with the temperature. The obtained coefficient R2, which represents the quality of the fit, is 0.995, i.e.,
close to 1, suggesting good agreement of the experimental data and theoretical linear fit.
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The sensitivity of the sensor was calculated according to Formula (1):

S =
∆I
∆T

(1)

where: S—sensitivity, ∆I—intensity, ∆T—temperature.
The sensitivity of the sensor calculated from the data in Figure 5 equals 103.5 nW/◦C.
The presented results indicate that the microsphere-based sensor with 200 nm ZnO ALD coating is

a promising device for temperature measurements. The described device maintains stable conditions
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to perform such measurements. In addition, its design provides an opportunity for constant, real-time
monitoring of the integrity of the sensor head structure.

4. Conclusions

This paper introduces a ZnO ALD coated microsphere-based sensor for temperature measurements.
The presented ZnO ALD coated microsphere-based sensor is demonstrated to be a precise device
ideal for long-term monitoring temperature, which is crucial for industrial applications, such as
manufacturing, processing, storing and controlling products in various sectors. Investigated sensor
is a reliable device during harsh conditions and remote or hard-to-get places, where the cost of
measurement system is balanced by safety considerations or service and operation costs. The presented
sensor can, for example, be utilized for the investigation of processes occurring inside of electrochemical
battery cells during their charging-discharging cycles. The sensor is fabricated at the end-face of an
optical fiber and the coating of 200 nm in thickness is deposited on its surface by the ALD method.
By using a microsphere sensor head, not only can the measured parameters be controlled, but also
the structural integrity of the sensor. To optimize the metrological parameters of the device, such as
sensitivity or resolution, the thickness of the coating can be modified as needed [44].
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characterization of microsphere ZnO ALD coating dedicated for the fiber-optic refractive index sensor.
Nanomaterials 2019, 9, 306. [CrossRef] [PubMed]

39. Niedziałkowski, P.; Białobrzeska, W.; Burnat, D.; Sezemsky, P.; Stranak, V.; Wulff, H.; Ossowski, T.;
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Abstract: This study presents a microsphere-based fiber-optic sensor with a ZnO Atomic Layer 
Deposition (ALD) coating thickness of 100 nm for temperature measurements. Metrological 
properties of the sensor were investigated over the temperature range of 100 °C to 300 °C, with a 10 
°C step. An interferometric signal is used to control whether the microstructure is whole. Spectrum 
shift of a reflected signal is used to ascertain changes in the measured parameter. With changing 
temperature, the peak position of a reflected signal also changes. The R2 coefficient of the presented 
sensor indicates a good linear fit of over 0.99 to the obtained data. The sensitivity of the sensor 
investigated in this study equals 0.019 nm/°C. 

Keywords: atomic layer deposition; fiber-optic; microsphere; temperature; ZnO 
 

1. Introduction 

Fiber-optic sensors have been developed and improved upon for over a decade. Due to their 
versatility, they are used in numerous fields, such as industry, science or medicine [1–4]. 
Optimization of measurement parameters plays a significant role in development of the fiber-optic 
sensors. While planning measurements, selection of the sensor is a crucial element, depending on 
their purpose and conditions in which they will perform. Based on the type of sensor, diversity of 
designs and parameters can be optimized: adjustable cavity length, structure modification [5–8], as 
well as metrological properties, such as: resolution, precision, sensitivity, accuracy [9,10]. Many 
researchers contribute to the determination of the properties and parameters of various materials and 
structures [11,12]. 

This study investigates sensing abilities of the microsphere-based fiber-optic sensor with a 100-
nm ZnO Atomic Layer Deposition (ALD) coating during temperature measurements. 

2. Materials and Methods 

Measurements were performed using a sensor made of a standard single-mode 
telecommunication optical fiber (SMF-28, Thorlabs Inc., Newton, NJ, USA) with a microsphere 
structure produced at the end of the fiber, using a fiber-optic splicer (FSU975, Ericsson, Sweden). The 
obtained microsphere has a diameter of 245 µm. After the manufacturing of the microsphere, the 
ZnO coating of 100 nm thickness was deposited on its surface by Atomic Layer Deposition (ALD) 
method. Detailed description of the deposition process is presented elsewhere [13,14]. 

To assess quality of the structure and the deposited ZnO ALD coating of 100 nm thickness, it 
was then investigated under a Scanning Electron Microscope (SEM, Phenom XL G2, Thermo Fisher 
Scientific, Waltham, MA, USA), the results of which are shown in Figure 1. 
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Figure 1. SEM image of the microsphere-sensor with a 100-nm ZnO Atomic Layer Deposition (ALD) 
coating. Magnification of 1000×. 

The image shows the device with a magnification of 1000× and it can be seen that the structure 
exhibits excellent roundness. Furthermore, the presence of ZnO coating is apparent. 

Moreover, metrological properties of the sensor were validated by performing experimental 
measurements. During investigation, the sensor is placed in a temperature calibrator (ETC-400A, 
Ametek, Berwyn, PA, USA), which was increased from 100 °C to 300 °C, with a 10 °C step. The 
temperature was stabilized for 3 min, at each step, allowing the sensor to adjust to altered conditions. 
The measurements were executed using a light source with a center wavelength of 1310 nm ± 20 nm 
(SLD-1310-18-W, FiberLabs Inc., Fujimino, Japan). The signal was propagated through a 2:1 50/50% 
optical coupler (G657A, CELLCO, Kobylanka, Poland) to the sensor head coated with a 100-nm ZnO 
ALD coating, which is highly reflective, allowing the wave to superpose, therefore inciting 
interference as shown in Figure 2. 

 

Figure 2. Principle of operation of a microsphere-based fiber-optic sensor. 

By obtaining interference, the integrity of the structure can be monitored, ensuring the sensor is 
not damaged. The reflected signal is then collected by Optical Spectrum Analyzer (OSA, Ando 
AQ6319, Yokohama, Japan). Depending on the position of the spectral peak of the signal, temperature 
can be determined. 
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3. Results and Discussion 

This section presents results, which were acquired from the measurements performed with the 
setup shown above. 

Figure 3 shows normalized values of the measured signal response for the microsphere-based 
sensor with a 100-nm ZnO ALD coating, at 100 °C and 300 °C to preserve readability of the plot. In 
rising the temperature, spectral peak of the reflected signal shifts toward lower values of the 
wavelength. The envelope, however, remains similar for each temperature. In addition, interference 
fringes visible in the Figure inform about the integrity of the sensor head structure, which allows the 
monitoring of its condition in real-time. 

  
(a) (b) 

Figure 3. The normalized measured response of the reflected signal for the microsphere-based sensor 
with 100-nm ZnO ALD coating at: (a) 100 °C and (b) 300 °C. 

Dependence of the peak wavelength position on the temperature can be observed in Figure 4. 
Moreover, theoretical linear fit is also presented, as well as coefficient R2, which equals 0.99176, being 
determined to confirm fitness of the obtained data to the theoretical model. Furthermore, the results 
presented in Figure 4 allowed to calculate the sensitivity of the microsphere-based sensor with a 100-
nm ZnO ALD coating—0.019 nm/°C. 

 
Figure 4. Dependence of the spectral shift of a reflected signal on the temperature. 

The spectrum changes its peak wavelength position when the temperature is altered. The higher 
the temperature, the spectrum shift is constant throughout whole range of roughly 2 nm per 100 °C. 
By following linear regression, it is possible to determine the position of the reflected signal peak for 
each measured temperature. 
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4. Conclusions 

Microsphere-based sensors are ideal for long-term and remote measurements of parameters 
such as temperature or refractive index due to their ability to constantly monitor the integrity of the 
sensor head. The study presents a 100-nm ZnO ALD coating on the surface of a microsphere-based 
fiber-optic sensor for temperature measurements. Selection of an optimal coating is crucial for long-
term and remote measurements. While devising the measurements, it is important to select proper 
parameters of the fiber-optic sensor coating for optimal efficiency. The sensor with a 100-nm ZnO 
ALD coating exhibits a close match between measurement data and theoretical linear fit, which is 
confirmed by an R2 coefficient of over 0.99. The sensitivity of the sensor with a 100-nm coating equals 
0.019 nm/°C. Additionally, for the microsphere-based sensor with a 100-nm ZnO ALD coating, 
changes of temperature can be observed based on the spectral shift, which coincides with rise of the 
temperature. The sensor also indicates its proper operation by inciting interference. 
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Microscale diamond protection 
for a ZnO coated fiber optic sensor
Monika Kosowska1*, Paulina Listewnik1, Daria Majchrowicz1,2*, Michał Rycewicz1, 
Mikhael Bechelany3, Yafit Fleger4, Mingzhou Chen2, Dror Fixler4,5, Kishan Dholakia2 & 
Małgorzata Szczerska1*

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 sensing1–6. 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 attributes7–9. 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 surface10–12. 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)13,14.

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, nitrogen15–17. 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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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 technology18–21.

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 elsewhere10,22.

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, 20,000× and 50,000×, and for a cross-section magnifi-
cation of 40,000×.

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 µm). 
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 × 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 works23,24.

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 recovered25,26, visualized as a zeros-crossing, at 1331 cm−1, as shown 

Figure 1.   SEM images of nanocrystalline diamond sheet (a) magnification 20,000× (b) magnification 50,000× 
(c) cross-section magnification 40,000×.
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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 µm. 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 µm, 100 µm, 150 µm and 200 µm, 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 findings27. 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.

Figure 2.   Optical microscope photographs of the diamond sheet (a) magnification 50×, (b) magnification 
100×.

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−1 peak. Arrows point at the zero crossings where the peak is and its possible location in the 
standard Raman spectrum.
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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 µm, (b) 100 µm, (c) 150 µm, (d) 200 µm.

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 µm, (b) 140 µm.
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The important parameter indicating the contrast of the measurement signal is the visibility value. It can be 
described with the following formula (1)28,29:

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 surface30–32. 
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 transistor27. 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 resonators33.

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 µm, 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 CH4:H2 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 
elsewhere26,27.

(1)V =
Imax − Imin

Imax + Imin

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

Cavity length (µm) 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
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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.

Received: 7 August 2020; Accepted: 26 October 2020
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Abstract
Black phosphorus is a 2Dmaterial, which properties are still being discovered. In this paper, the
sensitivity to the temperature of a few-layer black phosphorus coating deposited, on the surface of a
microsphere-based fiber-optic sensor, by a dip-coatingmethod is presented. The coatingwas
investigated after 2, 3, and 5 deposition cycles and during temperature growth from50 °C to 300 °C in
an interferometric setup. The intensity of the reflected signal increases with each applied layer. During
the investigation of the thermal properties, in the range of 50 °C–200 °C, the polynomial growth rate
of the reflected signal can be observed, whereas, for the temperatures over 200 °C, themeasured peak
intensity of the reflected signal stabilizes at a nearly constant level.

Introduction

From2010, the yearwhenAndreGeim andKostyaNovoselovwere awarded theNobel Prize in Physics ‘for
groundbreaking experiments regarding the two-dimensionalmaterial graphene’, there has been intensivework
on the development of new 2Dmaterials [1]. From that time on, the group has enrichedwithmany new
representatives such as boron nitride (BN) [2], graphitic carbon nitride (g-C3N4), metal oxides (e.g. ZnO, TiO2)
[3], metal-organic frameworks (MOFs), molybdenumdisulfide (MoS2) [4], transitionmetal dichalcogenides
(TMDCs) [5] and a single layer of black phosphorus (BP) [6]. On the other hand, the further development of
fiber-optic technology - elements as well as entiremeasurement and imaging systems—is possible only with the
use of the latest achievements ofmaterial engineering.

Various possibilities of using 2Dmaterials in photonic structures as protective coatings [7], reflective layers,
or sensingmedia were presented [8]. Thesematerials are interesting because of their unique optical properties,
as well as geometrical dimensions, whichmakes the 2Dmaterials the optimal solution for integrationwith
photonicmicrostructures, e.g., tapers,microrings,microcavities, microdiscs [9–12]. One of the basic problems
related to the integration of 2Dmaterials with photonic structures is its effectiveness. So far, thinmetal oxides
produced by theALD technique have been usedmost often in opticalfiber technology. Thin carbon-based films
were also used by attaching them to optical fiber elements with the use of Van derWaals forces.

The isolation of a thin layer of black phosphorus (in 2013) similarly to graphite by exfoliation using scotch
tape began an interest in a new 2Dmaterial research field [13]. Phosphorene distinguishes itself from the other
two-dimensionalmaterials by a unique puckered honeycombnetwork and as a result of strong in-plane
anisotropy [14]. Thanks to this structure, phosphorene has anisotropic electronic and optical properties. One of
themost interesting behaviors of layered black phosphorus is a strong dependence of its properties on layer
numbers. For example, a single phosphorene has a bandgap of ca. 2 eV and 0.3 eV in bulk, which provides awide
range of tunability for the band gap [15]. Part of the growing interest in phosphorene can be attributed to the
high carriermobility up to 103 cm2V−1 s−1 [16] andmoderate on/off ratios 104–105 aswell as to themuch
larger direct bandgap demonstrated in few-layer BP [17]. These properties open a platform tomanipulate
anisotropic interactions and they enable using phosphorene in electronic and optoelectronic devices aswell as
sensors, catalysts, capacitors, and batteries [18–22].
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In this article, we present the fabrication process of the 2D coating of black phosphorous on thefiber-optic
microsphere. Themeasurements in the low-coherent interferometry set-up allow us to determine how the
optical properties of the 2Dblack phosphorous coating can changewhile depositing subsequent layers of the
material on the surface of a sensor. Furthermore, the thermal properties of thematerial were investigated in the
temperature range from50 °C to 200 °C.

Materials andmethods

The black phosphorus crystals were purchased fromSmart Elements. N,N-Dimethylformamide (DMF)was
obtained fromSigmaAldrich. All reagents were analytical grade andwere usedwithout further purification. The
highest purity class argonwas collected fromAir Liquid.

Few-layer black phosphorus (FLBP)was synthesized via liquid exfoliation frompre-crushed black
phosphorus (BP) (30mg)dispersed in anhydrous, oxygen-free dimethylformamide (7ml). The process of liquid
exfoliationwas realized in an ice-cooled bath, in the temperature range of 0 °C–3 °C, under a streamof argon
using a horn probe ultrasonicator (Bandelin SonopulsHD2200, 20 kHz). The sonication tipwas set to a power of
40Wwith a 0.5/0.5 sON/OFF time. The exfoliation process took 4 h. Subsequently, the resulting suspension
was centrifugated at 11,000 rpm for 45 min to remove the residual unexfoliated particles, yielding blackish-
yellow supernatant.

Thefiber-optic sensor wasmanufactured from a standard single-mode telecommunications fiber. To form a
microsphere, a fusion splicer (FSU975, EricssonNetwork Technologies AB, Stockholm, Sweden)was used. The
splicer incites an electric arc, which causes the fiber to heat up. Simultaneous pulling, at the time, allows
obtaining fiber-opticmicrosphere, due to surface tension occurring at the tip of afiber. The diameter of the
microsphere used for this investigation equals 250μm. Figure 1. shows a picture of the designed structure
obtained by a Stimulated EmissionDepletionmicroscopy (Leica TCS SP8 STED,Germany).

The FLBPwas deposited on the surface of amicrosphere by the dip-coating technique, in several iterations.
Before the beginning of the process, themicrostructure was thoroughly cleared of any residual impurities, using
isopropanol. Subsequently, the fiber-opticmicrosphere was immersed in the synthesized supernatant for 1 min,
then the sample was left for 24 h to ensure the evaporation of the remaining liquid. The process was repeated five
times in an inert environment to prevent oxidation and provide proper deposition of the coating. A schematic of
the deposition process is presented infigure 2.

The FLBP coatingwas characterized by a Raman spectrometer. The Raman spectrawere recorded on a
micro-Raman spectrometer (InVia, Renishaw,UnitedKingdom)with a 532 excitation laser (Ar ion laser), and
the Raman shift was in the range of 300–600 cm−1 (figure 3).

Figure 1.Picture of amicrosphere-based fiber-optic sensor fabricated by optical fiber fusion splicer.
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The phosphorus atoms in phosphorene are covalently linked by sp3 hybridization and form a quadrangular
pyramid structure. Based on the principle ofmomentum conservation and group theory, Raman spectra should
exhibit the six active vibrationmodes of the 12 lattice vibrationalmodes [23], but only the three vibrationmodes
Ag
1, Ag

2 and B2g are visible when the laser beam is perpendicular to the phosphorene surface [24]. Infigure 3, there
are three Raman peaks at 359.3 cm−1, 437.0 cm−1, and 464.7 cm−1 of a few layer black phosphorus
corresponding to the Ag

1, Ag
2 andB2gmodes, respectively [25]. The peak for the 518.5 cm−1 of Raman shift is

derived from the silicon substrate. The peak of silicon is clearly visible due to the small and thin phosphorus
flakes.

The FLBP coatings of different thicknesses were investigated after the 2nd, 3rd and 5th deposition cycle. The
experimental interferometric setup consisted of a light source, fiber-optic devices, an optical analyzer and a
sensor head. As the sources, a Compact LaserDiodeDriver (CLD1015, Thorlabs Inc., Newton,NJ, USA)with
mounted butterfly light source (SLD830S-A20, Thorlabs Inc., Newton,NJ, USA)with a central wavelength of
830±10 nm, and a light sourcewith a central wavelength of 1310±20 nm (SLD-1310-18-W, FiberLabs Inc.,
Fujimi)were used. The visualization of the experimental setup used during the investigation of the optical and
thermal properties of the FLBP coating is shown infigure 4.

The source signal output propagated through the 2×1 50/50%optical coupler (780HP, Cellco
Communications, Kobylanka, Poland) to the sensor head. A part of the signal was reflected on the boundary
created between the core and the cladding of an optical fiber, whereas the rest transmitted through andwas
reflected on the surface of the sensor, placed directly in themeasuredmedium. Reflectedwaves superposed,
which resulted in interference. An obtained signal was then acquired usingOptical SpectrumAnalyzer (OSA,
AndoAQ6319, Yokohama, Japan) and the data was analyzed.

The principle of operation of amicrosphere-based fiber optic sensor is presented infigure 5.

Figure 2.The deposition process of the FLBP coating on themicrosphere-based fiber-optic sensor.

Figure 3.Raman spectrumof few-layer black phosphorus on a silicon substrate.

3

Mater. Res. Express 8 (2021) 065004 P Listewnik et al

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


Results and discussion

This section discusses the results obtained for themicrosphere-based fiber-optic sensors coatedwith few-layer
black phosphorus (FLBP). Figure 5 shows changes in the intensity of the reflected signalmeasured before the
deposition process and after the deposition of 2, 3, and 5 cycles of FLBP coating. Figure 5(a) shows the spectra of

Figure 4.The experimental setup, where: 1–broadband light source, 2–Optical SpectrumAnalyzer, 3–optical coupler, 4–
microsphere-based fiber-optic sensor, 5–temperature calibrator.

Figure 5.Principle of operation of themicrosphere-based fiber-optic sensor, where: In(T)—intensity of reflected signal, dependent on
the temperature, Iin—intensity of source signal output.
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themeasured signal for the sensor without a coating andwith coatings of 2, 3 and 5 deposition cycles, while in
figure 5(b)magnification of the central fringe is presented in order to emphasize the increase of the reflected
signal’s intensity with a growth of an FLBP coating. The increase in the intensity of the reflected light after
successive cycles was caused by a tighter layer forming on the sphere of the opticalfiber. The produced FLBP
layer acted as amirror reflecting the light that falls on it. However, the envelope of the spectrum remains similar,
after each deposition cycle.

The peak intensity of the reflected signal depends on the number of cycles, inwhich the coatingwas
deposited, increasingwith the increase of the number of coating cycles, as is presented infigure 6(b). It can be
observed, the intensity of a reflected signal increases, the thicker the deposited coating. The intensity steadily
rises with the number of deposition cycles. Additionally, figure 6(b). Contains a theoretical linear fitting. It
proves a close fit to the data obtained fromperformedmeasurements. The convergence of the plots is also
confirmed by coefficient R2, which equals over 0.995.

The temperaturemeasurements were performed to evaluate the coating’s sensitivity to alternating
temperature. The coatingwas investigated in a range of 50 °C–300 °Cwith a step of 50 °C.The obtained results
are shown infigure 7. Presentedmeasurements contain data registered for the coating of 5 deposition cycles.
Figure 7(a) consists of the spectrameasured at 50, 100 and 200 °C,figure 7(b) presents the dependence of
changing peak intensity of the reflected signal on the altering temperature in the range of 50 °C–200 °C,
including theoretical polynomial fitting, whereasfigure 7(c) shows themeasurements in a range 50 °C–350 °C.

(a)

(b)

Figure 6.Themeasured reflected signal from thefiber-opticmicrosphere-based structure coatedwith 2Dblack phosphorus, where:
(a) spectra before deposition of FLBP and for coatings of 2, 3 and 5 deposition cycles, (b) the dependence of the peak intensity on the
number of deposition cycles.
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(a)

(b)

(c)

Figure 7.Themeasured reflected signal from thefiber-opticmicrosphere-based sensor during the temperaturemeasurements, where:
(a) representative spectrameasured at 50, 100, 200 °C for the sensor with a coating of 5 deposition cycles; and reflected signal peak
intensity dependence on changing temperature,measured for a coating of 5 deposition cycles, where: (b) range of 50 °C–200 °Cwith
theoretical fitting, (c) range of 50 °C–350 °C.
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As shown infigure 7(b), the intensity of the reflected signal increases nearly twice, as the temperature rises.
Growth of the reflected signal intensity, depending on temperature setting is closer presented infigures 7(b), (c).
The increase in temperature leads to softened atomic bonds and higher phonon velocity, resulting in a higher
refractive index and thus in a higher intensity of the reflected signal (figure 7(b)). Such the temperature-
dependence of intensity peak proves the FLBP coating is sensitive to the temperature in a range of 50 °C–200 °C.
A further increase in temperature above 200 °Cdoes not increase the intensity of the reflected signal peak, which
may be related to the anharmonicity of phonons and further the phonon-phonon scattering. A similar
dependence on temperature is in the case of thermal conductivity of phosphorene [26, 27]. It can be observed,
frompolynomial regression, that the obtained data accuratelymatches the calculated one. Coefficient R2 equals
over 0.997, which proves, the acquired results only slightly vary from the theoreticalmodel.

Conclusion

The successful coating of a few-layer black phosphorous on the surface of the fiber-opticmicrosphere is
reported. This structure was combinedwith a light source and an optical spectrum analyzer viafiber link to
investigate the spectrumof the signal reflected of the black phosphorous layer.

The spectrumof reflected signal from2, 3 and 5 deposition cycles coatingwas observed and it was concluded
that the reflected signal increases with the increase of the number of layers.

Furthermore, the thermal properties of the few-layer black phosphorous coating in the range of 50 °C to
300 °Cwas investigated. The increase of the reflected signal from50 to 200 °Cwas observed and stabilization of
the intensity of the reflected signal at the constant level after 200 °C.

The study has revealed that this is possible to effectively coat the fiber optic structure with few-layers black
phosphorus. It can suggest that this 2Dmaterial can be used in the fiber optic sensor technology as a reflection
layer, which parameters can be tuned by the temperature.
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