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ABSTRACT 

Few-layer black phosphorus (FLBP) is characterised by a tuneable bandgap, high carrier 

mobility and anisotropic optical properties. It therefore has the potential to find applications in 

electronics and photonics. FLBP oxidizes upon exposure to air, limiting its utility in devices 

and components. To address this issue, the thesis introduces methods and tools developed for 

studying FLBP's optical parameters, with a particular emphasis on its potential for sensing 

applications. Spectroscopic ellipsometry and polarisation microscopy were utilised to 

characterise the optical properties of multilayer black phosphorus in relation to its degradation 

processes and optical anisotropy. The dissertation also employed photoluminescence and 

electrochemistry techniques for the characterization and evaluation of the black phosphorus-

based sensor for metal ion detection. Ellipsometry was used to determine the refractive index 

and extinction coefficient of FLBP, demonstrating that separating and centrifuging the bulk 

material can yield a layer with optical parameters closely resembling those of a two-

dimensional material. Polarizing microscopy studies made it possible to determine the kinetics 

of the black phosphorus oxidation process, thereby revealing how it modifies the polarization 

parameters. Polarizing microscopy studies made it possible to determine the kinetics of the 

black phosphorus oxidation process, which modifies the polarization parameters. For the sensor 

design, FLBP was combined with zinc oxide, firstly to increase the resistance of black 

phosphorus to degradation by oxidation, and secondly to shift the photoluminescence response 

of the sensor into the visible region. This approach allowed the use of silicon detector in the 

photoluminescent sensor, enabling the detection of zinc and magnesium ions at lower 

concentrations than those detected by standard solutions. 

STRESZCZENIE 

Kilkuwarstwowy czarny fosfor charakteryzuje się przestrajalną przerwą energetyczną, 

wysokimi ruchliwościami nośników oraz anizotropowymi właściwościami optycznymi. Z tego 

względu ma potencjał, aby znaleźć zastosowanie w elektronice i fotonice. Kilkuwarstwowy 

czarny fosfor ulega utlenianiu w zetknięciu z powietrzem, co komplikuje jego bezpośrednie 

wykorzystywanie w urządzeniach i elementach. W niniejszej rozprawie zaproponowano 

metody i narzędzia opracowane do badania parametrów optycznych niskowymiarowego 

czarnego fosforu z ukierunkowaniem na zastosowania czujnikowe. W tym celu wykorzystano 

elipsometrię spektroskopową i mikroskopię polaryzacyjną do scharakteryzowania właściwości 

optycznych kilkuwarstwowego czarnego fosforu w aspekcie procesów jego degradacji oraz 

optycznej anizotropii. W rozprawie użyto technik fotoluminescencji i elektrochemii przy 

konstrukcji i badaniu efektywności czujnika na bazie czarnego fosforu do wykrywania jonów 

metali. Dzięki elipsometrii wyznaczono współczynnik załamania i ekstynkcji 

niskowymiarowego czarnego fosforu i pokazano, że przy odpowiedniej izolacji i separacji 

materiału objętościowego można uzyskać warstwę, której parametry optyczne zbliżone są do 

właściwości materiału dwuwymiarowego. Badania z użyciem mikroskopii polaryzacyjnej 

umożliwiły określenie kinetyki procesu utleniania czarnego fosforu modyfikujące jego 

parametry polaryzacyjne. Na potrzeby budowy czujników, połączono niskowymiarowy czarny 

fosfor z tlenkiem cynku, aby po pierwsze zwiększyć odporność czarnego fosforu na degradację 

przez utlenianie, a po drugie przesunąć fotoluminescencyjną odpowiedź czujnika w zakres 

widzialny. Takie podejście umożliwiło użycie krzemowych układów detekcji w czujniku 

fotoluminescencyjnym, umożliwiając wykrywanie jonów cynku i magnezu o niższych 

koncentracjach niż detekowane przez standardowe rozwiązania.  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


4 
 

Table of contents 

Abstract  ..................................................................................................................................... 3 

Table of contents ........................................................................................................................ 4 

List of abbreviation .................................................................................................................... 6 

List of publications ..................................................................................................................... 7 

Chapter 1. Introduction to optoelectronic properties of two-dimensional materials .................. 8 

1.1 Graphene ...................................................................................................................... 8 

1.2 Transition metal dichalcogenide ................................................................................ 10 

1.3 Phosphorene ............................................................................................................... 13 

1.4 Applications of two-dimensional materials ............................................................... 16 

Chapter 2. Few-layer black phosphorus – optoelectronic properties and applications ............ 20 

2.1 Allotropes of phosphorus ........................................................................................... 20 

2.2 Preparation and characterisation of few-layer black phosphorus .............................. 20 

2.3 Optical and electrical parameters .............................................................................. 23 

2.4 Degradation of few-layer black phosphorus .............................................................. 28 

2.5 Dichroism and birefringence in few-layer black phosphorus .................................... 33 

2.6 Few-layer black phosphorus as a sensor device ........................................................ 36 

Chapter 3. Motivation and aim of the thesis ............................................................................ 39 

Chapter 4. Experiments and results .......................................................................................... 43 

4.1 Preparation and characterization of few-layer black phosphorus .............................. 43 

4.1.1 Electrochemical exfoliation of few-layer black phosphorus .............................. 43 

4.1.2 Liquid exfoliation of few-layer black phosphorus ............................................. 48 

4.1.3 Mechanical exfoliation of few-layer black phosphorus ..................................... 50 

4.1.4 Black arsenic-phosphorus preparation ............................................................... 50 

4.1.5 Black phosphorus – zinc oxide preparation ....................................................... 52 

4.2 Optical constants of few-layer black phosphorus measured by spectroscopic 

ellipsometry .......................................................................................................................... 55 

4.3 Optimalisation of microscopic measurements of polarisation imaging .................... 59 

4.3.1 Polarisation analysis of few-layer black phosphorus ......................................... 63 

4.4 Black phosphorus – zinc oxide sensors to detect metal ions – design and 

investigation .......................................................................................................................... 71 

4.4.1 Photoluminescence sensor redouts ..................................................................... 71 

4.4.2 Electrochemical sensor redouts .......................................................................... 79 

Chapter 5. Conclusions ............................................................................................................ 87 

References ................................................................................................................................ 91 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


5 
 

List of figures ......................................................................................................................... 105 

List of tables ........................................................................................................................... 110 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


6 
 

List of abbreviation  

2D material  Two-dimensional material 

AC  Armchair  

ALD  Atomic layer deposition 

BP  Black phosphorus 

CVD  Chemical vapor deposition 

DFT  Density functional theory 

DMF  N,N-dimethylformamide 

EC  Electrochemistry 

FLBP Few-layer black phosphorus 

mid-IR  Mid-infrared 

ML Monolayer 

NIR  Near-infrared  

NMP  N-methyl-2-pyrrolidone 

PDMS  Polydimethylsiloxane 

PL  Photoluminescence 

PVD  Physical vapor deposition 

TMDCs  Transition metal dichalcogenide 

vdWf  van der Waals forces 

ZZ  Zigzag 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


7 
 

List of publications 

1. Aleksandra Wieloszyńska, Krzysztof Pyrchla, Paweł Jakóbczyk, Dawid Lentka, Mirosław 

Sawczak, Łukasz Skowroński, Robert Bogdanowicz., “Tailoring optical constants of few-layer 

black phosphorus coatings: Spectroscopic ellipsometry approach supported by ab-initio 

simulation” – J. Ind. Eng. Chem., vol. 127, pp. 579–589, (2023) 

2. Anna Dettlaff, Michał Rycewicz, Mateusz Ficek, Aleksandra Wieloszyńska, Mateusz 

Szala, Jacek Ryl, Robert Bogdanowicz, “Conductive printable electrodes tuned by boron-doped 

nanodiamond foil additives for nitroexplosive detection” – Microchimica Acta, 189(8), 1-11 

(2022) 

3. Srinivasu Kunuku, Mateusz Ficek, Aleksandra Wieloszyńska, Magdalena Tamulewicz-

Szwajkowska, Krzysztof Gajewski, Miroslaw Sawczak, Aneta Lewkowicz, Jacek Ryl, Tedor 

Gotszalk, Robert Bogdanowicz, “Inluence of B/N co-doping on electrical and 

photoluminescence properties of CVD grown homoepitaxial diamond films” - 

Nanotechnology, 33.12: 12560 (2021) 

4. Mattia Pierpaoli, Chiara Giosuè, Natalia Czerwińska, Michał Rycewicz, Aleksandra 

Wieloszyńska, Robert Bogdanowicz, Maria Letizia Ruello, “Characterization and Filtration 

Efficiency of Sustainable PLA Fibers Obtained via a Hybrid 3DPrinted/ Electrospinning 

Technique” – Materials -Vol. 14,iss. 22 (2021), s.6766- 

5. Maciej R. Molas, Łukasz Macewicz, Aleksandra Wieloszyńska, Paweł Jakóbczyk, Andrzej 

Wysmołek, Robert Bogdanowicz, Jacek B. Jasiński, “Photoluminescence as a probe of 

phosphorene properties” -– npj 2D Materials and Applications -Vol. 5,iss. 1 (2021), s.83 

6. Michał Sobaszek, Marcin Strąkowski, Łukasz Skowroński, Katarzyna Siuzdak, Mirosław 

Sawczak, Igor Własny, Andrzej Wysmołek, Aleksandra Wieloszyńska, Jerzy Pluciński, 

Robert Bogdanowicz, “In-situ monitoring of electropolymerization processes at boron-doped 

diamond electrodes by Mach-Zehnder interferometer” - Sensors and Actuators B: Chemical 

304 (2020): 127315 

7. Aleksandra Wieloszyńska, Paweł Jakóbczyk, Robert Bogdanowicz, “Polarization-

dependent optical absorption in phosphorene flakes” - Low-Dimensional Materials and 

Devices 2019 11085, 1108515 (2019) 

 

  

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


8 
 

Chapter 1. Introduction to optoelectronic properties of 

two-dimensional materials 

As electronics develop, devices are becoming smaller and more compact. Moreover, these 

devices are supposed to work faster and more efficiently. Therefore, it is necessary to find new 

materials with specific properties that can meet the growing demand. The interest of scientists 

has turned to two-dimensional (2D) materials, i.e. materials that have by definition the thickness 

of a single atomic layer [1]–[3]. Material with a few atomic layers with properties that  do not 

exist in traditional 3D materials are also included to 2D materials. With the ongoing 

miniaturisation, 2D materials’ small dimensions make them very attractive. In addition, they 

are characterised by interesting optical and electrical properties that differ significantly from 

the parameters of their bulk forms. Graphene was the first known 2D material, although many 

more have been discovered since [4], such as transition metal dichalcogenide (TMDCs) [5], 

MXenes [6], and phosphorene [7]. Graphene is characterised by high conductivity [4], TMDCs 

on the other hand, have the wide bandgap [5], while phosphorene is known for its strong optical 

anisotropy [8]. Hence, 2D materials can be used in many electronic, optical and optoelectronic 

applications. Furthermore, their structures and small size affect their chemical reactivity, which 

has shown them to be excellent sensor devices [9], [10]. There are three main methods to 

synthesise 2D materials: mechanical exfoliation, liquid exfoliation, and chemical vapour 

deposition. In mechanical exfoliation, the Scotch tape is used to separate the individual layers 

from the bulk material. The method is simple, fast and inexpensive, but it is ineffective to 

produce larger flakes and the results are hardly controllable [11]. Samples produced by liquid 

exfoliation are more reproducible. To obtain a sample without defects, the type of solvent and 

the sonication time must be chosen carefully. Liquid exfoliated flakes are rather small, which 

limited their use in nanoelectronics and optoelectronics, but they are suitable for chemical and 

energy applications [12]. The bottom-up-based method for obtaining 2D materials is chemical 

(CVD) or physical vapour deposition (PVD). The number of defects and size of the growth 

sample are fully controllable through controlling the vapour deposition parameters, such as the 

precursor, temperature, atmosphere, pressure, and substrate [13], [14].  

1.1 Graphene 

Initially, theoretical considerations challenged the existence of 2D materials at temperatures 

beyond absolute zero. This changed in 2004, when Novosolev et al. produced graphene using 

mechanical exfoliation [4]. Graphene is composed of carbon atoms and can be easily obtained 
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from graphite, in which layers are bonded by weak van der Waals forces (vdWf) [15]. Its 

honeycomb structure in different directions is shown in Fig. 1.1.  

 

Fig. 1.1 Top and side views of atomic structure of graphene. 

Graphene has almost zero bandgap and a low on/off ratio, which limited its applications in 

electronics. However, the bandgap can be tuned by strain and doping [16]. Theoretical and 

experimental studies show that replacing a C atom with, e.g., a nitrogen or boron atom opens 

up the graphene bandgap [17]. 

Graphene is also characterised by excellent electrical conductivity, good thermal conductivity, 

and high carrier mobility (3000–10,000 cm2/Vs [4]). Moreover, the quantum Hall effect appears 

in graphene at room temperature [18], [19]. Graphene is notable for its optical properties, 

particularly its transparency in the visible to near-infrared (NIR) range. [20]. Furthermore, its 

absorption practically does not change with the frequency but depends on the thickness [21]. 

This is seen in the absorbance spectra shown in Fig. 1.2. Fig. 1.2a presents a comparison of 

theoretical and experimental results for 10 layers, 5 layers and monolayer (circle, square and 

triangle, respectively) [21]. The absorbance increases with the increasing number of layers. The 

density functional theory (DFT) calculated absorbance spectra for 1–4 layers is present in Fig. 

1.2b [22]. The smallest absorbance was obtained for monolayer graphene, and the largest for 

4-layer graphene. All the characteristics had a similar shape, and the absorbance slowly 

increased as the wavelength decreased. Graphene’s optical parameters can be tuned. The optical 

transmission changes after electrical gating or charge injection [23].  
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Fig. 1.2 a) Measured and calculated absorptance of graphene with 10 layers, 5 layers and 

monolayer (circle, square and triangle, respectively). Reprinted with permission from [21]. 

Copyright 2013 American Chemical Society. b) Absorbance of graphene from 1 to 4 layers. 

Reprinted from [22], with the permission of AIP Publishing. 

Due to its symmetrical structure, monolayer graphene is optically isotropic. However, in twisted 

bilayer graphene, the symmetry is broken and some optical anisotropy can be identified using, 

for example, Raman spectroscopy [24]. Defects can also influence the optical properties of 

graphene [25]. In graphene, we can find various types of defects: stone-walls defect, single and 

multiple vacancies, carbon adatoms, foreign adatoms, substitutional impurities, dislocations 

(one-dimensional defects), edge defects [26], [27]. Due to the small thickness, interstitial atoms 

use the third dimension to connect the structure, e.g. the bridge configuration. In other cases, 

very high energy is needed [28]. There are free atoms at the edge of graphene, or they are 

passivated with hydrogen atoms. Reconstructions and removing carbon atoms lead to changes 

at the edges [29]. Furthermore, electron and ion irradiation and the chemical method can also 

produce defects in the graphene structure. Defects can cause enhanced chemical reactivity and 

change the electrical properties, e.g. open the bandgap or increase the conductivity [26], [27], 

[30]. 

The discovery of graphene sparked research into 2D materials. However, graphene's limited 

use in electronic applications, due to its lack of a bandgap and low on-off ratio, prompted a 

search for alternative materials.  

1.2 Transition metal dichalcogenide 

TMDCs are devoid of graphene disadvantages [5]. These semiconducting materials are of the 

MX2 type, where M is a transition metal atom (e.g. Mo, W) and X is a chalcogen atom 
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(e.g. S, Se). They create a covalently bonded X-M-X layer. The lattice constant changes 

according to the size of the ionic radius of the X atom. In addition, depending of the combination 

of M and X elements, different phases can be observed in TMDCs [31]: hexagonal (2H), 

rhombohedral (3R), octahedral (T), distorted octahedral (T’), orthorhombic (Td). The example 

structure of TMDCs is shown in Fig. 1.3a [32]. 

 

 

Fig. 1.3 a) Isometric and b) top and side views of atomic structure of MoSe2. The yellow and 

blue balls represent Mo and Se atoms, respectively. c) Calculated band structures of 

a – bulk, b – 4-layer, c – 2-layer, and d – monolayer MoS2. Reprinted with 

permission from [33]. Copyright 2023 American Chemical Society. 

As was mentioned, the TMDCs have non-zero bandgap, which can be tuned from 1 eV to ~2eV 

[5]. Furthermore, it depends on the number of layers and is usually direct only for a monolayer, 

as was shown in Fig. 1.3b. But the bandgap can also be changed by strain [34] or doping [35]. 

By applying a strain to the monolayer, we can change the bandgap to an indirect one. The carrier 

mobility of TMDCs is generally lower than the value obtained in graphene. For example, the 
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carrier mobility for molybdenum disulfide (MoS2) is up to 200 cm2/Vs, but the on-off ratio is 

much higher (1x108) [36]. Thus, TMDCs are more important in many electronic applications 

than graphene.  

Like graphene, TMDCs’ optical parameters are impacted by various factors, including the 

exfoliation method [37], type of substrate [38], and the existence of defects in the structure [39]. 

Fig. 1.4 presents the differences in absorption spectra for MoS2 (Fig. 1.4a) and MoSe2 (Fig. 

1.4c) on Si, SiO2 or SiO2/Si. The lowest absorption was obtained for pure silica as a substrate 

and the highest for SiO2/Si. Fig. 1.4b and Fig. 1.4d show that using Au between the 

MoS2/MoSe2 layer and the substate make the absorption identical for different substrates [38]. 

 

Fig. 1.4 a) Absorption spectra of various gold thicknesses, specifically 40 nm, 60 nm, and 

80 nm (dashed lines), suspended TMDC (green line) and TMDC on three substrates 

of Si (blue line), SiO2 (red line) and SiO2 (50 nm)/Si (black line), for a) MoS2 and 

c) MoSe2. The gold layer is placed between the TMDC and the substrate for 

b) MoS2 and d) MoSe2 TMDCs. Reprinted from [38], with the permission of 

Springer Nature. 

Overall, the absorption of TMDCs shows strong bound excitons, which confirm the strong 

Coulomb interaction. Furthermore, strong binding energies were also observed. It was shown 

that the binding energy for WSe2 is 0.37 eV [40]. However, the presence of impurities can affect 
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this value [41]. The theoretical prediction shows that the exciton binding energy for MoS2 can 

be up to 1 eV [42], but the maximum reached experimental value so far is 0.57 eV [43]. 

TMDCs differ in their optical properties depending on their structure. For example, MoS2 has 

a symmetric structure, hence it is characterised by optical isotropy, while ReS2 has a 1T’ phase, 

which means that its structure lacks symmetry. As a result, ReS2 has anisotropic optical 

parameters [44]. Even in materials with a symmetrical structure, optical anisotropy can occur 

when, for example, it forms a heterostructure with another material. A. Shafi et al. [45] 

presented the anisotropic behaviour of a MoS2 – AlGaAs nanowire heterostructure.  

Different types of defects can be found in TMDCs, e.g. vacancies, ani-side, substitutional atoms 

and foreign adatoms, edge defects [46], [47]. Under electron beam irradiation, defects migrate 

and aggregate, creating line defects [47]. Defects may appear during bulk material growth. For 

example, chalcogen vacancies and inversion domains have been observed in synthesised CVT 

crystals [48]. However, CVT-grown crystals very often have structures with high spatial 

homogeneity, due to the high temperature and long growing time [49]. Furthermore, by 

changing the flow of sulphur vapour during CVT growth, it is possible to control the density of 

the sulphur vacancies, and hence, adjust the optical properties of the material.  

Due to their wide bandgap and high on-off ratio, TMDCs hold promise for use in applications 

where graphene has proven inadequate. Nonetheless, low conductivity and carrier mobility may 

hinder their usefulness.  

1.3 Phosphorene 

Phosphorene is another 2D material consisting of phosphorus atoms. It fills the gap left by the 

previously mentioned materials combining their features - among other things, it has an even 

wider bandgap than TMDCs, and high on-off ratio and carrier mobility. Phosphorene was first 

synthesised in 2013 using the Scotch tape [7]. It has a puckered, honeycomb structure with two 

different directions – zigzag (ZZ) and armchair (AC) (shown in Fig. 1.5) [50]. Similar to the 

previously mentioned materials, the layers of phosphorus are bound by weak van der Waals 

forces, making them easy to separate [51]. 

For the purposes of this study, phosphorene is defined as a single layer while few-layer black 

phosphorus (FLBP) represents a multilayer material that shares similar properties with 2D 

materials. Materials with 25 or 30 layers and above are considered bulk materials. 
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Fig. 1.5 a) Isometric and b) top and side views of atomic structure of phosphorene. 

The bandgap of FLBP can be tuned from 0.3 eV for bulk, 1 eV for three-layer to ~2 eV for 

monolayer, which is a much wider range than that of graphene and TMDCs [52]. It highly 

depends on the number of layers, but also on the orientation direction. Phosphorene is also 

characterised by high mobility (up to 26∙103 cm2/Vs) and a high on-off ratio (up to 105 for 

monolayer) which is of great importance in electronic applications. A comparison of the 

parameters of all three mentioned 2D materials is shown in Table 1.1. 

Table 1.1 Comparison of parameters of graphene, TMDCs and phosphorene. 

 Graphene TMDCs Phosphorene 

Bandgap ~0 eV 1-2 eV 0.3-2 eV 

Carrier mobility up to 10∙103 cm2/Vs 

[4] 

200 cm2/Vs [36] 3.4∙103-26∙103 

cm2/Vs [53] 

On-off ratio 100 1x108 [36] 105 

Refractive index  2.95 @633nm [54]  2.9 @650nm [55] 

 

The optical and electrical properties of phosphorene are highly anisotropic, due to its 

asymmetry structure [8], [50]. This is especially noticeable during optical measurements. 

Photoluminescence is only visible in one direction (Fig. 1.6a), while absorption is the largest 

along the armchair direction and then decreases with the angle until the absorption is along the 

zig-zag direction, where is the smallest (Fig. 1.6b) [50], [56]. 
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Fig. 1.6 a) Photoluminescence spectra of monolayer phosphorene. Reprinted from [50], with 

permission from Springer Nature. b) Absorption coefficient as a function of the light 

polarisation angle of a 40 nm BP film. Reprinted from [56]. 

The disadvantage of FLBP, which limits its application, is its fast degradation in air and water. 

After a short period of exposure to air, PxOy compounds were noted on the surface of FLBP 

[57], [58]. DFT calculation determined that oxygen dissociates on phosphorene, eventually 

forming an oxidised phosphorus layer. Then, PxOy compounds interacted with H2O, leading to 

the formation of phosphoric acid [59]. These processes were also confirmed by experiments 

[57], [60]. A few different methods can be used to protect the phosphorene layer against 

degradation [61]. Creating an alloy of P and As is one of them. It not only protects the BP layer 

but also improves its parameters. Arsenic replaces some phosphorus atoms, forming black-AsP 

(b-AsP) with a similar structure that BP (Fig. 1.7) [62].  

 

Fig. 1.7 a) Isometric and b) top and side views of atomic structure of b-AsP structure. 

The orange and purple balls represent P and As atoms, respectively. 
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The b-AsP is produced by the synthesis of red phosphorus with grey arsenic using the CVT-

growth method. The obtained material has a much smaller range of bandgap than BP – between 

0.15 and 0.3 eV [63], which makes it characterised by a wide response in the mid-infrared (mid-

IR) range, which is promising in optical applications such as mid-IR photodetectors [64]. 

Furthermore, b-AsP, similar to BP, is optically anisotropic [65]. The more about protecting 

methods is described in section 2.4. 

Chapter 2 presents more information about the optical and electrical parameters of FLBP, 

including its dichroism and birefringence properties, and the degradation process of BP flakes. 

Examples of BP applications in sensing devices are also presented.  

1.4 Applications of two-dimensional materials 

As was mentioned, 2D materials are characterised by unique optical and electrical parameters. 

Hence, the number of applications where they can be used is growing. Fig. 1.8 shows the 

scheme of example applications for graphene, TMDCs, and phosphorene.  

Due to their small sizes and electrical properties, 2D materials are prominent candidates for 

future FETs. Hui Fang et al. built a field effect transistor (FET) with monolayer WSe2 as the 

active channel. The resulting device was characterised by the high mobility (∼250 cm2/Vs) 

[66]. Other materials have also been used successfully in the construction of transistors, such 

as phosphorene [67], and MoS2 [68]. Furthermore, transistors made of 2D materials are 

characterised by strong photoresponsibility [69]. A device based on MoS2 can work in a broad 

spectral range with up to an 880 A/W photoresponse, making it an excellent photodetector [70]. 

Graphene, on the other hand, has ultrafast photonic response, however its almost zero bandgap 

contributes to a low photoresponsivity. To use graphene as a photodetector, Jinshui Miao et al. 

proposed a graphene/InAs heterojunction, thanks to which it was possible to increase the 

photoresponsivity from 0.1 mA/W to 0.5 A/W [71].  

Because of the demand for miniaturised electronics products, there is also a need for micro 

energy storage devices. 2D materials have been found to be an excellent approach for this due 

to their unique electrical properties [72]. Bissets et al. compared the parameters of 

supercapacitors based on MoSe2, WS2, MoS2 and TiS2. Among them, the TiS2 capacitor is 

characterised by the strongest capacitance. However, it easily oxides. In this case, N-methyl-2-

pyrrolidone (NMP) leaves a layer on the surface, which also prevents the sample from oxidising 
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[73]. Graphene oxide ink was also found to be a great material to produce microcapacitors using 

3D printing techniques. Chen et al. presented a device with capacitance up to 128 mF/cm2 [74]. 

 

 

Fig. 1.8 Example applications for 2D materials. 

Not only electronic but also optoelectronic and optical systems need smaller optical 

components. Lin et al. proposed a technique to produce flat lenses based on TMDCs [75]. They 

used a femtosecond laser to cut a pattern structure in the WSe2 flake. The obtained lenses have 

concentric rings with tungsten oxide nanoparticles that strongly scatter light.  

 

Fig. 1.9 a) Optical microscope image and b) Raman intensity image of WSe2 lens. Reprinted 

from [75]. 
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Optical and Raman microscope images of the WSe2 lens are presented in Fig. 1.9a–b. It is 

possible to adjust the focusing properties of lenses by controlling the radius and number of 

rings. 

Other optical components that can be made from 2D materials are a polariser and a phase 

retarder. FLBP’s optical absorption allows it to absorb light polarised in one direction while 

remaining transparent to light polarised in another direction. This means that FLBP can work 

as a linear polariser [52]. Lee et al. also presented a phase retarder based on a 488 nm thick BP 

flake [76]. The polarisation intensity of light in the input and after passing through BP as 

a function of the analyser angle is compared in Fig. 1.10. The results show the phase retardation 

of the transmitted light. 

 

Fig. 1.10 Input light at 630 nm and that of the output after passing through a 488 nm thick BP 

flake. Reprinted from [76].  

Numerous studies have been carried out on 2D materials working as a saturable absorber or 

a modulator [77]. In 2009, Bao et al. presented graphene as a saturable absorber for the first 

time [78]. A mode-locked fibre laser with a central wavelength at 1,565 nm working with 

graphene was capable of generating pulses with a width of 756 fs. In 2015, Sotor et al. 

discovered that a thulium-doped fibre laser with FLBP as a saturable absorber was able to form 

pulses at 1,910 nm with a width of 739 fs [79]. Phosphorene was also found to be a great electro-

optic modulator [80]. After applying the electric field, the BP’s absorption in the mid-IR range 

shifted. 

Due to their properties, 2D materials are also promising in sensing applications. They can detect 

many different gases, such as humidity, NO2, NH3, and CO [9], [81]. To accomplish this, one 

employs, for example, changes in resistivity or conductance as a reaction to the adsorption of 

gas molecules. Furthermore, 2D material-based sensors have the potential to absorb or detect 

metal ions [82], [83]. This is especially important because an overabundance of metal ions in 

the environment can cause harm to both nature and human health [84], [85]. The next group of 
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sensors that can be based on 2D materials is biosensors [86]. For example, a graphene FET can 

detect glucose and glutamate with a limit of detection (LoD) 0.1 mM and 5 µM, respectively 

[87]. Yew et al. have shown a fluorescent sensor based on BP nanoparticles to detect DNA with 

a sensitivity of 10-7 M [88].  

In conclusion, 2D materials such as graphene and TMDCs have been the subject of increasing 

interest and research due to their unique properties and potential applications in various fields, 

including optics, sensing and electronics. Graphene, for example, exhibits high carrier mobility 

but almost zero bandgap, whereas TMDCs are characterised by a high on-off ratio and bandgap 

within the range of 1–2 eV. Phosphorene, on the other hand, has bandgap that can be tuned in 

a much wider range – from 0.3 to 2 eV. Furthermore, due to its structure, it is characterised by 

strong anisotropy, which could be advantageous for optical and optoelectronic applications. 

More about the properties and applications of phosphorene will be presented and discussed in 

chapter 2. 
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Chapter 2. Few-layer black phosphorus – optoelectronic 

properties and applications 

Phosphorus is a chemical element that has been known for many years. Its compounds are used 

in many fields, such as electronics, optoelectronics and medicine. Phosphorus compounds are 

used, for example, as electrical contacts, in fuel cells and as cathodes in rechargeable lithium-

ion batteries. The compounds Ga(AsxP1-x) and GayIn1-yAsxP1-x have been used in LEDs 

since the 1960s [89]. 

2.1 Allotropes of phosphorus 

Pristine phosphorus was first obtained in 1669 and has four allotropes – white, red, blue, and 

black. White phosphorus is the most reactive allotrope due to its molecular form with four atoms 

in a tetrahedral structure. It is also very toxic. Heating white phosphorus yields red phosphorus, 

which exists in an amorphous state. Red phosphorus is less reactive than the white form. Blue 

and black phosphorus (BP) are crystals and are the most stable allotropes. A comparison of 

their allotropic parameters is given in Table 2.1.  

Table 2.1 Comparison of all allotropes of phosphorus 

Properties White 

phosphorus 

Red phosphorus Blue 

Phosphorus 

Black 

Phosphorus 

Colour Translucent 

waxy solid 

Red  

— 
Black 

Reactivity Most reactive Moderate 

reactive 

Least reactive Least reactive 

Chemical 

structure 

P4 molecules Polymeric 

network 

Crystalline form Crystalline or 

amorphous form 

 

The crystalline form of BP was obtained in 1914 from white phosphorus at a pressure of 

1.2 GPa and a temperature of 200°C [90]. BP has a multilayer structure in which each layer is 

held together by weak van der Waals forces, making it easy to obtain a two-dimensional shape. 

2.2 Preparation and characterisation of few-layer black phosphorus 

Currently, there are a few types of exfoliation methods, such as mechanical or liquid exfoliation 

and chemical vapour deposition (shown in Fig. 2.1). Mechanical exfoliation usually involves 
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the use of the Scotch tape to produce single flakes with a few atomic layers. It is a simple and 

inexpensive method but has some disadvantages. Traces of adhesive remain on the substrate 

and the concentration of flakes is low. Therefore, Castellanos-Gomez et al. proposed using 

polydimethylsiloxane (PDMS) in addition to the adhesive tape to create a bilayer phosphorene. 

This will increase the concentration of flakes and reduce contamination on the substrate [51]. 

 

Fig. 2.1 Classification of methods of BP exfoliation. 

In liquid exfoliation, the bulk the BP is immersed in a solvent and sonicated for as long as 

mono- (ML) and few-layers (FL) flakes are obtained. This method is more repeatable than 

mechanical exfoliation and it is possible to obtain bigger flakes. However, it is still hard to get 

flakes of the same size every time. The choice of solvent is very important in obtaining stable 

exfoliation conditions. It was showed that using sonication in NMP can produce FLBP that is 

stable in water. Furthermore, flakes of various sizes are obtained during the exfoliation process. 

Only the use of centrifugation with appropriately selected time and speed produces flakes of 

similar dimensions [91]. 

Electrochemical methods are also used to obtain ML and FL BP. Bulk BP is used as a working 

electrode, and Pt foil or graphite can be used as a counter electrode [92], [93]. After applying 

the voltage, the flow of the charge causes the phosphorus layers to tear. A comparison of the 

XPS survey spectra of bulk BP and exfoliated BP is presented in Fig. 2.2. Fig. 2.2a shows 

phosphorus (P), but also other atoms that contaminate the sample. During synthesis, BP 
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becomes contaminated with tin [93]. Exfoliated BP also contains copper and carbon, which 

come from sample and specimen holders [93]. In Fig. 2.2b, high-resolution XPS are shown. A 

high peak, representing phosphorus oxide, is visible in the exfoliated BP, which confirms the 

instability of FLBP in the air [60], [93].  

 

Fig. 2.2 a) XPS spectra of bulk BP (black) and electrochemically exfoliated BP (blue). 

b) High-resolution XPS spectra of the P 2p signal for bulk BP and electrochemically 

exfoliated BP. Reprinted from [93], with the permission of John Wiley and Sons. 

Despite its many advantages, sonication and electrochemical exfoliation take a relatively long 

time (~2 hours). Huang et al. proposed plasma-liquid technology as a method to obtain large 

flakes of FLBP of good quality in just 5 minutes [94]. To avoid oxidation, the process was 

carried out in pure N,N-dimethylformamide (DMF). Bulk BP was used as a cathode and 

a stainless steel needle as the anode. After applying a high voltage, the process of exfoliation 

starts almost immediately. High-resolution mass spectroscopy (HRMS), transmission electron 

microscopy, optical microscopy, atomic force microscopy (AFM) and Raman spectroscopy 

were used to confirm the success of the exfoliation and obtaining good-quality material.  

CVD is capable of growing thin layers of materials over a relatively large area compared to the 

previously mentioned methods. In addition, by controlling the CVD parameters, samples of 

similar quality can be obtained each time [95]. Smith et al. reported the synthesis of FLBP from 

red phosphorus directly on a silicon substrate using the CVD technique [96]. The films obtained 

had around four layers and had an average area of 4 µm2. The CVD approach was also used to 

grow FLBP films on conductive carbon paper [97]. The red phosphorus was brought to a high 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


23 
 

temperature and thermal vapour deposition gave was used to deposit FLBP on the carbon 

substrate. The resulting material was then used as an anode in lithium-ion batteries. 

The exfoliation method will affect the parameters of the resulting material, as a single flake will 

have slightly different properties than a layer composed of many differently oriented flakes. 

Therefore, the choice of exfoliation method must also depend on the application of the obtained 

material. 

2.3  Optical and electrical parameters 

As was mentioned in the chapter 1, BP’s structure has two different orientations – AC and ZZ 

[50]. This results in a high anisotropy of the electrical and optical properties of the material. 

Han Liu et al. studied the electrical parameters of mechanically exfoliated 10 nm-thick FLBP 

deposited on a Si substrate with metal contacts added every 45°. The electrical transport showed 

a sinusoidal dependence on the crystal’s orientation [7]. The optical responses also behave 

differently for both BP directions, showing strong linear dichroism [50], [98]. For the 

monolayer, the first absorption peak is at 1.55 eV in the AC direction, which is close to the BP 

bandgap. However, due to the mirror symmetry, peaks near the bandgap are forbidden for 

absorption in the ZZ direction [8]. This is shown in Fig. 2.3. The first absorption peaks in the 

AC direction change with the increasing layer number according to the BP bandgap value (Fig. 

2.3a). The absorbance in the ZZ direction also shifts (Fig. 2.3b), but not so significantly. The 

same results were obtained in the DFT calculation [52].  

 

Fig. 2.3 Absorbance spectra for 1–5 layers and bulk BP among a) AC direction and  

b) ZZ direction. Reprinted from [8]. 
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The layered puckered structure with strong layer interaction also causes a strong dependence of 

the FLBP bandgap on the thickness, as was shown in Fig. 2.4. The bandgap changes from 

0.3 eV for bulk to ~2 eV for monolayer but always remains direct [52].  

 

Fig. 2.4 Band structure for mono-, bi-, trilayer and bulk BP. Reprinted from [51], with 

the permission of IOP Publishing. 

All electrical parameters of the FLBP are affected by the tuning bandgap. The carrier mobility 

changes as a function of both thickness and crystal orientation [8]. For monolayer BP, the 

difference in mobility for both directions is more significant than for few-layer samples. The 

mobility of the holes reaches up to 700 cm2/Vs for the zig-zag direction and even 26,000 cm2/Vs 

for the armchair direction, which are much higher values than the electron mobility (~80 and 

~1,100 cm2/Vs for the zig-zag and armchair, respectively) [8], [99]. Such values are lower than 

for graphene but higher than for TMDCs, as was shown in Table 1.1 in Section 1.3. The carrier 

mobility together with the high on-off ratio (up to 105) distinguishes FLBP among other 2D 

materials.  

The optical properties of BP show excitonic effects. This is most noticeable for monolayer 

samples, where the screening is much smaller and the excitonic binding energy can reach 

900 meV for free-standing BP [71]. For samples deposited on SiO2/Si, the additional screening 

by a substrate must be taken into account as it causes the binding energy to decrease to 0.3 eV 

[52]. The difference between the electrical bandgap and the binding energy is the optical 

bandgap, which can be determined by analysing the absorption spectra.  
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Fig. 2.5 Reflection spectra of a) monolayer, b) bilayer, c) trilayer, d) tetralayer, e) pentalayer, 

and f) bulk BP for AC (x-polarisation) and ZZ (y-polarisation). Reprinted from [50], with 

permission from Springer Nature. 

Fig. 2.5 shows the reflection spectra for 1L–5L and bulk BP. The first peaks, marked as I, 

describe the position of the optical bandgap, which are 1.73, 1.15, 0.83, and below 0.75 eV for 

mono-, bi-, trilayer and below, respectively [50]. At the same time, these values can be assigned 

to the lowest-exciton transition energy. Therefore, there are no peaks in the absorption spectra 

below these values. In addition, the resonances above the bandgap (marked as II and III in Fig. 

2.5) come from transitions on the successive subbands [50], [98]. 

The optical absorption can also provide information about the stability of the FLBP. By 

checking its change, it was possible to conclude that liquid exfoliated FLBP in DMF is stable 

under ambient condition for 5 days [94].  

On the other hand, the absorption spectrum depends on the type of the BP sample and the 

exfoliation method used. The general trends show a decreasing absorption for longer 

wavelengths that 400 nm [100], [101]. Guo et al. presented FLBP exfoliated by sonication in 

NMP solution, which is characterised by three absorption peaks at 310 nm, 380 nm, and 470 nm 

[100]. Furthermore, the absorption spectra for BP quantum dots (BPQD) have only one peak – 

at ~300 nm [101]. However, it was shifted to higher wavelengths when the BPQD surface was 
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modified with PEG [102]. Above 600 nm, the absorption is rather featureless, as can be seen 

from the excitation coefficient curve in Fig. 2.6 [76]. In addition, the absorption for the ZZ 

direction is much lower than that for the AC direction. 

 

Fig. 2.6 Extinction coefficient of BP for the AC (red) and ZZ (black) direction. Reprinted 

from [76], with the permission of IOP Publishing. 

The Raman spectra of the MLBP consists of three peaks at ~362 cm-1, ~439 cm-1 and  

~468 cm-1, corresponding to the Ag
1, B2g, and Ag

2 vibrational modes, respectively. The peaks 

are strain [103] and thickness [104] dependent. Guo et al. described how the Raman spectra 

changed with increasing the number of BP layers [100]. Raman spectra and for bulk and  

1–4 layer BP are presented in Fig. 2.7a. The dependence between the vibrational peaks and the 

layer number of the FLBP is shown in Fig. 2.7b. Raman spectroscopy can be useful in 

determining the number of layers for BP samples. In a monolayer, atoms can vibrate freely, but 

when another layer is added, the vdW forces hinder the oscillation [105]. This results in a shift 

of the BP peaks. However, the largest change is between mono- and bilayer BP, and for samples 

thicker than 5 layers, the shift is not noticeable [51]. For samples exfoliated on a silicon 

substrate, it has been shown that the thickness can be determined with an accuracy of 1–2 nm 

by measuring the ratio of the Ag1 peak and the silicon peak [51]. The variation of this ratio with 

increasing thickness is shown in Fig. 2.7c.  
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Fig. 2.7 a) Raman spectra of bulk and 1–4L BP, b) layer-dependence of the BP vibrational 

peaks, c) thickness-dependence of the ratio between Ag
1 mode and silicon peak. Figures a and 

b was reprinted from [100] with the permission of John Wiley and Sons; Figure c was 

reprinted from [51], with the permission of IOP Publishing. 

The Raman spectrum of phosphorene also strongly depends on the polarisation of the incident 

light [104]. More about this is discussed in Section 2.3. 

Another technique used to characterise BP is photoluminescence (PL). The PL spectra of FLBP 

also depend on the number of layers [106]. Fig. 2.8 shows the PL characteristics for  

1–5 layer-BP. The occurrence of PL peaks is determined by the optical bandgap, which changes 

with the BP thickness, as was mentioned earlier in this section. However, the difference 

between the energy peaks for thicker samples, e.g. between 30 nm and 46 nm, is almost 

imperceptible [107]. This limits the use of the PL technique to determining the thickness of BP 

to only a few layers.  
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Fig. 2.8 Photoluminescence spectra of 1–5 layer-BP. Reprinted from [106].  

The exciton binding energy of phosphorene decreases with the number of layers, reaching 

940 meV for monolayer, 160 meV for bilayer, and 110 meV for trilayer [108]. It means that the 

excitonic effect dominates in the PL spectra of FLBP, even at room temperature. However, the 

used substrate or encapsulation layers reduce the BP binding energy [109], [110].  

In summary, the bandgap of BP is dependent on the number of layers, which consequently 

affects its optical and electrical properties. UV-VIS spectrometry, Raman spectrometry and PL 

techniques can be used to study the optical properties of BPs and indirectly determine the 

thickness of the thin film under study [50], [105], [106]. However, studies focusing on 

determining the optical constants of BPs, which include the refractive index and extinction 

coefficient, are rare. Especially if not a single flake is studied, but a layer composed of multiple 

BP flakes, which may be oriented differently. 

2.4 Degradation of few-layer black phosphorus 

FLPB is found to degrade upon exposure to ambient conditions. The DFT was calculated to 

check the interaction between phosphorene and oxide, and phosphorene and water. The results 

show that, due to the lone pair of electrons left in each phosphorus atom, oxide and phosphorene 

can react and form a phosphoric oxide layer [59]. In theoretical studies, it was also confirmed 

that, after dissociation, the atomic oxygen prefers the dangling position [111]. In the interaction 

of water with phosphorene, the configuration where hydrogen atoms are closest to the BP 
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surface is the most stable one. The hydrogen tends to be near the lone pairs of electrons in 

phosphorus atoms. The binding energy for water on the BP surface was found to be larger than 

for H2O on graphene (180 meV and up to 120 meV, respectively) [59], [112]. However, the 

DFT calculation shows that water does not interact strongly with FLBP [59]. It prefers to use 

the hydrogen bond to connect with the surface. Therefore, a layer of FLBP with oxide must be 

taken into consideration. The phosphoric oxide reacts strongly with water, which was confirmed 

by a decrease in the endothermic energy. Moreover, according to the DFT calculation, the 

bilayer structure seems more stable because water molecules only bond with the upper  

layer [51]. 

 

Fig. 2.9 BP flake on a SiO2/Si substrate a) right after transfer b) after two weeks kept under 

air. c) Raman spectra for the BP flake in b) at the three points marked in the image 

on the left. Reprinted from [51], with the permission of IOP Publishing. 

Experiments and DFT calculations show that the degradation process starts almost immediately 

when the sample is exposed to the air [57], [59]. Castellanos et al. present mechanically 
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exfoliated FLBP [51]. After one hour under ambient conditions, droplets start to be visible on 

the sample surface.  

Longer exposure to the air causes complete degradation of the FLBP [51]. Fig. 2.9a shows the 

sample after exfoliation and after 2 weeks of exposure to the air. The thinnest parts are gone. 

Fig. 2.9c shows Raman characteristics for different positions on the sample (show on Fig. 2.9b) 

after two weeks exposed to the air. The Raman spectrum for the point marked as (3) contains 

all three peaks characteristic of phosphorene. This shows that thicker flakes are more stable 

under ambient conditions.  

The oxidation process can be observed by the Ag
1/ Ag

2 ratio from the Raman spectra [113]. Fig. 

2.10 shows how the Ag
1/ Ag

2 ratio change in time the high-ratio region (HRR; Fig. 2.10a) and 

the low-ratio region (LRR; Fig. 2.10b). HRR and LRR reflected a different crystal orientation 

of the FLBP. For both orientations of the sample, the Ag
1/ Ag

2 ratio decreases during the 

oxidation process [113]. 

 

Fig. 2.10 Change of Ag
1/Ag

2 intensity ratio for a) high ratio (HRR) and b) low ratio (LRR) 

region. Reprinted from [113]. 

Exposure to light enhances the oxidation of FLBP. Under the illumination of light from a 150 W 

halogen lamp, the degradation process for a 5 nm thick BP sample is more than 3 times faster 

compared to an unilluminated sample [113]. For another BP sample illuminated by light with 

wavelength 532 nm, Raman spectra were collected after 24, 48, 96, and 120 minutes after 

exfoliation. The intensity of the Ag
1, B2g and Ag

2 peaks successively decreased, reaching almost 

zero, as was shown in Fig. 2.11 [60].  
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Fig. 2.11 Raman spectra at 532 nm on 5 nm thick FLBP at 24, 48, 96 and 120 min after 

exfoliation. Reprinted from [60], with the permission of Springer Nature. 

The absorbance measurements can give us information about the BP degradation. Especially 

changes in the phosphoric acid concentration can be easily determined by examining the 

absorption at 710 nm. The three BP samples were functionalised by  

(3-aminopropyl)trimethoxysilane (AMPTS), trichloro(dodecyl)silane, (DDTS) and 

1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFDTS) [114]. A comparison of the absorbance 

at 710 nm for pure FLBP, FLBP/AMPTS, FLBP/DDTS and FLBP/PFDTS is shown in Fig. 

2.12. As can be seen, the absorbance of the pure FLBP and FLBP/AMPTS increases much 

faster than for the others, which means these samples degrade faster.  

 

Fig. 2.12 Absorbance at 710 nm for FLBP, and FLBP functionalised by AMPTS, DDTA and 

PFDTS. Reprinted from [114]. 
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A few different methods can be used to protect the phosphorene layer against degradation [61]. 

They can be divided into chemical and physical encapsulation, functionalisation, and alloying. 

The classification was shown in Fig. 2.13.  

The chemical encapsulation method is, for example, creation of a metal ion passivation layer. 

Mixing BP and AlCl3 in ethanol forms an Al3+ ion layer on the top of the BP structure. The ions 

combine with free electrons at the surface, dramatically reducing the reactivity of BP [115]. 

  

Fig. 2.13 Classification of methods of protecting the BP layer against degradation. 

Physical encapsulation methods can include the atomic layer deposition (ALD) technique and 

the O2 etching process. AlOx compound has been shown to be effective as a passivation layer. 

However, the ALD process, during which the AlOx layer is deposited, can affect the 

phosphorene structure. Pei et al. produced mono- and bi-layer phosphorene by O2 plasma 

etching. At the start of the process, the top layer of mechanically obtained FLBP is etched and 

forms on the surface of PxOy (Fig. 2.14 a–b). Further etching increases the oxide layer and 

decreases the thickness of the BP (Fig. 2.14c). At the end, the Al2O3 layer was deposited using 

the ALD technique (Fig. 2.14d). This method also makes it possible to control the number of 

defects introduced into the structure and so tunes the photon emission range. Oxide on the 

surface increases the time it takes for the sample to degrade, but it is still quite a short time [91]. 

To prevent that, the ALD AlOx layer is used. The PxOy layer on the surface protected the BP 

against further oxidation during the ALD process [57]. 
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The functionalisation methods can be divided into two types: covalent and noncovalent. 

Covalent methods include, for example, functionalisation with diazonium salt, organolithium 

compounds or benzoic acid [116]–[118]. The spontaneous modification of FLBP by diazonium 

molecules not only provides greater stability under ambient conditions but also enhances the 

on/off ratio [119]. 1H,1H,2H,2H-perfluorooctyltrichlorosilane (PFDTS) reacts with phosphoric 

oxide on the FLBP surface, forming a protective layer against water and organic solvents [114]. 

On the other hand, noncovalent functionalisation of FLBP with 1,4-diamine-9,10-

anthraquinone was used to design an electrode for detecting ascorbic acid [120]. 

 

Fig. 2.14 Scheme for the fabrication of very mono- or few-layers phosphorene covered with 

an Al2O3 layer using plasma oxidation and atomic layer deposition.  

Reprinted from [91]. 

The oxidation process of FLBP starts immediately when the BP layer is exposed to air. This 

affects the FLBP’s properties, hence, the degradation process can be studied by various methods 

such as Raman spectroscopy and absorbance measurement. However, rapid degradation may 

limit the number of FLBP applications.   

2.5 Dichroism and birefringence in few-layer black phosphorus 

Optically anisotropic materials, that is, materials in which light propagation depends on the 

orientation of the material, are characterised by optical dichroism or birefringence. A dichroism 

is a dependence of the optical absorption on the light polarisation [121]. Two types can be 

designated: circular and linear. In circular dichroism, absorption varies with circular 

polarisation. However, this phenomenon is associated with optical activity. Linear dichroism is 
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different absorptions of polarised light in parallel and perpendicular orientations and is related 

to the anisotropic structure of the material [121]. Materials characterised by optical dichroism 

are used in, for example, wavelength converters [122], dichroic colour filters [123] and 

polarisers [124]. Birefringence materials, on the other hand, have a refractive index dependent 

on the polarisation and propagation direction of light [125].  

Currently, the interest in 2D materials in polarisation applications is growing. Due to their small 

dimensions, they can replace bulk materials by miniaturising optical devices. Some TMDCs 

are characterised by dichroism. The optical response of palladium diselenide (PbSe2) was 

measured by polarisation-sensitive Raman spectroscopy and polarised absorption spectroscopy 

[126]. Anisotropic behaviour from the UV to VIS range was determined. In turn, germanium 

arsenic (GeAs) is characterised by a high dichroic ratio (~1.49 at 520 nm, and even 4.4 at 

830 nm) [127]. Moreover, a photodetector based on this material not only shows a great 

polarisation-dependent photoresponse but also an excellent on/off ratio. 

Dichroism or birefringence can also be induced by applying strain to the material [128]. Oliva-

Leyva et al. have presented the influence of strain on the dichroism and absorption characteristic 

of graphene. They proved that determining the polarisation from only two transmittance 

measurements is needed to reconstruct the applied strain [128].  

Phosphorene exhibits natural optical anisotropy due to its crystal structure [8]. Linear polarised 

light passing through a BP flake becomes elliptically polarised. However, the strongest 

polarisation properties can be observed for one or few-layer BP films. Weaker birefringence 

has been shown even for 6-layer BP because of the higher transition of quantum-well subbands 

[129]. But it is still much higher than for most TMDCs, e.g. rhenium disulfide (ReS2) and 

rhenium diselenide (ReSe2) and is comparable with the birefringence of commercially available 

bulk materials [130].  

The polarisation properties in BP not only depend on the thickness but also on the presence of 

an electric field. Biswas et al. built a Fabry-Perot cavity based on tri-layer BP and demonstrated 

that optical dichroism in BP can be electrically tuned (Fig. 2.15) [129].  
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Fig. 2.15 a) Scheme of a Fabry-Perot cavity with 4 layers – hexagonal boron nitride, tri-layer 

BP, hexagonal boron nitride and gold. b) Polarised absorption from a Fabry-Perot 

cavity based on tri-layer BP for different doping electrons and holes along the AC 

direction. Reprinted from [129]. 

Not only birefringence but also linear dichroism was observed in FLBP. Transmittance in the 

AC direction was found to be much smaller than that of the ZZ direction [76]. Furthermore, the 

anisotropic effect in FLBP can be observed across a very broadband range – from VIS to IR 

[52], [131].  

 

Fig. 2.16 Brightness of the reflected light from a thick BP as a function of the rotation angle 

from three RGB channels. Reprinted from [131]. Copyright 2016 American 

Chemical Society. 
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Mao et al. [131] presented measurements of mechanically exfoliated FLBP using polarisation 

microscopy with a dichroic beamsplitter. The results showed the dependence between 

brightness and crystalline directions in the visible range (Fig. 2.16). 

The optical anisotropy of FLBP can be tuned by strain, changing the substrate or layer thickness 

[132]. The Raman modes in BP’s response shifted when FLBP is applied under strain [133]. 

Moreover, the modes reacted differently when strain was applied in different directions, with 

the B2g mode showing high sensitivity to ZZ strain. 

In conclusion, FLBP is defined by its crystal structure, which leads to its strong birefringence 

and dichroism. It was already reported that BP’s optical anisotropy is stronger than in other 2D 

materials, however, the anisotropic phenomenon diminishes as the BP layer thickness increases. 

This presents opportunities for using FLBP in polarisation devices, such as photodetectors and 

polarisers. 

2.6 Few-layer black phosphorus as a sensor device 

A number of studies have focused on the chemical properties of FLBP and their interaction 

with other substances. In fact, phosphorene was found an excellent material to detect various 

gas molecules, humidity, metal ions, and many more. The methods of sensing can be divided 

into fibre sensing, FET devices, forming of a composite of BP with another material, and 

fluorescence sensor. 

Liu et al. presented an integrated tilted fibre grating (ITFG) configuration based on BP [10]. 

The device was then used to detect lead ions with a lower LoD at 0.25 ppb. With an increasing 

concentration of ions, the transmission in the fibre decreased. Furthermore, a theoretical study 

of BP used in a fibre optic surface plasmon resonance (SPR) sensor was carried out [134]. It 

was shown that phosphorene increases the sensitivity of the silver sensor for detecting DNA. 

However, the fast degradation of BP exposed to the air could limit the sensor’s applications. To 

prevent that, the BP layer can be protected by graphene or TMDCs. A simulation showed that 

it not only protects BP against oxidation but also further increases the sensitivity [134]. Adding 

DNA molecules causes a change in the refractive index of the detection medium, which affects 

the sensor transmission shift. Fig. 2.17a and Fig. 2.17b show schematics of both sensor 

configurations – ITFG and SPR – respectively.  
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Fig. 2.17 a) Schematic of an integrated tilted fibre grating configuration based on BP. 

Reprinted from [10], with permission from Elsevier. b) Schematic of a fibre optic 

surface plasmon resonance based on phosphorene. Reprinted from [134], with 

permission from Elsevier. 

The conductance of BP changes as a result of absorption of gas or humidity molecules [53], 

[135]. Marmolejo-Tejada et al. demonstrated a NO sensor based on a phosphorene field effect 

transistor with a LoD at 19 nM/L [135]. Moreover, a BP FET with an Al2O3 protective layer 

was used as a humidity sensor [53]. As the level of water molecules increases, the conductance 

of the FET device increases, due to the electrostatic gating effect. Furthermore, BP can be used 

as a NO2 molecule sensor [136]. However, forming a BP-ZnO composition improved the 

response speed and sensitivity of the sensor [137].  

Detecting metal ions is especially important because they can be found everywhere. Zinc and 

magnesium are very important in many biological processes in our bodies. Zinc influences cell 

and connective tissues growth, DNA synthesis, immune system function or bone mineralisation 

[138]. Magnesium plays an important role in bone mineralisation or muscular relaxation [139]. 

However, both a lack or excess of either has a negative effect on human health, so it is important 

that, with the development of industry, we have to deal with higher environmental pollution 

with heavy metals [140].  

Many techniques have been studied to detect metal ions. One such technique involves the use 

of fluorescence phenomena. Li et al. [141] used Au nanoclusters (Au NC) as a zinc ion sensor. 

Adding Zn2+ ions to a mixture of methylimidazole and Au NC formed a Zn metal-organic 

framework (Zn-MOF). As a result, Au NC partially aggregate, which enhances the 

fluorescence. Phosphorene was also found sensitive to metal ions. A radiometric fluorescence 

sensor based on BP quantum dots was presented to detect mercury ions [82]. It works on the 

inner filter effects (IFE) between BP and tetraphenylporphyrin tetrasulfonic acid (TPPS). With 

an increasing concentration of Hg2+, the red fluorescence peak of TPPS decreases, while the 

blue fluorescence peak of BP QDs increases, as shown in Fig. 2.18. However, very low 
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concentrations of Hg2+ (~3 nM) were only detected in river water [82]. Smaller concentrations 

cannot be detected in pure drinking water or tap water.  

 

Fig. 2.18 Fluorescence of black phosphorus quantum dots for different concentrations  

of mercury ions. Reprinted from [82]. Copyright 2017 American Chemical Society. 

Another method used for detecting metal ions is electrochemistry. Electrochemically reduced 

graphene oxide (ERGO) has been used on modified glassy carbon electrode (GCE) [142]. 

The sensitivity of that prepared electrode was checked using differential pulse voltammetry. 

Modified GCE has shown three times higher sensitivity for Zn2+ ions than GCE without 

modification and has reached a 0.1 µmol/L limit of detection. 

Moreover, multi-walled carbon nanotubes with polydimethylsiloxane were used to determine 

different concentrations of calcium and magnesium [143]. The change in concentration affected 

the sensor’s resistance. Even 1 ppm of calcium and magnesium are detectable by the sensor. 

However, electronic device noise and external light may impact the sensitivity of the sensor 

[143]. 

In this chapter, the optical and electrical properties of FLBP are described. FLBP is 

characterised by good carrier mobility and a good on/off ratio, which distinguishes it from other 

2D materials. Furthermore, its bandgap can be tuned in a wide range. The crystal structure of 

FLBP is anisotropic, which affects its interaction with light – FLBP is strongly birefringent and 

dichroic. Due to all the mentioned properties, FLBP can be found useful in many applications. 

Because of its reactivity to humidity, DNA, NO2 and metal ions, FLBP can be used, for 

example, in sensors. This property renders FLBP highly appealing to researchers; however, 

knowledge gaps regarding this material still persist. Notably, comprehensive studies are lacking 

on how to determine optical constants for continuous layers or how degradation impacts the 

optical properties of FLBP.  
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Chapter 3. Motivation and aim of the thesis 

The aim of this thesis is to develop methods and tools dedicated to the study of optical 

parameters of FLBP, which are useful for sensing applications. FLBP layers and suspensions 

were studied using the polarisation microscopic, spectroscopic, and ellipsometric methods, 

supported by the electrochemical technique. The use of these methods is also aimed at learning 

the causes and assessing the degree of degradation of FLBP and determining its sensory 

properties. The use of FLBP structures has allowed the development of a new class of optical 

sensors for the detection of toxic compounds (e.g., heavy metals). 

In view of the stated goal, the first research problem was to determine the refractive index and 

the extinction coefficient of FLBP. Investigation of these optical constants is the first step in 

studying the optical properties of a material because they are essential for optical and 

optoelectronic applications. However, there are few studies on the measurement of these 

properties for FLBP and they mainly focus on the measurement of a single flake rather than a 

continuous layer. Spectroscopic ellipsometry (SE) is one of the most powerful tools for studying 

the thickness and optical parameters of thin films. The measurement is based on the change in 

the polarisation state of light reflected from the surface of the layer of sample. Hence, the 

measurement itself is non-invasive to the sample. Moreover, ellipsometry is sensitive to 

changes for very thin films. FLBP is a very promising optical material due to its structure. Its 

optical parameters change depending on the thickness and degree of degradation of the layer. 

With ellipsometric measurements, it is possible to quickly evaluate optical parameters, such as 

the refractive index and extinction coefficient. 

The ability to study polarisation phenomena in the material is also important. Polarised light 

microscopy is the simplest technique to observe optically anisotropic materials, that is, 

materials whose refractive index or absorption depend on the propagation direction or 

polarisation of light. The advantages of this technique are that it is easy to use and non-invasive. 

In addition, information about the quality of the tested layer can be obtained very quickly. For 

example, diamond is optically isotropic, but stresses in the layer and imperfections such as 

dislocations are visible when observed under a polarised light microscope. FLBP is optically 

anisotropic. It also degrades quickly under ambient conditions. Currently, there is a lack of 

work showing the effect of oxidation and degradation of FLBP on its polarisation parameters. 

Polarised light microscopy can be used to study the anisotropy in FLBP and how it changes in 

time in the presence of air.  
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2D materials are characterised by reactivity to various substances, such as NO, H2 and humidity. 

Their optical and electrical parameters also change when they are exposed to metal ions. 

Currently, many methods of metal ion detection are known, but new ones are still being 

investigated. Among the various techniques used in sensors, PL and electrochemistry (EC) can 

be mentioned. PL is light emission from a material as a result of photon absorption. This 

technique is widely used in sensors for detecting various substances because it is simple to build 

and use, and the PL response can be obtained in minutes.  

EC sensors have high sensitivity, fast operation and are easy to use, which makes them 

a preferred technique for the detection of various substances.  

Thus, the motivation of this thesis was the development of measurement techniques that provide 

non-destructive testing of FLBP structures under controlled environmental conditions 

(atmosphere, humidity) and determination of optical parameters that make it possible to 

correlate their values with the ageing, oxidation and decomposition of the FLBP, along with an 

evaluation of the kinetics of these processes. Using these tools, the goal was to develop and 

optimise sensor designs that enable the detection of various compounds that affect humans and 

the environment. 

New materials are constantly being sought for applications in optical and optoelectronic 

devices. Development and miniaturisation have forced a switch to 2D materials. FLBP has 

interesting optical parameters, and due to its structure, it is also strongly anisotropic. This allows 

FLBP to replace bulk materials in polarisation applications. In addition, depending on the 

preparation method or thickness, BP responds to radiation over a wide range – from visible 

light to the deep infrared. The wide spectral range increases the number of applications where 

FLBP can be used. 

FLBP degrades very rapidly when exposed to light, water and oxygen. The oxidation process 

affects the surface condition of the sample, and the thinner the layer, the faster this process 

occurs. Consequently, the oxidation process influences the properties of BP. The electrical 

parameters decline rapidly, while the optical ones demonstrate greater stability against FLBP 

layer degradation. Hence, observing the layer under polarised light microscopy should make it 

possible to determine whether the BP has degraded, based on its optical anisotropy. 

Furthermore, methods are being sought to protect FLBP from degradation. One approach is to 

use a protective layer, such as PxOy or AlOx. Another option is to form a composite with another 

material, such as ZnO. It has been noted that this not only protects FLBP from oxidation, but 
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can also increase its sensory properties. Another method of protecting FLBP is to form a P alloy 

with As. b-AsP has high stability in air and, like FLBP, a broad response to optical radiation.  

One application where FLBP can be used is sensors. Detection of various chemical substances 

is very important for human health and the condition of the environment. These substances 

react with certain materials, either attaching to the surface, absorbing, or modifying them. This 

causes changes in their optical or electrical properties. For example, adsorption can affect the 

local surface potential, among other things. It has been shown that FLBP is sensitive to various 

gases (e.g. NO, NO2, H2), humidity, and biological substances. In addition, it has been noted 

that it can be sensitive to the presence of metal ions. Metal ions can be either essential or harmful 

to humans and the environment. Heavy metal ions such as Hg2+, Pb2+, Cd2+ and AsO2- are 

hazardous to health, while Mg2+ and Zn2+ ions play important roles in many processes needed 

for the functioning of human (and animal) organisms. This is why the ability to detect metal 

ions is so important. Metal ions adsorb on the surface of FLBP, which affects the bandgap and 

other electronic and optical properties of BP. This indicates that it should be possible to build 

a BP-based sensor to detect various metal ions. However, the construction of a BP-based PL 

sensor is problematic, due to the fact that FLBP’s PL response is in the deep infrared. 

Combining BP or b-AsP with ZnO shifts the optical response to the visible range, which is 

definitely cheaper than working in the infrared range. In addition, ZnO protects the FLBP from 

oxidation.  

Based on the defined aim of the work, the following research hypotheses were proposed: 

Hypothesis I: The selection of parameters involved in the deagglomeration and 

centrifugation processes of BP flakes allows for a significant reduction in both their size 

and thickness distribution. This reduction facilitates the achievement of optical properties 

in coatings that closely resemble those found in 2-dimensional phosphorene materials with 

homogeneity at a millimetre scale. 

Hypothesis II: Mapping the optical polarisation parameters at the surface level will enable 

the assessment of the oxidation and degradation kinetics of FLBP nanostructures. 

Hypothesis III: The combination of FLBP and ZnO significantly improves both the 

efficiency and long-term stability of ZnO-based sensors. 

In Chapter 1, an introduction to 2D materials and their exfoliation methods are presented. At 

the beginning, the electrical and optical parameters of graphene and TMDCs are discussed. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


42 
 

Then, BP’s background is provided, and it is compared to the previously mentioned 2D 

materials. Applications of 2D materials are also presented in this chapter. 

Chapter 2 includes a detailed theoretical introduction to FLBP. First, the electrical and optical 

properties are discussed. Then, the FLBP degradation process is described. Due to its structure, 

FLBP is characterised by optical anisotropy, which is also discussed in this chapter. At the end, 

examples of sensors based on FLBP are presented.  

In Chapter 3, the aim, motivation and hypothesis of this dissertation are discussed.  

In the study, Chapter 4 introduces various methods used for FLBP preparation. The author 

participated in the preparation of liquid and electrochemically exfoliated FLBP and was 

responsible for preparing composite FLBP and b-AsP with ZnO. Chapter 4 also presents the 

impacts of the exfoliation process on the prepared material. The study also discusses the results 

of mixing FLBP with zinc oxide (ZnO) nanoparticles and nanorods. Then, the next section 

describes the determination of the refractive index and extinction coefficient. Spectroscopic 

ellipsometry (SE) was utilised as a fast and effective technique for measuring the optical 

properties. The SE measurements were acquired by the author and analysed in collaboration 

with Professor Łukasz Skowroński from the University of Science and Technology in 

Bydgoszcz. The following section focuses on measurements using polarised-light microscopy. 

All the results presented in Section 4.3 were obtained by the author. Firstly, the diamond layer 

as a reference was measured to optimise the polarisation measurements. Then, changes in the 

intensity of light reflected on the BP layer over time are presented and discussed. Lastly, the 

sensors based on FLBP and ZnO are presented. The author conducted all measurements while 

collaborating with Dr. Roman Viter from the University of Latvia for the sensor designs. The 

photoluminescence (PL) and electrochemical (EC) methods are used to assess the sensitivity of 

the prepared materials to varying metal ion concentrations. 

Chapter 5 contains a summary of all the studies presented in this dissertation. Conclusions from 

the experimental section are also presented. Further possible directions for research are also 

indicated, expanding on those in the dissertation. 
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Chapter 4. Experiments and results 

This chapter encompasses the description of sample preparation, the characterization methods 

employed to analyze the studied structures, an account of the experimental procedure, the 

obtained results, and a subsequent discussion.  

4.1 Preparation and characterization of few-layer black phosphorus 

The properties and application of FLBP differ depending on the exfoliation method [11], [12]. 

Hence, during my research, electrochemical, liquid, and mechanically exfoliated FLBP were 

used. Preparation of the black phosphorus-zinc oxide material was the author’s responsibility, 

while the electrochemically and liquid exfoliated BP were prepared in collaboration with 

Dr. Paweł Jakóbczyk from the Department of Metrology and Optoelectronics. Black arsenic 

phosphorus was prepared in collaboration with Dr. Łukasz Macewicz. All microscopic and 

spectroscopic results, except for SEM measurements, were obtained by the author.  

4.1.1 Electrochemical exfoliation of few-layer black phosphorus 

Electrochemical exfoliation is widely used to fabricate 2D materials [144]. In addition to 

reducing the thickness of FLBP, the electrochemical exfoliation technique also reduces the 

oxidation level of the BP [145]. FLBP was prepared by the procedure described in [146] and 

below. Bulk BP was obtained from Smart Elements (Austria). Dimethyl sulfoxide (DMSO) and 

tetrabutylammonium tetrafluoroborate (TBABF4) were purchased from Sigma Aldrich 

(Poland). The BP was used as a cathode, which was immersed with a platinum wire in a 0.01 M 

solution of TBABF4 in DMSO. A preliminary DC voltage of 2 V was applied for 30 minutes 

and then increased to 4 V for 12 hours. After that, the obtained solution was sonicated. The 

exfoliated BP was centrifuged at different speeds and deposited on laboratory glass and 

Si substrates to obtain BP fractions of different sizes. 

Three sets of FLBP with different centrifugation speeds were prepared. Designations of the 

samples and their characterization methods are shown in Table 4.1.  

The first set of FLBP on glass substrates was examined using a Metash UV-9000 

spectrophotometer to obtain the dependence between the transmission and centrifugation 

speeds.  
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Table 4.1. Designations of all sets of electrochemical exfoliated FLBP samples. 

 0k rpm 3k rpm 6k rpm 9k rpm Characterisation 

methods 

1 set FLBP-0k-1 FLBP-3k-1 - FLBP-9k-1 spectrometry 

2 set FLBP-0k-2 FLBP-3k-2 FLBP-6k-2 FLBP-9k-2 polarised light 

microscopy, SEM 

3 set FLBP-0k-3 FLBP-3k-3 FLBP-6k-3 FLBP-9k-3 Polarised light 

microscopy, 

 

The transmittances were measured in the range of 300–1000 nm and are shown in Fig. 4.1. 

FLBP-0k-1 has the smallest transmittance, which rises from 60% at 300 nm to 75% at 1000 nm, 

while the transmittance for the remaining samples decreases, reaching a peak at ~330 nm, and 

then increases to 95% and 93% at 1000 nm for FLBP-9k-1 and FLBP-3k-1, respectively. 

 

Fig. 4.1 Transmittance curves of FLBP centrifugated at 9000 rpm, 3000 rpm, and 0 rpm. 

FLBP-9k-1 is characterised by the highest transmittance across the spectrum. During the 

centrifugation process, the larger flakes are separated from the smaller ones, resulting in less 

light being absorbed. This is consistent with previous works showing that the transmittance 

increases with the decreasing FLBP thickness [147].  

Next, two sets of FLBP were prepared at 0 rpm, 3000 pm, 6000 rpm and 9000 rpm 

centrifugation speeds (Table 4.1) and deposited on a Si substrate. Their microscope (standard 

view) and polarised images with crossed polarisers (polarisation view) were registered by 
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a LAB 40 POL polarisation microscope from OPTA-TECH. Information about the FLBP’s 

morphology was obtained by a Phenom XL scanning electron microscope (SEM) from Thermo 

Fisher Scientific. The SEM was working with the operating voltage set at 15 kV. 

 

Fig. 4.2 Polarisation images of FLBP centrifuged at a) 0 rpm, b) 3000 rpm, c) 6000 rpm, and 

d) 9000 rpm for the second and third sets of samples. 
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The polarisation images of the FLBP are shown in the Fig. 4.2. It can be observed that BP layers 

consist of many, randomly disoriented flakes, which is indicated by the different intensities and 

colours on the images [148]. However, these changes could also be attributed to defects such 

as thickness inhomogeneities, fractures, folding, etc.  

The FLBP centrifugated at 0 rpm and 3000 rpm consists of flakes that vary greatly in size  

(Fig. 4.2a–b), therefore their average layer thickness will be greater than for FLBPs spun at 

higher speeds, because the largest BP flakes are removed in the centrifugation process [149]. 

The FLBP spun at 9000 rpm (FLBP-9k-x) did not completely cover the Si substrate because of 

the lower concentration of flakes and their smaller dimensions (Fig. 4.2d). The same effect is 

observed for the FLBP sample centrifugated at 6000 rpm from the third set (FLBP-6k-3) (Fig. 

4.2c). 

The optical anisotropy of FLBP with different centrifugation speeds was also checked. The 

polarisation images with different rotational angles (angle between sample and crossed 

polarisers) were collected (Fig. 4.3). For all centrifugation speeds, the intensity of the samples’ 

reflectance change with the rotation angle, which indicates that BP is characterised by 

birefringence, which is in agreement with previous works [129], [130]. The BP flake is dark 

when the polarisation of the incident light is oriented along the FLBP crystal axis. Phase 

retardation increases after rotating the sample and so the intensity of the light reflected from the 

BP sample also increases [130]. The concentration of BP flakes decreases with the increase in 

centrifugation speed. FLBP-6k-3 and FLBP-9k-3 have individual flakes scattered over the 

Si substrate (Fig. 4.3c,d). 

SEM images of FLBP-0k-2, FLBP-3k-2, FLBP-6k-2 and FLBP-9k-2 are presented in Fig. 4.4. 

The FLBP samples are made of many superimposed flakes. With the increasing centrifugation 

speed, smaller particles and a lower volume are visible. This is consistent with the data 

described for previous sets of samples and polarisation microscopy results. The ImageJ 

software was used to determine the average dimensions of the BP flakes from the SEM images. 

The values obtained are: 4.8±5.6, 2.1±2.0, 1.3±0.52 and 0.72±0.75 µm for FLBP-0k-2, FLBP-

3k-2, FLBP-6k-2 and FLBP-9k-2, respectively. 
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Fig. 4.3 Polarisation images of FLBP centrifuged at a) 0 rpm, b) 3000 rpm, c) 6000 rpm, and 

d) 9000 rpm with a 0°, 30° and 60° rotational angle. 
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Fig. 4.4 SEM images of FLBP centrifuged at a) 0 rpm, b) 3000 rpm, c) 6000 rpm, and 

d) 9000 rpm. 

Samples vary from one set to the next despite the use of exactly the same parameters during 

exfoliation. This is because even if a bulk BP of comparable size is utilized, its shape and 

orientation vary every time, which affects the charge flow through it. 

4.1.2 Liquid exfoliation of few-layer black phosphorus 

Liquid exfoliation is another very well-known method of obtaining 2D materials [150], [151] 

that was used in the research described in this dissertation. It uses ultrasonication to insert the 

energy needed to fragment and eventually exfoliate the layered crystal. The choice of sonication 

parameters and proper solvent is critical to obtaining a sample without defects [150]. 

FLBP was prepared using two solvents: DMF and ethanol. 30 mg of preground BP (Smart 

Elements) was dispersed in 7 ml of anhydrous DMF. The BP dispersion was sonicated for 

2 hours using a horn probe ultrasonicator (Bandelin Sonopuls HD2200, 20 kHz). The sonication 

was carried out under an argon stream with the temperature maintained in the range of 0 to 3 °C 

using an ice-cooled bath and the power of the tip set at 40 W with a 0.5/0.5 s ON/OFF time. In 
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a set of samples prepared in ethanol, 30 mg of bulk BP was dispersed in 8 mL of deoxygenated 

95% ethanol (Sigma Aldrich). The sonication was performed under the same conditions and 

settings, but it lasted 4 hours. The suspension in DMF was named FLBP-0kDMF. The 

suspensions in ethanol were centrifuged at 3,000, 6,000, 9,000 and 11,000 rpm for 5 minutes to 

remove the residual unexfoliated BP. The designations of the liquid-exfoliated FLBP in ethanol 

are presented in Table 4.2. 

Table 4.2. Designations of liquid-exfoliated FLBP in ethanol. 

Centrifugation speed 3k rpm 6k rpm 9k rpm 

Ethanol FLBP-3kETH FLBP-6kETH FLBP-9kETH 

The absorbance of the FLBP in ethanol was recorded using Ocean Optics usb2000 spectrometer 

in the wavelength range of 350 to 1,100 nm (Fig. 4.5). With the increasing centrifugation speed, 

the absorbance of FLBP decreases. This is as expected as the sizes and concentrations of the 

BP flakes decrease with the higher spin speed. FLBP-11k is almost completely transparent, 

indicating that mainly smaller BP flakes remain in the solution after the centrifugation process. 

The exfoliated FLBP centrifugated at 3000 rpm is characterised by the highest absorbance, 

which is constant up to 500 nm and then begins to decrease steadily.  

 

Fig. 4.5 Absorbance of few-layer black phosphorus with different centrifugation speeds. 
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4.1.3 Mechanical exfoliation of few-layer black phosphorus 

Mechanical exfoliation was used to first produce the 2D material. Despite its ineffectiveness in 

producing larger layers and difficult-to-control results, this method remains the easiest, fastest 

and most cost-effective exfoliation technique.  

Adhesive 3M tape was used to mechanically exfoliate FLBP on a Si substrate directly from 

bulk BP. The result was single flakes scattered on the Si surface – FLBPMECH. Fig. 4.6 shows 

a microscopic photo of FLBP on Si after exfoliation. 

 

Fig. 4.6 Microscopic image of mechanically exfoliated FLBP on Si substrate.  

Since BP degrades when exposed to air [113], even microscopic images show changes due to 

oxidation. In Fig. 4.7, the images taken immediately after exfoliation and after 30 days are 

shown. Blisters and other lesions can be seen on the surface of the BP flakes. Similar changes 

have been observed before, as a result of the oxidation process [57]. 

 

Fig. 4.7 Microscopic image of mechanically exfoliated FLBP on Si substrate immediately 

after exfoliation and after 30 days. 

4.1.4 Black arsenic-phosphorus preparation 

The alloying BP with arsenic improves the stability and also affects the parameters. Thanks to 

this, the range of BP applications is expanding [63], [152]. In my research, b-AsP was used to 
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compare its sensitive properties to FLBP. B-AsP was prepared in cooperation with Łukasz 

Macewicz from the Faculty of Electronics, Telecommunications and Informatics, Gdańsk 

University of Technology, using chemical vapour deposition. Red phosphorus (RP), tin (Sn), 

SnI4 and arsenic (As) were used as precursors. The reagents and silica substrate were placed 

under vacuum in a quartz ampule and heated first to a temperature of 610°C, then to 560°C. 

The substrates were kept at a temperature of 50°C lower than the reagents. Next, the ampule 

was slowly cooled to room temperature. As a result of the CVD, a column of b-AsP was formed 

on the silicon, which was sonicated for 10 minutes and then centrifuged at 2000 rpm for 

5 minutes to obtain b-AsP nanoribbons. A detailed description of the preparation method can 

be found in [153]. Amounts of red phosphorus and arsenic were used in different proportions 

to obtain four compositions of b-AsP: b-As0.1P0.9, b-As0.2P0.8, b-As0.5P0.95 and b-As0.8P0.2. Table 

4.3 presents the amounts of reagents used in the CVD process. 

Table 4.3. Amount of reagents used in CVD process for obtained compositions of b-AsP.  

 RP [mg] Sn [mg] SnI4 [mg] As [mg] 

b-As0.1P0.9 300 10 5 80 

b-As0.2P0.8 250 10 5 150 

b-As0.5P0.95 103 10 5 250 

b-As0.8P0.2 36 10 5 350 

 

 

Fig. 4.8 Absorbance of black arsenic-phosphorene with different concentrations of As and BP. 
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The absorbance of the b-AsP was recorded using Ocean Optics usb2000 spectrometer in the 

wavelength range of 350–1100 nm (Fig. 4.8). The absorption shape of the b-AsP is affected by 

both the arsenic and BP. The lowest absorbance is observed for b-As0.8P0.2. It is also almost 

constant over the entire tested range. The absorbance increases with the decreasing amount of 

As, while the absorbance curve ceases to be constant, but decreases with the increasing 

wavelength. The absorbance of b-As0.2P0.8 and b-As0.1P0.8 decrease more rapidly than the 

absorbance of b-As0.5P0.5. 

4.1.5 Black phosphorus – zinc oxide preparation 

Because of its sensory properties and its potential to increase the stability of FLBP in air, zinc 

oxide was chosen to be added to pre-prepared FLBP solutions. FLBP-3kETH and b-As0.1P0.9 

were selected to be mixed with zinc-oxide nanorods (ZnO NRs) and nanofibres (ZnO NFs) as 

they represent averaged parameters for liquid-exfoliated FLBP.  

The method of mixing BP with ZnO NRs is shown in Fig. 4.9a. 10 mg of ZnO NRs was added 

to 250 µl of FLBP-3kETH in ethanol and stirred for 3 days. Next, the solution was centrifuged 

at 6000 rpm by 3 minutes. The supernatant was removed and 1 ml of ethanol was added to the 

residual. The same procedure was used to prepare the solution of b-AsP and ZnO NRs, but the 

ethanol was exchanged for DMF. Furthermore, 10 mg of ZnO NRs was stirred in 1 ml of 

ethanol. The prepared solutions were deposited on Si substrates and left to dry.  

FLBP-3kETH and b-As0.1P0.9 were mixed with ZnO NFs and deposited on conductive ITO glass 

to produce working electrodes (Fig. 4.9b). First, the glass plates were cleaned in an Ar-O2 

plasma for 15 minutes and 20 µL of 5 mM zinc acetate Zn(CH3COO)2 in methanol was 

deposited on them by drop-casting. The glasses were then annealed at 350°C for one hour in 

an air atmosphere. Meanwhile, FLBP-3kETH and ZnO NFs were mixed. 250 µl of FLBP-3kETH 

was mixed with 750 µl of ethanol (ETOH) and then 10 mg of ZnO NFs was added. 
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Fig. 4.9 a) 3k-BP-ZnO NRs and b-AsP-ZnO NRs on Si and b) 3k-BP-ZnO NFs and  

b-AsP-ZnO NFs electrodes preparation. 

The prepared solution was stirred overnight and then centrifuged at 3000 rpm for 3 minutes. 

The supernatant was removed and 1 ml of ethanol was added to the residue. A similar procedure 

was used to prepare the b-As0.1P0.9 and ZnO NFs solution but the ethanol was replaced with 

DMF. Both solutions were then applied to the prepared glass slides and left to dry. The pure 

ZnO NFs solution was also prepared and deposited on the ITO glass slides. 

The designations of the prepared samples are presented in Table 4.4. 

Table 4.4. Sample designations 

 FLBP-3kETH b-As0.1P0.9 

ZnO NRs 3kBP-ZnO NRs b-AsP-ZnO NRs 

ZnO NFs 3kBP-ZnO NFs b-AsP-ZnO NFs 

 

The PL spectra of ZnO NRs, 3kBP-ZnO NRs and b-AsP-ZnO NRs were collected and 

compared (Fig. 4.10). The spectrum of ZnO NRs has three peaks at ~382 nm, ~480 nm and 
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~550 nm. Mixing with BP and b-AsP caused a change in the shape of the spectra and merged 

the first two peaks into one at ~517 nm. The intensity of this peak is the same for both samples 

with BP. 

 

Fig. 4.10 Comparison of PL spectra of ZnONRs, BP-ZnONRs and b-AsP-ZnONRs 

The morphology of the 3kBP-ZnO NFs and b-AsP-ZnO NFs were obtained by SEM (FEI 

Quanta FEG 250) and are shown in Fig. 4.11. The surfaces of both samples are homogeneous, 

although the b-AsP-ZnO NFs is characterised by higher aggregation with large pores. 3kBP-

ZnO NFs has a low level of aggregation. The difference between the electrodes is due to the 

different structures of BP and b-AsP, but also due to the use of different solvents. At the higher 

magnification in Fig. 4.11, it can be seen that BP and b-AsP completely covered the ZnO 

nanofibres.  

Depending on the exfoliation method, the resulting samples may differ in parameters and 

applications. The properties will also be affected by their mixing with other compounds, e.g. 

As or ZnO. Therefore, in each measurement, the exfoliation method was carefully selected for 

the needs. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


55 
 

 

Fig. 4.11 SEM images of a) 3kBP-ZnO NFs and b) b-AsP-ZnO NFs. 

4.2 Optical constants of few-layer black phosphorus measured by spectroscopic 

ellipsometry  

The chapter contains characterisation of electrochemically exfoliated FLBP by SE. The SE 

measurements were obtained by the author, while the analysis was carried out in cooperation 

with prof. Łukasz Skowroński from Bydgoszcz University of Science and Technology. 

In ellipsometry, a polarised light beam illuminates the sample. Then, the reflected light is 

collected and the change in polarisation state between the in and out beam is measured. In the 

result, the ratio of the amplitude (called Psi (Ψ)) and the phase shift (called Delta (Δ)) are 

obtained. The Ψ and Δ parameters are measured for various wavelengths of light. Then, using 

calculation, the thickness and optical parameters of the sample are studied. The SE was found 

useful in determining film thicknesses of even to submonolayer coverages [154].  

The preparation of the electrochemical exfoliated FLBP is described in section 4.1.1. 

Ellipsometry measurements were carried out using a Jobin-Yvon UVISEL phase-modulated 

ellipsometer with the angle of incidence fixed at 70o. All the experiments were carried out at 

room temperature.  
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The first set of electrochemically exfoliated FLBP with different centrifugation speeds  

(FLBP-0k-1, FLBP-3k-1, FLEBP-9k; Table 4.1 section 4.1.1) were used in the SE 

measurements in the range of 250 nm to 690 nm. Fig. 4.12 presents ellipsometric parameters 

for the FLBP and Si plates as a reference.  

 

Fig. 4.12 Plot of a) Delta and b) Psi azimuths of Si wafer and FLBP centrifuged centrifugated 

with 9000 rpm, 3000 rpm, and 0 rpm for the wavelength range of 250 nm to 690 nm. 

With the increasing the centrifugation speed, the shapes of the Ψ and Δ characteristics are 

comparable to the curves for the Si substrate. The Δ and Ψ angles for the FLBP-9k-1 have the 

same peaks as Si. This is due to the highest transparency of this sample, but it also indicates 

similar values of optical parameters. Increasing the Ψ angle shows that the absorption decreases 

with the increasing centrifugation speed (Fig. 4.12b). The Δ angle is sensitive to thickness 

changes. Therefore, FLBP-9k-1 is the thinnest because only the smallest flakes are left after the 

centrifugation process. As the centrifuge speed decreases, the Δ angle decreases (Fig. 4.12a). 

However, the samples’ inhomogeneity and surface defects also affect the measurement results.  

The second set of the electrochemically exfoliated FLBP centrifugated at 0 rpm, 6000 rpm and 

9000 rpm (FLBP-0k-2, FLBP-6k-2 and FLBP-9k-2) were also measured using SE. The 

wavelength range of 260 nm to 830 nm was selected. The Δ and Ψ parameters are shown in 

Fig. 4.13. The shape of the characteristics present normal dependence for semiconductors [154]. 

As a reference, the Si plate was also measured.  
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Fig. 4.13 Plot of a) Delta and b) Psi azimuths of Si wafer and FLBP centrifugated at 0 rpm, 

6000 rpm and 9000 rpm for wavelength range of 260 nm to 830 nm. 

In spectroscopic ellipsometry, a 3 mm wide and 10 mm long spot size is used. It is larger than 

the size of the BP flakes, hence, it can be assumed that the signal is measured from multiple 

flakes at once. The Δ angle (Fig. 4.13a) shows a strong dependency on the thickness of the 

sample. The value for FLBP-9k-2 was closest to the Δ angle of the Si wafer. This is due to the 

highest transparency and the smallest concentration of BP flakes in the sample. The Ψ angle, in 

turn, almost does not depend on the centrifugation speed because it depends on the optical 

constants and absorption of the measured layer. As can be seen in Fig. 4.13b, all curves are 

nearly identical. Therefore, all samples are characterised by a similar surface quality. 

 

Fig. 4.14 a) Delta and b) psi of FLBP centrifuged at 6000 rpm for wavelength range of 

190 nm to 2000 nm. 
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In the further analyses, the FLBP-6k-2 sample was chosen as it represents the average 

parameters of the measured FLBP. The ellipsometry measurement was repeated in the wider 

range of 190–2000 nm. The obtained data are shown in Fig. 4.14. The Δ angle increases rapidly 

from 200 nm to 500 nm, but above that range, it only slightly rises (Fig. 4.14a). The Ψ angle 

decreases quickly from 36° at 200 nm to 8° at 1000 nm, then remains almost constant.  

To determine the refractive index and extinction coefficient from the ellipsometry data, an 

analysis is needed. First, a model describing the sample is prepared. In our study, it consists of 

the silicon substrate, the thin native oxide layer on the substrate – SiO2 – and a layer 

representing the BP layer. The BP layer is mixed with air to model the irregularity of the sample 

surface (Fig. 4.15). The complex refractive index of the Si and SiO2 layer was taken from the 

database of optical constants [155]. A Bruggeman Effective Medium Approximation (BEMA) 

approach was used to model the surface roughness [155], [156]. The optical constants of the 

FLBP layer were parametrised using a set of oscillators. The standard Mean Squared Error 

(MSE) was estimated to be 10.  

 

Fig. 4.15 Model used in the analysis of the ellipsometry data. 

As a result, the thickness of FLBP was determined to be 38.4 nm. The refractive index and 

extinction coefficient of the BP layer have also been estimated and are shown in Fig. 4.16.  

The extinction coefficient depends on the BP absorption. Hence, as can be observed in  

Fig. 4.16a, the absorption decreases for wavelengths larger than 400 nm. This tendency was 

observed in other works, which are described in section 2.1 [100], [101]. Furthermore, the 

extinction coefficient has three peaks at 226 nm, 290 nm, and 360 nm. There are shifted in 

comparison to the absorption measurement of the sonication exfoliated FLBP in NMP solution. 

From 600 nm, the excitation coefficient has levelled off, which is consistent with previous 

results by Lee et al. [76].  
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Fig. 4.16 a) Extinction coefficient and b) refractive index of the FLBP-6k sample, obtained 

from analysis the ellipsometry data. 

The refractive index (Fig. 4.16b) increases, reaching peaks at 300 nm, 338 nm, and the largest 

at 384 nm, then drops sharply to ~4 at 600 nm. Above 600 nm, it starts to stabilise but continues 

to slightly descend. Lee et al. [76] showed similar results obtained from transmittance and 

reflectance measurements. The obtained results were further analysed and compared to DFT 

calculations in [157]. 

In conclusion, spectroscopic ellipsometry was successfully used to obtain optical constants of 

electrochemically exfoliated FLBP. It is especially important to know these values if the 

material is used in optical applications. Separated BP flakes are characterised by optical 

anisotropy but prepared layers consist of many, randomly oriented flakes whose thickness 

depends on the centrifugation speed. Hence, it can be assumed that the obtained optical 

constants represent a quasi-isotropic layer. Furthermore, due to the consistency with previous 

research on the matter, it can be concluded that the parameters obtained resemble the properties 

of a 2D phosphorene material (hypothesis I). 

4.3 Optimalisation of microscopic measurements of polarisation imaging  

In this chapter, polarised light microscopy is used to characterise the polarisation parameter of 

FLBP. Initially, the well-known surface of diamond was analysed to optimise the polarisation 

microscopy measurements. Then, in section 4.8.1, the birefringence and dichroism analyses of 

the FLBP were described. All the presented results were obtained by the author.  

Polarisation microscopy is a powerful tool for imaging optically anisotropic materials. It is 

characterised by fast image acquisition, a submicrometer lateral resolution and a large field of 
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view. The scheme of the measurements by polarised light microscope is presented in Fig. 4.17. 

To be able to observe the anisotropy of the samples, the microscope is equipped with a polariser 

positioned upstream of the sample and an analyser upstream of the detector. A LAB 40 POL 

polarisation microscope from OPTA-TECH was used in our measurements. A sample was 

placed on the rotational plate and was illuminated by a 50 W halogen lamp or by a green diode 

pumped laser module (532 nm).  

 

Fig. 4.17 Scheme of a polarised light microscope. The angle γ is a rotational angle between 

crossed polarisers and sample.  

The diamond layer was measured as a reference to check and calibrate the polarised light 

microscope. Ideal diamond is optically isotropic, however, the occurrence of impurities and 

dislocations influence its quality. The knowledge about diamond defects is important in 

optimising the growth conditions. Until now, few techniques were presented to analyse 

diamond, such as X-ray topography, cathodoluminescence [158], and polarisation microscopy 

[159]. Polarisation microscopy is widely used to observe the birefringence pattern in diamond, 

making it possible to identify defects, dislocations, and strain [159], [160].  

The quality of two boron (B) and nitrogen (N) co-doped diamonds grown on two types of single 

crystalline diamond (SCD) were compared. The layer images were registered before and after 

the annealing process using the polarised light microscope. The measurements were carried out 

for different angles between the sample and the cross-polarisers. One of the SCD substrates was 

IIa from New Diamond Technologies with impurity levels of N < 10 ppb and B < 50 ppb. The 

second one was Ib substrate with impurity levels N < 1 ppb and B < 0.05 ppb. To grow the 
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diamond, a microwave plasma-assisted chemical vapour deposition (MPACVD) system was 

used (2.45 GHz, Seki Technotron AX5400S, Japan). During the growth process, the N flow 

was set at 0.02 ppm and three B concentrations were used: 2500 ppm, 5000 ppm, and 7500 ppm. 

The samples were then annealed in a vacuum at 800°C for 2 h and cleaned using H2SO4:HNO3 

(1:1) at 200 °C for 2 h. The process of sample preparation and modification have been described 

in [161].  

The level of impurities in the substrate can affect the quality of the growing layer [162]. The 

polarisation images of diamond on the SCD IIa substrate are homogeneous (Fig. 4.18). The 

birefringence pattern is also not visible. Furthermore, increasing the B doping concentration 

(Fig. 4.18a–c) and the annealing process (Fig. 4.18d–f) do not affect the surface quality of the 

grown layers. Small areas of discolouration may indicate the presence of defects, such as 

stacking faults or dislocations. Indeed, hillocks formed by these defects were found in AFM 

images [161]. However, due to their small size (1–2 µm) relative to the measurement area 

(~500 µm), these defects do not cause birefringence that would be visible under the microscope 

used. 

 

Fig. 4.18 B/N co-doped diamond grown on SCD IIa substrate for different B concentrations 

before annealing: a) 2,500 ppm, b) 5,000 ppm, and c) 7,500 ppm and for different 

B concentrations after the annealing: d) 2,500 ppm, e) 5,000 ppm, and f) 7,500 ppm. 

The polarisation images of B/N co-doped diamond grown on a SCD Ib substrate with different 

B concentrations are shown in Fig. 4.19a–c. The cross-shaped birefringence pattern (marked by 

red lines in Fig. 4.19) is present regardless of the B concentration. The most visible pattern is 

for the image of the diamond film with a 5,000 ppm B concentration (Fig. 4.19b). Due to 

impurities on the substrate, during the growth of the diamond layer, tensions are created, which 
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translated into a birefringence pattern [162]. B/N co-doped diamond with the B concentration 

of 7,500 ppm is characterised by large irregularities (Fig. 4.19c). After annealing, the cross-

shaped pattern became even more visible (Fig. 4.19d–f).  

 

Fig. 4.19 B/N co-doped diamond grown on SCD Ib substrate for different B concentration 

before annealing: a) 2500 ppm, b) 5000 ppm, and c) 7500 ppm and for different  

B concentration after the annealing: d) 2500 ppm, e) 5000 ppm, and f) 7500 ppm. 

On the surface of the diamond grown on SCD Ib substrate, a petals pattern is also visible (blue 

marked areas in Fig. 4.19). Their shape changes slightly with the angle of rotation (Fig. 4.20).  

 

Fig. 4.20 B/N co-doped diamond grown with B concentration 2500 ppm on SCD Ib substrate 

for different angles between the sample and the polariser: a) 0°, b) 45°, c) 90°,  

d) 135°, e) 180°. 
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In the previous works, it was measured and simulated that this kind of pattern is indicated by 

a bundle of dislocations [160], [163]. L. Hoa et al. [164] modelled dislocations in diamond 

using Burgers vectors to obtain a similar pattern to the one seen in the measurements. Similar 

simulations have been presented by H. Pinto et al. [163]. They showed that the shapes and 

number of petals in the birefringence pattern depend on the dislocation types. 

Despite the existence of techniques that will give more qualitative and quantitative information 

about the structure of grown-diamond, microscopy remains the simplest and a very fast method 

by which the quality of grown samples can be determined. Furthermore, measurements of the 

diamond provided an insight into the capabilities of the polarised-light microscope. The 

microscope also has its limitations. Due to the magnifications available, lesions and defects that 

are much smaller than the surface under study cannot be seen in the microscopic image. In 

addition, for inhomogeneous samples with different layer heights, it is not always possible to 

obtain a sharp image for the highest magnifications. Beyond these limits, the polarised-light 

microscope is suitable for detecting birefringence with sufficient accuracy to be used for FLBP. 

4.3.1 Polarisation analysis of few-layer black phosphorus  

The polarised microscopy setup was used to analyse the anisotropic properties of FLBP. 

Samples were prepared using liquid (FLBP-0kDMF) and mechanical (FLBP-0kMEC) exfoliations, 

as described in sections 4.1.2 and 4.1.3, respectively.  

Samples were placed between crossed-polarisers and rotated to obtain polarisation images as 

a function of the rotation angle. A halogen lamp was used to collect information about the 

birefringence of FLBP. Additionally, mechanically exfoliated FLBP was measured using 

monochromatic light to observe its dichroic properties. The measurements were repeated over 

several days to observe how the degradation of the material affects the polarisation properties. 

The FLBP-0kDMF deposited on the Si substrate was placed in a chamber (Linkam HFS600) to 

control the environmental conditions (such as the temperature and the atmosphere) and slow 

the degradation of the BP layer. For the first three days, FLBP was in a nitrogen atmosphere. 

Then the chamber was opened, and the FLBP was exposed to ambient conditions to compare 

the rate of oxidation. Microscopic and birefringence images of the FLBP-0kDMF were collected 

(Fig. 4.21). The birefringence images were recorded for rotational angles from 0o to 360o with 

a 10° step. The red rectangle in Fig. 4.21a marks the area shown in the polarised images with 

different rotation angles (Fig. 4.21b–f). The intensity of the BP flakes changes with the rotation, 
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while the background intensity remains constant. Similar results were observed by 

H. Yang et al. [130].  

 

Fig. 4.21 a) Microscopic image of liquid-exfoliated FLBP. B–f) Polarisation images of the 

region marked with a red rectangle as a function of rotation angle. 

The red, green and blue (RGB) values were extracted from the polarisation images of the  

FLBP-0kDMF (Fig. 4.22) to check changes for different wavelengths. The RGB intensities as a 

function of the rotational angle are presented in Fig. 4.22e. They are characterised by slow 

periodic variation, which is in agreement with previous works [130], [131]. Furthermore, the 

characteristics are almost identical for all channels, only small variations in the intensity are 

visible. Despite the fact that phosphorene has an anisotropic structure [50], the intensity of 

individual peaks does not differ significantly from each other. This is due to the fact that the 

layer prepared by liquid exfoliation consists of multiple flakes superimposed on each other with 

a random orientation. 
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Fig. 4.22 a) Polarisation image of FLBP-0kDMF. b) Red (R), c) green (G), and d) blue (B) 

image extracted from the image at a). e) The intensity of RGB channels as a function 

of the rotation angle. 

The measurements were repeated for several consecutive days (Fig. 4.23). The intensity 

changes determined from day to day varied similarly for all three channels. For the first 3 days, 

the signal decreased slightly. On the day 3, the measurement was made with FLBP-0kDMF 

closed in the chamber controlling the atmosphere. It was then taken out and left in the air for 

3 hours and the measurement was repeated (day 3B). The resulting signal differed slightly from 

those obtained when FLBP was closed in the chamber. On the day 4, the intensity suddenly 

jumped sharply (Fig. 4.23). 
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Fig. 4.23 FLBP-0kDMF averaged intensity values from polarisation images as a function of 

angle changes in time for a) red (R), b) green (G), and c) blue (B) channel. 

The polarisation properties of the FLBP were not significantly affected by the oxidation 

process, which is consistent with the findings of W. Shen et al. [165]. However, it did cause 

changes in the intensity. Layer thickness changes during degradation, possibly due to the 

appearance of a PxOy layer, appear on the BP surface. This could lead to interference of 

incident light on the sample, which explains the sudden signal spike observed on day 4 of the 

measurements [165], [166].  

The measurements were repeated for mechanically exfoliated FLBP – FLBPMECH – however, 

they were carried out entirely under ambient conditions. The exfoliation process is shown in 

Section 4.1.3. The microscopic and polarisation images are presented in Fig. 4.24. 

The microscopic image highlights a flake that is transparent in daylight (Fig. 4.24a). Only 

viewing it through crossed polarisers (Fig. 4.24b–f) shows its optical anisotropy. 

D
o

w
nl

o
ad

ed
 f

ro
m

 m
o

st
w

ie
d

zy
.p

l

http://mostwiedzy.pl


67 
 

 

Fig. 4.24 a) Microscopic image of mechanically exfoliated FLBPMECH. b–f) Polarisation 

images of the region marked with a red rectangle as a function of the rotation angle. 

The region more responsive to changes in the rotation angle is marked with blue 

rectangle. 

The intensity as a function of the rotation angle for the BP flake and the substrate are shown in 

Fig. 4.25. RGB channels were extracted as the average change from the entire flake. As can be 

seen, the intensity level for Si is low and changes slightly as a function of the angle. However, 

the BP flake exhibits an intensity change with respect to the rotation angle, which takes on 

a periodic shape, indicating the presence of birefringence in FLBP [130], [131]. The highest 

intensity occurs for an angle of ~125°, which may indicate the AC orientation [167]. The largest 

intensity changes occurred for the R channel. In contrast, for the G and B channels, these 

changes are similar. Irregularities on the FLBP surface may be the cause of the difference 

among the RGB channels. Microscopic images of Fig. 4.7 in Section 4.1.3 show that the studied 

surface consists of several flakes superimposed on each other. The colour changes in the 

polarisation images (Fig. 4.24b–f) also indicate the different thickness of the analysed surface. 
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The upper part of the BP flake (marked in Fig. 4.24b) is more responsive to changes in the 

rotation angle, which suggests that this area is thinner than the others. 

 

Fig. 4.25 Averaged red-green-blue (RGB) intensity values from polarisation images as a 

function of the angle for a) the background and b) the BP flake. 

Measurements were repeated for several consecutive days, as well as a month later, to observe 

changes in the intensity over time. The characteristics of the RGB channels are shown in  

Fig. 4.26a–c, respectively. Variations in the intensity are visible for all channels. However, for 

the R and G channels, the changes are similar. The most significant intensity changes were 

noticed in channel B. It’s noteworthy that the intensity increased at the start over time (between 

days 1 and 2), which is consistent with the measurements for liquid-exfoliated FLBP. In the 

subsequent days, the signal started decreasing, with the maximum reduction observed after 

35 days. As BP degrades, it forms PxOy [57], [59] oxides on its surface. These oxides are 

thicker than the BP layer. As a result, this interference with reflected light causes a change in 

its intensity [165].  

In the last measurement (after 35 days), the signal was still characterised by periodic variation, 

however the differences in peak intensity were no longer observed (Fig. 4.26). This may be due 

to covering the entire FLBP with a layer of phosphorene oxide.  
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Fig. 4.26 BP flake averaged intensity values from polarisation images as a function of angle 

changes in time for a) red, b) blue, and c) green channel. 

Then, the source of light was changed to the green diode pumped laser modules (532 nm) and 

mechanically exfoliated FLBPMECH was measured again from 0° to 360° to characterise the 

dichroism properties. The optical brightness changes significantly with the rotational angle 

(Fig. 4.27).  

The highest intensity was observed at an angle of approximately 161°, which is the angle 

between the sample and the crossed polarisers. This angle remained constant in subsequent 

measurements. The direction obtained corresponds to the AC direction on the crystal axis of 

the BP flake [131]. However, there was a notable decrease in signal intensity between the initial 

and second measurements. In the following days, the intensity showed a slight increase 

compared to its value on day 2. The changes occur as a result of BP sample oxidation, which is 

most significant during the first few hours. After the sample surface has undergone oxidation, 

the process slows down [168]. 
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Fig. 4.27 FLBP optical intensity as a function of rotation angle for four consecutive days. 

The intensity no longer changed when measured after a 35 days of keeping the FLBPMECH under 

ambient conditions but without access to light. However, the direction of maximum intensity 

shifted to 176° (Fig. 4.28).  

 

Fig. 4.28 Comparison of FLBP optical intensity as a function of rotation angle on the first day 

and after 35 days. 
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At this stage, the surface of the BP flake is completely covered with an oxide layer. It has been 

shown that when water is present in the air, phosphorus oxide turns to acid, further accelerating 

the degradation of BP [59]. The acid and oxide layers and the thinning of the BP layer may 

have influenced the shift in the crystal axis angle. But since the anisotropy is apparent, it can 

be inferred that the BP has not completely transformed into oxide.  

The effect of the oxidation process in the first few days after BP exfoliation on its polarisation 

properties was demonstrated. The degradation process did not affect the occurrence of 

anisotropy in the FLBP layer from the onset, as confirmed in W. Shen et al.’s research [165]. 

Changes in the angle of highest intensity become noticeable only after significant degradation 

of the layer. The oxidation process, in turn, affects the intensity of the reflected light 

(hypothesis II) due to the changes in the thickness of the film being studied. 

4.4 Black phosphorus – zinc oxide sensors to detect metal ions – design and 

investigation 

In this chapter, a black phosphorus – zinc oxide sensor to detect metal ions with different 

concentrations is presented. In section 4.9.1, the photoluminescence set-up was described. 

Section 4.9.2 presents the investigation of electrochemical sensors with zinc oxide – black 

phosphorus as a working electrode. The sensors’ designs were developed in collaboration with 

Dr. Roman Viter from the University of Latvia, while the author exclusively obtained all results. 

4.4.1 Photoluminescence sensor redouts 

As was mentioned in section 2.4, metal ions play an important role both in the human body and 

in the environment. Research is constantly being done to improve and find sensors that detect 

ions faster and with greater accuracy. Various techniques are used for this purpose, 

e.g. photoluminescence [138]–[140]. Photoluminescence is the light emitted from a material 

under optical excitation. Sensors using this technique are characterised by high sensitivity and 

selectivity [169], [170]. 

Phosphorene was also found to be sensitive to metal ions [82]. However, the PL of BP with 

more than three layers is in the far IR range, which can be detected by spectrometer or special 

detectors but not by, e.g., cheaper silicon detectors. The idea was to develop a material with 

a PL response in the VIS or NIR and mix it with FLBP. Hence, zinc oxide nanorods (ZnO NRs) 

were proposed because their PL is the range from 354 nm to 827 nm (Fig. 4.9 in section 4.1.5) 

and ZnO-decorated BP has already been shown for sensing purposes as well [171]. Finally, zinc 
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is easily absorbed by BP and further increases its stability in air [172]. In the measurements, 

BP mixed with ZnO NR (3kBP-ZnO NRs) and b-AsP mixed with ZnO NR (b-AsP-ZnO NRs) 

were used. The sample preparation procedures are described in section 4.1.5. 

The designed PL sensor system is presented in Fig. 4.29. It consists of two syringe pumps – one 

with a probe with different concentrations of metal ions and the second with water. The sample 

was closed in a special chamber and illuminated by a LED and then the photoluminescence 

signal was detected by the USB4000 detector from Ocean Optics. At the beginning, water was 

run through the sample until the signal stabilised. Next, the flow was switched to the syringe 

with Zn2+ and left until the signal stabilised. After recording the signal, the flow was changed 

to water again.  

 

Fig. 4.29 Photoluminescence sensor setup based on ZnO-BP to detect metal ions. 

In the research, the sensitivity to zinc, calcium, magnesium, sodium, and copper ions was 

checked. Different concentrations of them were prepared by mixing water and ZnF2, Zn(NO3)2, 

Ca(NO3)2, MgCl, NaF, or CuSO4 salts.  

ZnO NRs on a Si substrate was used in the measurements as a reference. Its response to three 

concentrations of Zn2+ – 0.3 pM, 0.2 nM, and 65 nM – were recorded and is presented in Fig. 

4.30a. After each addition of subsequent concentrations of ions, the sample was left until the 

signal stabilised to make sure that the changes come from a change in the ion concentration and 

not from the syringe pump switching itself. In Fig. 4.30a, slight changes in the spectrum can be 

observed. The black arrows indicate the wavelengths (382 nm, 447 nm, and 520 nm) at which 

the peaks occur, and which were chosen to check the change in intensity over time, presented 
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in Fig. 4.30b–d. Red arrows indicate when the probe was switched to the syringe with ions and 

blue arrows when it was switch to the syringe with pure water. 

 

Fig. 4.30 a) Photoluminescence spectra of ZnONRs under the influence of zinc ions of 

different concentrations, and the PL signal changes in time at b) 382 nm, c) 447 nm, 

and d) 520 nm. Red arrows indicate when the flow was switched to the syringe with 

ions; blue arrows – when it was switched to the syringe with pure water.  

The intensity constantly decreased in time. Due to the LED power being too high, the 

photocatalysis [173] process occurred and accelerated the degradation of the sample. This is 

especially visible for the peak at 447 nm (Fig. 4.30c). The addition of the metal ions also caused 

no change in the signal, which suggests a lack of sensitivity to Zn2+ in small concentrations. 

Hence, the next step was checked higher concentrations of Zn2+ and the sensitivity to other 

metal ions. The results are shown in Fig. 4.31.  D
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Fig. 4.31 Changes of PL signal of ZnO NRs at a) 382 nm and b) 447 nm the under influence 

of Zn2+, Ca2+, Mg2+, Na+ and Cu2+. Red arrows indicate when it was switched to the 

syringe with different ions. 

When a 21 µM concentration of Zn2+ was added, the intensity decreased slightly but did not 

return to the previous level. After adding Ca2+, the signal increased and formed two peaks, to 

drop to the previous level a moment later, before the probe was switched to water. For the rest 

of the metal ions, the PL signal also increased, but this was not as significant as for Ca2+ and 

quickly returned to the previous level. ZnO nanoparticles willingly absorb Zn2+ ions, however, 

the adsorption capacity increases with the increasing ion concentration [174]. Therefore, at low 

concentrations, no signal changes may have occurred, and a decrease was observed at 21 µM.  

Next, the 3kBP-ZnONRs on a Si substrate was measured to check its sensitivity to Zn2+ and 

Mg2+. The spectra recorded for different Zn2+ ion concentrations are presented in Fig. 4.32a. 

With the increasing ion concentrations, the intensity decreased at 520 nm. Simultaneously, 

changes in the PL signal in time were recorded at 381 nm, 446 nm and 520 nm (Fig. 4.32b–d). 

After adding 1 pM of Zn2+ ions, the signal increased and formed two peaks, and then the 

intensity dropped to the previous level. Switching the flow to water has no influence on the PL 

signal. Adding 2 pM and 1 nM of Zn2+ ions causes no change in the intensity of the signal for 

all three peaks (Fig. 4.32b–d).  
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Fig. 4.32 Photoluminescence spectra of 3kBP-ZnO NRs under the influence of zinc ions with 

different concentrations, and the PL signal changes in time at b) 381 nm, c) 446 nm, 

and d) 520 nm. Red arrows indicate when the flow was switched to the syringe with 

ions; blue arrows when it was switched to the syringe with pure water. 

Similar results were obtained when detecting Mg2+ (Fig. 4.33). Adding the 1 nM of Mg2+ caused 

the PL signal to increase. In contrast to the measurements with Zn2+, here, the intensity level 

was maintained until switching to the pure water syringe pump, causing the signal to drop. 

Similar results were observed for the 48 nM of Mg2+, but after changing to pure water, the 

signal dropped to a higher value than before. For the 8 nM of Mg2+ and subsequent 

concentrations, the PL spectrum stopped changing.  

Both the ZnONRs and 3kBP-ZnONRs electrodes were found to be sensitive to metal ions. But 

the ions reacted with the surface of the samples, modifying them, which resulted in there being 

no reaction after increasing the ion concentration. This is particularly noticeable when 

measuring Mg2+ using 3kBP-ZnONRs. The signal not only reacted to the appearance of the ions 

but also to their disappearance (switching to water), but it dropped to a higher level each time 

until it stopped reacting to the increasing concentration of Mg2+ ions.  
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Fig. 4.33 a) Photoluminescence spectra of 3kBP-ZnO NRs under the influence of magnesium 

ions with different concentrations, and the PL signal changes in time at b) 380 nm, 

c) 446 nm, and d) 520 nm. Red arrows indicate when the flow was switched to the 

syringe with ions; blue arrows when it was switched to the syringe with pure water. 

The sensitivity of b-AsP-ZnONRs to metal ions was also checked. First, the PL spectra for a 

260–580 µM concentration of Zn2+ ions were recorded (Fig. 4.34a). With the increasing ion 

concentration, the PL signals decreased. This is clearly visible at peaks marked II and III in Fig. 

4.34a. The PL spectrum for 0 nM of Zn2+ ions was recorded at the beginning and the end of the 

measurements. The intensity decreased during the measurement, indicating unexpected 

photocatalysis [173] and slight degradation of the b-AsP-ZnONRs under the influence of the 

ions.  

Fig. 4.34b,c,d show changes in the PL signal in time at I-380 nm, II-440 nm and III-520 nm, 

respectively. After adding the 260 µM of Zn2+ ions, the signal dropped to a lower level. Without 

first switching to the pure water flow, the ion concentration increased first to 360 µM and then 

to 446 µM. As a result, individual peaks could be observed appearing. Next, after switching the 

flow to pure water, the signal increased to the initial level, only to decrease again when ions 
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were added (Fig. 4.34b,c,d). b-AsP-ZnONRs shows a strong reaction to Zn2+ ions, however, no 

relationship between the ion concentration and signal changes was not found.  

 

Fig. 4.34 a) Photoluminescence spectra of b-AsBP-ZnONRs under the influence of different 

concentrations of zinc ions, and the changes in the PL signal in time at b) 380 nm, 

c) 440 nm, and d) 520 nm. Red arrows indicate when the flow was switched to the 

syringe with ions; blue arrows when it was switched to the syringe with pure water. 

The sensitivity of b-AsBP-ZnONRs to lower concentrations of Zn2+ ions was also investigated 

(Fig. 4.35). The intensity of the PL signal decreases sharply when the flow is switched to 

a syringe with Zn2+ ions. After switching to pure water, the signal returned to the previous level. 

There was only a successive decrease in the PL intensity for 520 nm (Fig. 4.35a), which could 

be a result of b-AsBP-ZnONRs degradation due to ion absorption or the LED illumination. 

However, these effects are not as devastating as for ZnONRs and 3kBP-ZnONRs.  
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Fig. 4.35 Changes in the photoluminescence signal of b-AsBP-ZnONRs at a) 520 nm, b) 

442 nm and 380 nm under the influence of Zn2+ with different concentrations. Red 

arrows indicate when the flow was switched to the syringe with ions; blue arrows 

when it was switched to the syringe with pure water. 

The b-AsBP-ZnONRs was found to be more sensitive than previously known sensors [175]–

[177], detecting even 0.6 pM of Zn2+ ions. Compared to previously known sensors, this value 

is lower. For instance, B. Rani and S. John demonstrated a fluorescent sensor that detects Zn2+ 

ions with a LoD of 5.1 nM [175]. However, in the PL sensor presented in this dissertation, no 

dependence can be determined between the ion concentrations and changes in intensity. In 

addition, b-AsP-ZnONRs was found to be more stable than ZnONRs and 3kBP-ZnONRs. 
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In conclusion, PL sensors based on composites of FLBP and b-AsP with ZnO NRs were 

prepared and their sensitivities to metal ions were checked. The presence of zinc and 

magnesium ions induces a change in the PL signal of BP as observed in the study. However, 

the ions modified the sample surface, which caused a reaction only to the first occurrence of 

ions, even at very low concentrations. The b-AsP with ZnO NRs, in turn, reacts to any change 

in the concentrations of Zn2+ ions (hypothesis III). Although the relationship between the ion 

concentration and the signal change cannot be determined, it has been shown that a BP- and  

b-AsP-based PL sensor can detect even small concentrations of ions. 

4.4.2  Electrochemical sensor redouts 

Another experiment focused on the construction and testing of a FLBP-based EC sensor.  

A typical three electrode system was applied. It consists of a working electrode, a counter 

electrode, and a reference electrode placed in an electrolyte [83]. Cyclic voltammetry (CV) was 

used, which involves sweeping the potential applied to the working electrode and observing 

how the resulting signal changes. The changes correspond to the reduction and oxidation 

processes of an electroactive species that can be adsorbed at the electrode surface.  

To protect the FLBP against degradation, it was mixed with ZnO NFs [172], [178], then  

3kBP-ZnO NFs and b-AsP-ZnO NFs deposited on ITO glass plates were used as working 

electrodes to determine various metal ions with different concentrations using cyclic 

voltammetry (CV). Their preparation is described in section 4.1.5. The EC setup is presented 

in Fig. 4.36. It contains a platinum wire as the counter electrode, Ag/AgCl in 3M KCl as the 

reference electrode and 3 mL of 10 mM K4[Fe(CN)6] in 0.1 M phosphate buffer (PBS) as the 

electrolyte. PBS is widely used in biological sensor measurements [179], [180]. The 

measurements were made using a Wheeler Lab DStat potentiostat. 

The potentiostat applies and controls the voltage to the working electrode vs the reference 

electrode and measures the current flowing between the counter and working electrodes. The 

potential range and scan rate were set at -500–800 mV and 50 mV/s, respectively. In one 

measurement cycle, 5 voltammograms were collected to be sure of the stability of the results. 
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Fig. 4.36 Electrochemical sensor setup with a counter electrode (C), reference electrode (R) 

and working electrode (W) immersed in electrolyte and connected to a potentiostat. 

An FLBP-based EC sensor was employed to identify the presence of Zn2+ and Mg2+ ions. As 

certain FLBP parameters can be adjusted through exposure to light [181], a white LED  

(1W, IPIXEL LED) was used to illuminate the working electrodes during measurements in 

order to assess the effect of light on BP's sensing capabilities. 

 

Fig. 4.37 a) CV response of the ZnO NFs electrode in K4[Fe(CN)6] PBS electrolyte with 

different concentration of zinc ions. b) Change of current at the oxidations peak  

in the presence of 0.08 nM of Zn2+. 

At the beginning, the ZnO NFs on ITO glass was used as the working electrode to obtain 

reference values. Measurements were repeated five times without the presence of ions to check 

the stability of the electrode. The obtained signals were stable for every voltammogram. After 

adding 0.08 nM of Zn+ ions, the signal began to drop. Measurements were repeated until the 

signal stabilised (Fig. 4.37b). Next, the Zn2+ concentration was increased to 0.38 nM, then to 

0.69 nM. Voltammograms from the first and the last cycle with 0.08 nM of Zn2+ ions, and from 
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cycles with 0.38 nM and 0.69 nM of Zn2+ ions are presented in Fig. 4.37a). Despite the addition 

of higher concentrations of Zn2+ ions, the signal did not change. 

Signal changes after the addition of Zn2+ ions indicate that the ions react with the electrode 

surface, but quickly saturate it so that changing the ion concentration does not affect further 

signal changes. Z. H. Ibupoto et. al have built Zn2+ ions sensor based on the ZnO that can detect 

ions in the range of 100 mM - 1µM with, which can be used several times [182]. The sensor 

presented here is disposable, but it can detect the presence of Zn2+ ions at very low 

concentrations (0.08 nM). 

 

Fig. 4.38 Voltammograms for different concentration of zinc ions (0–0.71 nM) a) without 

LED and b) with LED illuminating the b-AsP-ZnONFs electrode. c) Current peaks 

from voltammograms for different concentrations of zinc ions without LED (marked 

on black) and with LED (marked on red). 

Next, the b-AsP – ZnO NFs was used as a working electrode and its sensitivity to Zn2+ ions was 

checked (Fig. 4.38). The voltammograms were collected without (Fig. 4.38a) and with white 

LED illuminated the working electrode (Fig. 4.38b). The relationship between the peak current 
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and the ions concentration is presented in Fig. 4.38c. The current from measurements with LED 

is generally lower, but both dependances are not linear.  

The measurements with the b-AsP-ZnONFs electrode were repeated for higher concentrations 

of Zn2+ ions (Fig. 4.39). For concentrations lower than 1 nM, the dependency is similar to 

previous results. For concentrations higher than 1 nM, the current starts to flatten out. 

The b-AsP increases the stability of the ZnO NFs-based electrode and changes in the 

concentration of Zn2+ ions can be also detected. But during measurements, the b-AsP-ZnONFs 

electrode wears out and cannot be used a second time. Nevertheless, it is possible to detect very 

small concentrations of Zn2+ ions (even lower than 1 nM).  

 

Fig. 4.39 a) Voltammograms for different concentrations of zinc ions (0–2.25 nM) with  

the b-AsP-ZnO NFs electrode. b) Current peaks from voltammograms for different 

concentrations of zinc ions. 

Finally, how 3kBP affects the ZnO NF-based electrode was checked. Measurements were 

repeated five times in a pristine electrolyte with a 3kBP-ZnO NFs electrode as the working 

electrode. The voltammograms obtained were the same each time, indicating the stability of the 

electrode. Then, 0.16 nM of Zn2+ ions was added. The signal decreased compared to the signal 

collected without Zn2+ ions (Fig. 4.40) but stabilised and did not change in subsequent 

measurements. This suggests that mixing BP with ZnO NFs improved the electrode. The 

influence of the LED illuminating the working electrode was also checked. The signal decreases 

further compared to measurements without the LED (Fig. 4.40) but also stabilised at one level 

and the presence of Zn2+ ions did not result in a further decrease in the signal.  
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Fig. 4.40 a) CV response of the 3kBP-ZnO NFs electrode in K4[Fe(CN)6] PBS electrolyte for 

a 0 nM and 0.16 nM concentration of Zn2+ ions without and with LED illuminating 

the electrode. 

In the next step, the response to a concentration of 0–4 nM of Zn2+ ions was checked with the 

3kBP-ZnO NFs as the working electrode. Fig. 4.41a,b presents the recorded voltammograms 

without and with light illuminating the working electrode, respectively. As can be seen the 

signal changed even at a concentration of 0.16 nM of ions. In both measurements, the current 

decreases as the ion concentration increases.  

The maximum oxidation peaks are shown in Fig. 4.41c as a function of the Zn2+ ion 

concentration. A similar relationship between current and concentration can be observed for 

measurements without and with electrode illumination, but the current from the measurement 

under LED illumination is generally lower. For the lower concentrations (0–0.47 nM) the signal 

changes faster and reaches sensitivity at 0.144 mA/nM. For 0.47 nM and higher concentrations 

of Zn2+ ions, the sensitivity decreases to 0.02174 mA/nM. Moreover, the limit of detection 

(LoD) was calculated from the formula: LoD = 3.3∙(σ/S), where σ –standard deviation, and 

S – sensitivity. Considering two ranges of ion concentrations (above and below 0.47 nM), 

a separate LoD can be calculated and reaches: LoD<0.47 = 0.05 nM and LoD>0.47 = 0.6 nM. From 

4 nM, the response starts to flatten. The results show that ions anchor to the surface of the 

electrode, influencing the flow of the charge. The calculated LoD is compared with other 

sensors in Table 4.5. 
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Fig. 4.41 Voltammograms for different concentrations of zinc ions (0–4 nM) a) without LED 

and b) with LED illuminating the 3kBP-ZnO NFs electrode. c) Current at the 

oxidation peak from voltammograms for different concentrations of zinc ions 

without LED (marked as dark) and with LED. 

Table 4.5 Range and limit of detection of zinc ions for different method.  
Zinc ions detection 

Material Range of 

detection 

Limit of 

detection 

Method REF 

3kBP-ZnO NFs <0.47 nM 0.05 nM CV EC This work 

3kBP-ZnO NFs 0.47 nM – 4 nM 0.6 nM CV EC This work 

ZnO nanorods with ionophore 1 uM - 100 mM  EC [182] 

graphene–polyaniline 

nanocomposite 

1.5 nM – 4.6 µM 15 nM EC SWASV [183] 

Hg–Bi/single-walled carbon 

nanotubes composite 

7.6 nM – 168 

nM 

3.5 nM EC Anodic stripping 

voltammetry 
[184] 

bismuth/poly(p-aminobenzene 

sulfonic acid) 

15 nM – 1.7 µM 9.5 nM EC [185] 

Clioquinol (5-chloro-7-iodo-8- 

hydroxyquinoline, CQ) 

0.5 – 0.6 µM 1 nM EC adsorptive 

stripping 

voltammetry (AdSV) 

[186] 
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Next, 3kBP-ZnO NFs electrode was used to detect Mg2+ ions. The obtained voltammograms 

for a concentration of 0–1.3 nM ions are presented in Fig. 4.42a.  

 

Fig. 4.42 a) Voltammograms for different concentrations of magnesium ions (0–1.3 nM) with 

the 3kBP-ZnO NFs used as the working electrode. b) Current peaks from 

voltammograms for different concentrations of Mg2+with trendline. 

Unlike for the measurement of zinc ions, here, with the increasing the Mg2+ ion concentration, 

the current did not decrease but the maximum current peak shifted to a higher potential (Fig. 

4.42b). It happened because the magnesium ions reacted with the electrode surface. For lower 

concentrations, there is no dependence between the position of the peak and the concentration, 

but between 0.38 nM and 1.2 nM, there is an almost linear fitting (red line in Fig. 4.42b). The 

sensitivity of the sensor for that range is 67 mV/nM and the LoD is 0.05 nM.  

Table 4.6 Range and limit of detection of magnesium ions for different method. 
Magnesium ions detection 

Material Range of 

detection 

Limit of 

detection  

Method REF 

3kBP-ZnO NFs 0.38 – 1.2 nM 0.05 nM CV EC This work 

Methyl Phenyl 

Semicarbazone  

10 nM – 0.1 M 1.7 nM Ion-selective 

electrode - EC 

[187] 

4,5- 

Bis(Benzoylthio)-1,3-

Dithiole-2- Thione 

10 µM- 0.1 M 10 µM Ion-selective 

electrode - EC 

[188] 

5,10,15,20-tetrakis(2-furyl)-

21, 23-dithiaporphyrin 

9.2 µM – 0.1 M 8 µM potential [189] 

ZnO nanorod 500 nM – 100 

mM 

— EC [190] 

Multi-Walled Carbon 

Nanotubes 

1 ppm — EC impendance 

measurement 

[143] 
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Most of the sensors are tested in a larger range than presented in this work, so their LoDs are 

also larger than the calculated value for the 3kBP-ZnO NFs electrode [187]–[190] (Table 4.6) 

Chandra et al. built a sensor based on methyl phenyl semicarbazone. Its LoD was estimated to 

be 1.2 nM, which is still higher than for the sensor presented in this dissertation, and its 

sensitivity was 28.4 mV/per decade [187]. 

To summarise, the electrochemical sensor with an electrode based on ZnO was built. How the 

addition of b-AsP and BP affected the electrode’s sensitivity to Zn2+ was tested. The ZnO NFs, 

b-AsP-ZnO NFs and 3kBP-ZnO NFs are compared in Table 4.7.  

Table 4.7 Comparison of properties for ZnO NFs electrodes without and with BP or b-AsP. 

Electrode Stability Limit of detection (Zn2+) Reusability 

ZnO NFs — 0.08 nM* Yes (after cleaning) 

b-AsP-ZnO NFs + 0.016 nM* No 

3kBP-ZnO NFs ++ 0.05 nM/0.6 nM** Yes 

* lowest measured value 

** calculated value from formula LoD = 3.3∙(σ/S) 

For the pristine ZnO NFs electrode, the lowest measured ion concentration was 0.08 nM. This 

value is notably lower than that of the sensors already known [183]–[186]. However, the ZnO 

NFs reacted only to the presence of Zn2+ ions but changing the concentration of ions did not 

cause further changes in the signal. After mixing b-AsP with ZnO NFs, the stability of the 

electrode improved. The signal decreased with increasing Zn2+ concentrations. The dependence 

between the ion concentration and the current was not linear, so the LoD could not be 

calculated, but the smallest measured value was 0.016 nM of Zn2+ ions. Unlike the ZnO NFs 

electrode, which could be reused after washing, the b-AsP-ZnO NFs electrode is disposable.  

Adding BP to ZnO NFs improved the electrode’s stability even more than b-AsP  

(hypothesis III). A linear relationship between Zn2+ concentrations and the current peak was 

found, making it possible to calculate the LoD, which was 0.05 nM for ion concentrations below 

0.47 nM and 0.6 nM for concentrations above 0.47 nM. These values are smaller than in 

previous works [183]–[186]. Moreover, compared to the b-AsP-ZnO NFs electrode, 3kBP-ZnO 

NFs can be used several times. This proves that BP can be used as an EC sensor to detect Zn2+ 

and Mg2+. 
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Chapter 5. Conclusions  

Few-layer black phosphorus (FLBP) shows a versatile bandgap that can be finely adjusted 

across a broad spectrum, ranging from 0.3 to 2 eV. This characteristic is complemented by its 

unique structural properties, primarily its pronounced anisotropy, which holds promise for 

applications in optics and optoelectronics. Phosphorene inherently exhibits optical anisotropy 

due to its crystalline arrangement. When linearly polarised light traverses a phosphorene flake, 

it becomes elliptically polarised. However, the most prominent polarisation effects manifest in 

single or few-layer phosphorus films. It is worth noting that the choice of exfoliation method 

can influence the resulting material’s properties. A single flake may exhibit slightly different 

characteristics compared to a layer comprising multiple flakes oriented in various directions. 

Therefore, the selection of the exfoliation method should be tailored to the intended application 

of the resulting material. 

In summary, the bandgap of black phosphorus (BP) is contingent on the number of layers, 

thereby impacting its optical and electrical attributes. Techniques such as UV-VIS 

spectrometry, Raman spectrometry, and photoluminescence can be employed to investigate the 

optical properties of BP and indirectly gauge the thickness of the thin film under scrutiny. 

However, investigations targeting the determination of BP’s optical constants, including the 

refractive index and extinction coefficient, remain relatively scarce. This scarcity is especially 

pronounced when studying composite layers comprising multiple BP flakes with varying 

orientations. One notable drawback of FLBP lies in its susceptibility to rapid degradation in 

both air and water environments. PxOy compounds were observed on the FLBP surface shortly 

after exposure to air. 

The oxidation process of FLBP commences immediately upon contact with air, substantially 

affecting its properties. This degradation process can be monitored through various means, 

including Raman spectroscopy and absorbance measurements. Nevertheless, the rapid 

degradation may restrict the range of applications for FLBP. Section 1.3 outlines techniques for 

preserving FLBP. As elucidated in Chapter 2, FLBP exhibits intriguing optoelectronic and 

optical characteristics, rendering it suitable for a diverse array of applications. However, 

comprehensive knowledge of its refractive index and extinction coefficient is imperative. BP 

distinguishes itself with commendable carrier mobility and an on/off ratio, setting it apart from 

other two-dimensional materials. Moreover, its bandgap’s wide tunability further enhances its 

versatility. FLBP’s anisotropic crystal structure profoundly influences its interaction with light, 
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rendering it highly birefringent and dichroic. These exceptional properties position FLBP as 

a valuable asset across numerous applications. Its reactivity to factors such as humidity, DNA, 

NO2, and metal ions makes it particularly suitable for sensor applications.  

FLBP’s distinctive crystal structure underpins its pronounced birefringence and dichroism. It 

has been demonstrated that BP’s optical anisotropy surpasses that of other two-dimensional 

materials; however, this anisotropy tends to diminish as the BP layer thickness increases. This 

optical dichroism also holds potential for mapping and monitoring BP’s degradation and 

decomposition processes. 

The primary objective of this thesis is to develop specialised methods and tools for investigating 

the optical parameters of FLBP, with a particular focus on their relevance to sensing 

applications. The research involves the study of FLBP layers and suspensions through 

polarisation microscopy, spectroscopy, and ellipsometry, complemented by electrochemical 

techniques. These methodologies aim not only to uncover the causes of degradation in FLBP 

but also to assess the extent of this degradation and evaluate its sensory capabilities. The 

utilisation of FLBP structures has paved the way for the creation of a new class of optical 

sensors designed to detect toxic compounds, including heavy metals. 

Various exfoliation methods, such as mechanical, liquid, and electrochemical methods, were 

used to prepare FLBP. The exfoliation method affects the characteristics of the prepared layer, 

as shown in Chapter 4.1, so it must be carefully selected depending on the application. How 

certain parameters are affected by a pristine FLBP layer, a b-AsP alloy, and a composite layer 

of FLBP and ZnO was also compared.  

Spectroscopic ellipsometry was applied as an optimal technique used for determining the 

optical constants and thickness of thin materials. Section 4.2 highlights how SE can also be 

applied for the analysis of FLBP layers. FLBP was prepared using the liquid exfoliation process, 

where various centrifugation speeds were employed to obtain layers of varying thicknesses. 

The SE measurement yielded the Δ and Ψ angles, which indicate that the layer thickness 

decreases with increased centrifugation speed. The presence of defects in the layer is also 

visible. After the further analysis, the average values for thickness, refractive index, and 

extinction coefficient were calculated for the whole BP layer. These results align with previous 

studies of phosphorene and FLBP that used different measurement techniques (hypothesis 1). 

This indicates that the chosen parameters of both the deagglomeration and centrifugation 
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processes have produced an FLBP layer whose optical properties closely resemble the values 

for the 2D layer. 

As was mentioned, FLBP is characterised by an anisotropic structure, which makes it optically 

birefringent and dichroic. Liquid and mechanically exfoliated FLBP layers were observed 

through a polarised-light microscope, which was described in Section 4.3.1. Changes in the 

intensity as a function of rotation were observed when viewed through crossed polarisers. The 

study also investigated the time-dependent changes in the signal when FLBP is exposed to air. 

The intensity varied with the thickness of the sample during the oxidation process, which makes 

it possible to determine the oxidation kinetics of the FLBP layer (hypothesis 2). A periodic 

pattern was consistently visible, indicating the anisotropy of BP. After 30 days, a slight 

deviation was observed in the angle of maximum intensity, which can be identified with the 

AC crystalline direction of the BP. This deviation may have been influenced by the acid and 

oxide layers, as well as the degradation of the first BP layers and the exposure of flakes below 

it, characterised by a slight shift in the orientation of their crystal lattice.  

As noted in Chapter 4, FLBP can be used as a sensor. In this dissertation, whether it is possible 

to build a PL sensor based on FLBP for metal ion detection was examined. For this purpose, 

electrochemically exfoliated FLBP, as well as CVT-fabricated b-AsP nanoribbons, were used. 

Both materials were mixed with ZnO NRs, resulting in a PL response in the visible and NIR 

range. Next, how the prepared samples deposited on a Si substrate responded to the presence 

of Zn2+ and Mg2+ ions were checked, as described in Section 4.4.1. BP responded to the 

presence of ions even in very low concentrations (1 pM of Zn2+), but the ions modified the 

sample’s surface. Subsequent changes in concentration, or switching pristine water versus water 

with metal ions, did not result in further changes. B-AsP proved to be much more stable. 

It responded to any change in the concentration of Zn2+ and Mg2+ ions. The signal change from 

the sensor was always consistent, regardless of the ion concentration. Therefore, the sensor can 

only detect the presence of ions, however even at very low concentrations (hypothesis 3).  

The capability of detecting Zn2+ ions using an EC sensor that based on ZnO NFs modified by 

BP and b-AsP was also tested. These results show that the signal varies with the ion 

concentration when the b-AsP-ZnO NFs is used as the working electrode (hypothesis 3), 

in contrast to the pristine ZnO NFs electrode, which responded solely to the initial 

concentration. Moreover, the sensor could identify ions with concentrations as low as 

0.016 nM, a value notably lower than the previously known sensors. Regrettably, the b-AsP-

based sensor is disposable. The BP-based sensor is considerably more stable. The signal 
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changed with the change in concentration of ions, and a direct correlation was determined, 

leading to the calculation of the LoD, which was 0.05 nM for concentrations below 0.47 nM of 

Zn2+ and 0.6 nM for higher concentrations, which is less than most previously known sensors, 

as was shown in Section 4.4.2. The sensor can also be reused multiple times. This summary 

demonstrates the potential of BP as a sensor for detecting metal ions, specifically Zn2+ 

(hypothesis 3).  

Finally, it has been shown that FLBP can be used as an optical and sensor material. Furthermore, 

the study indicates that variations in spinning parameters during FLBP layer preparation 

influence its optical properties. Despite experiencing oxidation in air, FLBP retains its 

anisotropic characteristics over an extended period, thereby showing promise for use in 

polarisation applications. FLBP also reacts to metal ions, particularly Zn2+, making it possible 

to develop PL and EC sensors based on FLBP. The detection of metal ions is also possible with 

the b-AsP alloy, although its sensitivity and stability vary from those achieved with pristine 

FLBP. These findings confirm all three formulated hypotheses. 

The development of FLBP-based sensors for detecting metal ions, particularly Zn2+, is 

a noteworthy achievement. In the future, researchers can expand the scope of detectable ions 

and further enhance the sensitivity. The contrasting characteristics of BP-based and b-AsP-

based sensors offer intriguing possibilities. BP-based sensors cannot be reused, while b-AsP-

based sensors exhibit superior stability. Combining these attributes in hybrid sensor designs 

could yield versatile solutions for various applications. FLBP’s optical properties and long-term 

stability make it a valuable material for polarisation applications. We can explore ways to 

precisely control these properties, potentially leading to advanced optical devices. The 

integration of both photoluminescence (PL) and electrochemical (EC) sensors based on FLBP 

creates versatile multi-sensor platforms. These platforms have the potential to simultaneously 

detect multiple analytes, broadening their utility across various fields. To realise the full 

potential of FLBP-based sensors, the transition from laboratory research to practical 

applications is crucial. Collaboration with industry and regulatory bodies will be necessary to 

bridge the gap and deploy these sensors in real-world scenarios. Finally, FLBP research has 

paved the way for advancements in sensing technology with diverse applications. Ongoing 

research will refine these sensors, ultimately providing practical solutions to real-world 

challenges. 
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b) with LED illuminating the b-AsP-ZnONFs electrode. c) Current peaks from voltammograms  

for different concentrations of zinc ions without LED (marked on black) and with LED 

 (marked on red). 81 

Fig. 4.39 a) Voltammograms for different concentrations of zinc ions (0–2.25 nM) with  the b-AsP-ZnO 

NFs electrode. b) Current peaks from voltammograms for different concentrations of zinc ions. 82 

Fig. 4.40 a) CV response of the 3kBP-ZnO NFs electrode in K4[Fe(CN)6] PBS electrolyte for a 0 nM 

and 0.16 nM concentration of Zn2+ ions without and with LED illuminating the electrode. 83 

Fig. 4.41 Voltammograms for different concentrations of zinc ions (0–4 nM) a) without LED and b) with 

LED illuminating the 3kBP-ZnO NFs electrode. c) Current at the oxidation peak from voltammograms 

for different concentrations of zinc ions without LED (marked as dark)  

and with LED. 84 

Fig. 4.42 a) Voltammograms for different concentrations of magnesium ions (0–1.3 nM) with the 3kBP-

ZnO NFs used as the working electrode. b) Current peaks from voltammograms for different 

concentrations of Mg2+with trendline. 85 
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