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CHARACTERIZATION OF VANADYL
TETRABUTYLTET(DIMETYLAMINO) PHTHALOCYANINE (VTP) THIN

FILMS FOR ORGANIC SENSORS AND TRANSISTORS

ABSTRACT

Organic electronic devices have been successively making progress into the commercial
market to substitute conventional inorganic electronic devices. The endeavor to improve
the performance displayed by organic semiconductor materials has urged a substantial
number of researchers set to seek new materials. Metal phthalocyanines (MPcs), in
particular, have garnered much attention due to their enticing benefits viz., cost
efficiency, eco-friendly organic material, as well as thermal and chemical stability.
Primarily, this study investigated the physical, morphological, optical, and electrical
properties of vanadyl 3,10,17,24-tetra-tert-butyl-1,8,15,22-tetrakis(dimethylamino)-
29H,31H-phthalocyanine or synonymously known as vanadyl tetrabutyltetrakis
(dimethylamino) phthalocyanine (VTP). Subsequently, this study looked into the
potential applications of VTP-based organic semiconductor devices in organic field
effect transistor (OFET), as well as optical and humidity sensor. The initial phase of this
study is devoted to the characterization of VTP thin films and fabrication of VTP-based
OFETs. The photophysical study revealed that the band gap of VTP is 1.39 el via
expression approach, while 1.42 el via Tauc plot. The highest occupied/lowest
unoccupied molecular orbital (HOMO/LUMO) values of VTP were -5.10 e} and -3.90
eV, respectively, as determined via cyclic voltammetry (CV) analysis. The VTP was
applied as the active layer in the fabrication of lateral OFETs (LOFETs), which served
as a control device, whereby fixed parameters were employed for each layer, similar for
the fabrication of vertical OFETs (VOFETs). The LOFETs exhibited poor performance

due to the extended channel length between source and drain (S-D) electrodes. In the
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attempt of addressing this shortcoming, apart from enhancing the performance of
LOFETs; the arrangement was altered to resemble that of VOFET, in which capacitor
and diode cells were vertically stacked on top of each other. This design minimized the
channel length and enhanced the device performance. In attaining optimum thickness
for the active layer, VOFET was fabricated with a range of thicknesses; 90 £ 5 nm, 66 *
5 nm, and 52 + 5 nm. As a result, VTP thickness at 66 £ 5 nm exerted optimum
performance, as it generated maximum current density and the lowest threshold voltage
of ~ 37 mA/cm? and 7.0 % 0.2 V, respectively. The second phase of this study probed
into the fabrication of VTP-based optical organic devices. Initially, the study of optical
properties and charge transport via current-voltage (/-}) method was executed. Utilizing
the optimized bulk heterojunction (BHJ), ITO/PEDOT:PSS/VTP:PC71BM/Al organic
photovoltaics (OPVs) were fabricated by using the solution processed technique. By
employing the similar OPV fabrication parameters, the device was used for light
sensing application, which falls under the organic optical device category. The light
sensor appeared to display high stability, rapid response time, and high sensitivity in the
visible light. These features are attributable to the extended ligands in the molecular
structure of VTP. The final phase of this study assessed the applicability of VTP as an
active layer in the fabrication of organic humidity sensor. Physical characterization that
involved structural and wettability evaluations were executed in advance to determine
the association between the thickness of sensing film and the performance exerted by
the sensor. The AI/VTP/AIl humidity sensor devices were fabricated in three thickness
values, which revealed that the thinnest sensing film displayed the best
performance with a maximum sensitivity of 9.2 pf/%RH. In sum, this study had
successfully adopted highly reproducible, solution generating, and cost-efficient

fabrication techniques.

Keywords: VTP, OFETs, Light sensing, Organic humidity sensor
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PENCIRIAN VANADYL TETRABUTYLTETRAKIS (DIMETHYLAMINO)
PHTHALOCYANINE (VTP) BERASASKAN FILEM NIPIS UNTUK

APLIKASI SENSOR DAN TRANSISTOR ORGANIK

ABSTRAK

Peranti organik elektronik menghasilkan kemajuan dengan pesat ke dalam pasaran
komersil dalam menggantikan peranti elektronik konvensional. Oleh itu, usaha untuk
meningkatkan prestasi peranti yang dimiliki oleh bahan organik semikonduktor telah
menggalakkan penyelidik mencari bahan-bahan baru. Logam Phthalocyanine (MPcs)
khususnya, mendapat perhatian yang sangat baik kerana ianya menawarkan kelebihan
yang menarik, kos rendah, bahan organik yang mesra alam, serta stabil secara termal
dan kimia. Kerja-kerja ini terutamanya tertumpu kepada kajian sifat fizikal dan elektrik
vanadyl 3,10,17,24-tetra-tert-butil-1,8,15,22-tetrakis (dimethylamino) -29H, 31H-
phthalocyanine atau dikenali sebagai vanadyl tetrabutyltetrakis (dimethylamino)
phthalocyanine (VTP) dan seterusnya, menerokai potensi aplikasinya dalam peranti
elektronik, cahaya dan sensor kelembaban. Bahagian pertama kajian ini ditumpukan
kepada pencirian filem nipis VTP dan fabrikasi peranti elektronik berasaskan VTP.
Kajian fotofizikal dan elektrokimia telah menunjukkan bahawa jurang tenaga VTP
bersamaan dengan 1.39 el dan tahap HOMO / LUMO VTP yang ditentukan ialah
masing-masing, -5.10 eV dan -3.90 eV. Selanjutnya, VTP digunakan sebagai lapisan
aktif dalam fabrikasi sususan sisi organik transistor (LOFET), yang bertindak sebagai
peranti kawalan. LOFET mempunyai prestasi yang sangat rendah kerana saiz saluran
panjang yang besar antara elektrod sumber dan longkang. Untuk mengatasi had ini serta
untuk meningkatkan prestasi OFET sisi, susunan telah diubah menjadi susunan
menegak (VOFET), di mana sel kapasitor dan sel diod diatur secara menegak di atas

satu sama lain. Reka bentuk sedemikian telah didapati dapat mengurangkan panjang



saluran dan akibatnya, prestasi peranti dapat ditingkatkan. Untuk mendapatkan
ketebalan optimum lapisan aktif yang diperlukan, VOFET telah disediakan dengan
ketebalan yang berbeza dari 90 £ 5 nm, 66 = 5 nm dan 52 £ 5 nm. Telah didapati
bahawa peranti dengan ketebalan VTP 66 £+ 5 nm menunjukkan prestasi yang optimum,
dengan memberikan kepadatan arus maksimum dan voltan ambang terendah, masing-
masing sekitar 37 mA/cm? dan 7.0 V. Fasa kedua kerja ini difokuskan pada fabrikasi
peranti organik optik berasaskan VTP. Sebelum itu, kajian mengenai sifat optik dan
kajian pengangkutan caj melalui kaedah voltan semasa (/-V) telah ditunjukkan. Dengan
menggunakan optimum pukal hetero-simpang, ITO/PEDOT: PSS/VTP:PC7;1BM/Al
organik sel suria telah disediakan dengan teknik proses larutan. Oleh kerana kecekapan
penukaran kuasa yang rendah, aplikasi peranti telah ditukar kepada aplikasi sensor
cahaya. Sensor cahaya tersebut telah menunjukkan masa tindak balas yang sangat stabil
dan pantas dan sensitiviti tinggi dalam cahaya nampak. Hal ini mungkin boleh dikaitkan
dengan ligan yang panjang dalam struktur molekul VTP. Bahagian terakhir kerja ini
membincangkan penggunaan VTP sebagai lapisan aktif dalam pembuatan sensor
organik kelembapan. Pengkajian fizikal mengenai ujian struktur dan pembasahan telah
dilakukan terlebih dahulu untuk mengkaji kesan ketebalan filem terhadap prestasi
sensor. Peranti sensor kelembapan Al/VTP/Al telah dibuat dalam 3 ketebalan yang
berbeza dan hasilnya menunjukkan bahawa filem penderiaan nipis mempunyai prestasi
terbaik. Kerja-kerja semasa adalah berdasarkan teknik-teknik fabrikasi yang berjaya

dihasilkan berulangkali dengan penyediaan yang rendah.

Kata kunci: VTP, OFET, Sensor cahaya, Sensor organic kelembapan
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CHAPTER 1: INTRODUCTION

1.1 Introduction

Organic electronics is a branch of modern electronics that has been regarded as a
multidisciplinary subject. It combines the investigation within the fields of physics and
chemistry, by incorporating the synthesis of organic polymer/molecules, as well as
preparation and fabrication of electronic devices. Typically, the organic materials used
are made up of carbon that resembles the molecules of living things. In 1977, Heeger,
Shirakawa, and MacDiarmid discovered a highly conductive polymer called
polyacetylene (Bredas et al., 2002). A decade later, organic electronics application was
still absent. Until in the mid-1980s, growing interest was noted for organic conductive
materials within the engineering and applied physics domains, hence the advent of a

new technology with a new market, namely polymer or plastic electronics (Zhou et al.,

2014).

Until to date, such devices are still inferior when compared to the standard silicon-
based electronic devices in light of performance and durability. As stipulated in the
Organic Electronics Market Research Report 2018, the demand for global organic
electronics has been expected to be one of the fastest growing markets worth billions of
dollars by year 2027, primarily due to its benefits to the environment, better resource
utilization, and most importantly, lower in cost when compared to conventional

inorganic electronics.



Among the vast range of organic materials, metal phthalocyanines (MPcs) have
drawn substantial interest as molecular materials as they contribute to prominent optical
and electrical properties (Torre et al., 2007; Rossi et al., 2016). In the past few decades,
MPcs have been aggressively studied as active materials for electronic devices, such as
sensors, organic field effect transistors (OFETs), organic solar cells (OPVs), as well as
optical switching and limiting devices. Generally, phthalocynanines (Pcs) are composed
of a nitrogen-linked tetrameric diiminoisoindoline conjugated macrocyle. The MPc is a
highly stable material due to the chelate of metal with two covalent and two
coordination bonds, which can function as dyes and pigment, as well as active materials
in organic electronic devices (Dahlen, 1939; Li et al., 2008; Yuen et al., 2012). In light
of synthesis process, most MPcs are relatively inexpensive and easily purchased in
large-scale production from major chemical manufacturers. Such alluring factors have
turned MPcs into a favorable material for vast commercial applications, with extended
research laboratories continuously exploring their potential in a range of device

applications.

The search of a new material is indeed preponderant to ascertain the growth of
organic devices market. Ultimately, this study investigated in an in-depth manner the
properties of a newly reported organic material, which refers to vanadyl
tetrabutyltetrakis(dimethylamino) phthalocyanine (VTP) by evaluating the performance
of fabricated organic electronic devices, namely organic thin film OFETs, OPVs,
organic photodetector (OPD), and organic humidity sensors. Detailed characterization
prior to the fabrication of each device is presented, so as to highlight and optimize the

new properties of VTP thin film.



1.2 Research motivations

To date, several commercial electronic devices, such as transistors, solar cells, data
storage memories, and sensors, are predominantly silicon-based (inorganic material)
that exhibit exceptional performance with impressive stability. Nonetheless, these
electronics semiconductor material devices are cost-inefficient in terms of its materials
and demand energy-intensive processing technologies (Braga et al., 2008; Garnett &
Yang, 2010; Huang et al., 2009). That being mentioned, a number of researchers have
begun utilizing organic semiconductor materials to address the shortcomings of the
conventional silicon-based inorganic electronics devices. Organic semiconductors, on
contrary to their inorganic counterpart, are cost-efficient, generate viable solutions, and
uphold environment-friendly fabrication processes. This is attributable to the weak
intermolecular interactions that exist in the materials, which lead to low-temperature
and high-throughput solution-based processing techniques, for instance, spin coating,

inkjet printing (Aernouts et al., 2008), and spray deposition (Krebs, 2009).

Ahmad Makinudin & Supangat (2016) reported on the incorporation of fullerene as
an acceptor with p-type conjugated small molecule organic material that is VTP. The
outcomes displayed exceptional properties suitable for application in electronic devices.
No work, however, has applied VTP as the active layer in fabricating organic
electronics devices. The presence of extended m-orbital has been suggested to enable
attainment of characteristics related to charge-transport and optical properties. It may
also increase the solubility properties, which is integral for inexpensive processes by
means of solution methods (Usta & Facchetti, 2015). Therefore, the extended ligands

present in the macro-rings of Pcs have garnered considerable attention to investigate in



depth about their properties, and the efficient performance of organic electronic devices,

such as OFET, OPV, OPD, and organic humidity sensor.

Past studies have reported that alteration of OFET from lateral to wvertical
arrangement automatically reduces the channel length between source and drain (S-D)
electrodes (Kudo et al., 2001; Kvitschal et al., 2015; Ma & Yang, 2004). Such
arrangement permits the possibility of low-working voltages and high-current outputs
(Ma & Yang, 2004). Halizan et al., (2017) revealed improved working voltages for
vertical OFET (VOFET) with vanadyl phthalocyanine derivative (VOPcPhO) as the
active layer. However, no work has used VTP as the active layer in fabricating OFET to
assess the impact of varied extended ligands on the performance of VOFET, in

comparison to the above study.

The presence of m-conjugated organic semiconductors seems to be attractive due to
its tunable spectral sensitivity. In precise, Pcs molecules are mostly conjugated as it is
composed of m-electron system (Di Natale et al., 1998), which is the key for their
exceptional photosensitivity (Oleinick et al., 1993). Zafar et al., reported the fabrication
of OPD using VOPcPhO and PCDTBT as the active layer in the device (Zafar et al.,

2016). Nevertheless, none has incorporated VTP in the fabrication of OPV and OPD.

The application of VTP as the active layer in fabricating organic humidity sensor is
motivated by the conjugated m-system and the porous nature of MPc, which is
responsible for its highly sensitive attribute in ambient conditions (Ahmad et al., 2011).
Besides, the sensing film of humidity sensor device highly depends on the thickness and
the morphology of the film (Farahani et al., 2014). Despite the low sensitivity exerted

by organic-based humidity sensor devices, there is always room to seek a better



material. In search of a new material, it is significant to enhance the device sensitivity

and to determine the effect of extended ligands on the sensitivity performance.

Hence, the motivation and aim of this study is to explore the utilization of VTP-
based organic devices due to the presence of extended ligands in the macrocycle rings.
The solution processed technique was selected for device fabrication due to its

simplicity, versatility, and cost efficiency.

1.3 Objectives

This present study fabricated VTP-based organic transistors and sensors by using the
simple and low-cost solution processed technique. The overarching aim of this PhD
thesis is to study in detail the characterization of VTP thin films to determine their
physical, electrical, structural, and morphological properties, as well as to explore the
potential of VTP-based organic devices. The specific aims of this present study are as
follows:

1. To characterise in-depth the optical, structural, and electrical properties of VTP
thin films.

2. To evaluate the performance of different architectures of VTP-based OFET.

3. To study the performance of VTP-based optical devices.

4. To optimize the VTP-based organic humidity sensor by varying the thickness of

the sensing layer.



14 Thesis framework

Chapter 1 presents a brief introduction about organic semiconductor materials,
particularly MPcs derivative. Next, it describes the motivations behind this study and its
objectives. Chapter 2 reviews the general comparison of inorganic and organic
semiconductor materials, especially metallophtahlocyanines. The mechanism and
working principle of organic devices are highlighted in detail. Next, Chapter 3 covers
the details of materials used throughout this thesis, procedure of device fabrications, and
a brief description regarding thin film characterization methods. The measurement

techniques of each device are also presented in this chapter.

The following three chapters (Chapters 4 — 6) presents the results, some of which
have already been published. Despite the elaboration of varied projects, these three
chapters are essentially interlinked with the aim to examine the properties of VTP, as
well as the fabrication of VTP-based organic transistors and sensors. Chapter 4
examines the VTP-based electronic devices that embed different architectures of OFET.
Characterizations to determine the optical band gap and the highest occupied/lowest
unoccupied molecular orbital (HOMO/LUMO) levels were performed prior to the
device fabrications. Chapter 5 describes the utilization of VTP as the active layer in
analysing the photovoltaic effects of OPVs and OPDs application. Beforehand, several
characterizations were executed to optimize the blended ratio of donor and acceptor
system. Chapter 6 presents the employment of a range of thicknesses for the VTP as an
active layer in organic humidity sensor. The physical, structural, and chemical
characterizations were carried out to better understand the mechanism of the sensor.
Finally, the overall conclusions of this work and the future research directions are

presented in Chapter 7.



CHAPTER 2: LITERATURE REVIEW

2.1 Introduction

This chapter presents the literature review pertaining to organic semiconductor
materials and theory related to organic electronic devices applied in this thesis. The
general review concerning organic semiconductor materials in terms of their molecular
orbital (MO) are discussed in Section 2.2. A review that emphasizes on MPc-based
organic electronic devices is given in Section 2.3. Finally, the physics underlying the
operation of organic electronic devices assessed in this study, namely OFET, OPD and

organic humidity sensors, is elaborated in Section 2.4.

2.2 Organic semiconductor materials

Organic semiconductor materials refer to materials that exhibit semiconducting
properties that are classified into polymers and small molecule materials. The main
variance between these two types of materials lies in their chemical properties. A
polymer reflects a macromolecule that is composed of a repetition of a fundamental unit
called monomers, whereas small molecule materials consist of small molecules. These
materials can dissolve in common organic solvents. These two types of materials
contain alternating single and double carbon bonds, known as pi () conjugation. A
conjugated system allows the delocalization of electrons in a molecule, aside from
contributing to unique semiconducting and optical properties. In a conjugated system,
the overlapping between the p,-orbitals of sp>-hybridised carbon atoms can generate
molecular m-orbitals. The electron fills in these molecular m-orbitals are delocalised

throughout the conjugated system. Figure 2.1 illustrates an instance of m-orbital and



delocalised electron distribution, while Figure 2.2 displays the molecular structures of

small molecule and polymeric materials.

Figure 2.1: A z-orbital of conjugated system in benzene ring (Speight, 2019)

Figure 2.2: Molecular structure of: a) conjugated small molecules, and b) conjugated
polymers (Zhang et al., 2018)



In the molecular m-conjugated system, the formation of m-bonds is responsible for
current conduction, apart from providing the splitting of electron energy levels. If the
energy of MO is less than the original atomic orbitals, it is known as bonding m-orbitals,
while anti-bonding (1")-orbitals for otherwise. Both the bonding and anti-bonding states
are also known as HOMO and LUMO, respectively. Figure 2.3 portrays an illustration

of energy level splitting.

Figure 2.3: Schematic illustration of the energy level splitting

Figure 2.4 presents the energy levels that are responsible for charge transfer. Both
HOMO and LUMO states tend to correspond to ionization potential (IP, or ionization
energy) and electron affinity (EA), respectively, with reference to vacuum level. The
HOMO and valence bands in organic and inorganic semiconductors, respectively, are
analogous, and the same apply to LUMO and conduction bands. The HOMO level
serves as a hole transport medium, while the LUMO level is responsible for electron
transport. In transporting electrons, the energy levels must be aligned in such a manner
that LUMO levels of donor and acceptor, as well as the work function of cathode,
should appear in descending steps. As carriers in organic semiconductor are transported
by hopping mechanism, the variances between the energy levels (donor, acceptor, and

electrodes) ease the carrier to hop across the junction during transportation.



Figure 2.4: Example of energy levels for charge transfer

Typically, organic materials possess very slow mobility of charge carriers due to the
disordered structure at the molecular level. In organic semiconductor, electrical current
conduction is only possible with the movement of delocalized 7-electrons (Brédas et al.,
2004). The charge generation mechanism, however, is not limited within the organic
material itself, as the charges are injected from electrode into organic materials. The
structure of organic materials is highly disordered, when compared to crystalline
inorganic silicon. Due to the presence of multiple traps and defects in the molecular
level structure, the movement of charge carrier adheres to the hopping mechanism to
generate conduction. Localized states are created due to these defects and disordered
molecular structure. The charge carriers that hop and get trapped between the localized

states lead to low mobility attribute (Gupta, 2007).
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2.3 Metal phthalocyanine and its derivative

In the past few decades, extensive efforts have been made by researchers to develop
new organic materials that can boost the performance of organic electronic devices.
Parallel to this, Pcs have received much attention as molecular materials due to their
outstanding electronic and optical properties, as well as their electronic delocalization,
to function as active components in organic electronic devices (Torre et al., 2007).
Figure 2.5(a) displays the structure of Pc that consists of 18 m electron aromatic
porphyrin (Por) and four isoindole subunits that are linked via nitrogen atoms. Vast
modifications have been made and incorporated by substituting more than 70 different
metal atoms into the two hydrogen atoms of the central cavity (known as
metallophthalocyanine or MPc) (see Figure 2.5(b)) (Przybyl & Janczak, 2014), which
permits the fine tuning of the physical properties (Claessens et al., 2008). The versatility
of Pcs can be defined by means of altering the physical, electronic, and optical
properties through the selection of central metal atoms, as well as via chemical

substitution at the periphery of the macrocycle and/or at the axial positions.

Figure 2.5: (a) Phthalocyanine body structure (Torre et al., 2007) and (b) possible
modifications of metallophthalocyanine structure (Przybyl & Janczak, 2014)

11



As displayed in Figure 2.5(a), the Pc structure has no substituent at the periphery,
this resulting in low solubility in most organic solvents due to strong stacking
interaction between the molecules in the solid-state (Przybyl & Janczak, 2014). These
thin Pc films still can be formed via vacuum evaporation, as it is a thermally-stable
molecule that can be sublimed without decomposition. Alternatively, the substitution of
Pcs in peripherical position with bulky groups or hydrocarbon chains enhances their
solubility to limit the stacking interaction, and finally, allows the deposition of thin film
onto the substrates via solution-processing methods (Leznoff & Lever, 1989; Claessens
et al., 2008). The versatility of MPc complexes can be further investigated from their
absorption spectral properties. The changes in symmetry and conjugation pathway of a
porphyrin can affect its UV-Vis absorption spectrum (Gouterman, 1961; Nappa &
Valentine, 1978; Rubio et al., 1999). Gouterman proposed the absorption spectrum of
porphyrins theory, which can be understood in terms of the highly successful ‘four-
orbitals’ that contain two HOMOs and two LUMOs, wherein this model is used to
explain the significance of charge localization on electronic spectroscopic properties

(Gouterman, 1959, 1961).

Based on Gouterman’s theory, the absorption bands from the porphyrins structure are
derived from the transitions between two HOMOs and two LUMOs (Gouterman, 1961).
The relative energies of these transitions rely on the metal centre and the substituents in
the porphyrins ring. Figure 2.6(a) illustrates the energy level diagram, in which HOMOs
are categorized as ary and ap, orbitals, while LUMOs reflect the degenerated set of e
orbitals. The transitions between these orbitals give rise to two excited states. Orbital
mixing splits these two states in energy; creating Soret band and Q-band, which are
produced in higher energy state with higher oscillator strength, and lower energy state

with less oscillator strength, respectively (Giovannetti, 2012).

12



Figure 2.6: (a) Diagram of energy levels of the four Gouterman orbitals (Giovannetti,
2012) and (b) transitions that lead to Q and B bands (Hooper et al., 2018)

The electronic absorption spectrum of a typical porphyrin system is comprised of
two distinct regions, as illustrated in Figure 2.6(b). The initial region lies from 380 nm
to 500 nm, which is also known as Soret or B band, and it is linked to the transition
from ground state to the second excited state (SO = S2). Next, the second region, which
lies between 500 nm and 700 nm, is called Q band and involves the transition from
ground state to the first excited state (SO = S1) (Giovannetti, 2012). The position of
absorption bands, particularly the Q band, is affected by varying the central metal, the
axial ligation, the solvents, the peripheral and non-peripheral substitutions, as well as by

extension of the conjugation (Nyokong, 2010).

As a result of all the chemical versatilities mentioned above, MPcs have been widely
investigated in the past few years as targets for organic devices, such as organic thin
film transistor, organic light-emitting diode (OLED), OPD, optical switches, thin film
solar cell, and molecular sensors (Hohnholz et al., 2000; Jiang et al., 2014; Rand et al.,

2012; Warner et al., 2013).
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Copper phthalocyanine (CuPc) is a well-known MPc derivative that has been applied
as active layer in organic devices. For instance, Kudo et al., (Kudo et al., 2001) and
Adan et al., (Kvitschal et al., 2015) developed CuPc-based organic transistor, while
Farooq et al., (Farooq et al., 2015) applied CuPc to fabricate OPD, and (Karimov et al.,
2017) assessed the performance of CuPc-based organic humidity sensor. Although
CuPc is a suitable candidate for application in multifunctional organic devices; the
absence of a substituent at the periphery causes CuPc to possess low solubility in any
organic solvent. The deposition of CuPc has to be performed in vacuum evaporation,

which makes it intricate and relatively a high-cost fabrication process.

Therefore, this present study focused on VTP, with the presence of hydrocarbon
chain at the periphery, which in turn, enhanced the aspect of solubility. However, no
study has looked into the use of VTP in the fabrication of organic device. That being
said, a brief review regarding VOPcPhO is discussed in Section 2.3.1, mainly because
the molecular structure of VOPcPhO resembles that of the VTP, but with variance in the

extended ligands at the periphery.

2.3.1 Vanadyl phthalocyanine derivative (VOPcPhO)

The VOPcPhO has been comprehensively explored in light of its structural and
spectroscopic properties (Nanai et al., 1995; Pan et al., 1998). Recently, due to its high
solubility and large absorption coefficient in the Q-band region (Aziz et al., 2015), some
studies had employed VOPcPhO as the active layer in organic devices, such as OPV,
OPD, and organic humidity sensor (Abdullah et al., 2012; Azmer et al., 2017; Zafar et
al., 2014). Meanwhile, Halizan et al., (2017) used VOPcPhO to fabricate VOFET,

which yielded relatively low threshold voltage at ~10 V. Several research studies

14



investigated the usage of VOPcPhO-based OPD. The best photodetector parameters
reported were responsivity and photoresponse time at 5.0 X 10™* mA/W and ~ 800 ms
time, respectively (Ahmad et al., 2013; Zafar et al., 2014; Zafar et al., 2016). Hence,
based on the literature mentioned above, the organic semiconductor material,

VOPcPhO, can be applied in multipurpose organic devices.

Another less known organic material called vanadium derivative or VTP, has been
studied by placing focus on its optical and structural properties in a prior study (Ahmad
Makinudin & Supangat, 2016). The various extended ligands present in VTP, when
compared to those in VOPcPhO, have an impact on optical, morphological, and
electrical properties, as well as performance in organic semiconductor devices. This is
attributable to the improvement noted in charge delocalization, which in turn, enhances
the charge transport of VTP-based organic devices. Figure 2.7 illustrates the molecular
structures of VTP and VOPcPhO, whereby VTP has extended ligands at the periphery
that can improve both sensitivity and charge transport of the devices. The high solubility
properties in most organic solvents of VTP can endow to facile the solution process

technique via spin coating, thus minimizing the cost of fabrication process.

Figure 2.7: Molecular structures of a) VTP (Roslan et al., 2018) and b) VOPcPhO
(Abdullah et al., 2012)
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24 Device physics of organic electronic applications

2.4.1 Organic semiconductor materials-based electronics applications

Organic materials refer to charge-transporting medium in the mechanism of OFETs.
Koezuka et al., appears to be the pioneer to introduce OFETs in year 1987 (Horowitz,
1998). The OFET device structure is composed of three electrodes (source (S), drain
(D), and gate (G3)), an insulating layer, and an organic semiconducting layer. The S-D
electrodes are responsible for injecting and draining out charge carriers, whereas the
gate electrode is used to endow a gate field and to govern the drain current. Next, the
insulating layer separates and forms a barrier between the gate electrode and the organic
semiconductor. The interface between insulator and organic semiconductor layer is

managed by the gate field and forms a charge-transporting channel.

The OFET is grouped into two types; LOFET, and VOFET, which vary in terms of
movement of charge carriers and distance of gate from S-D electrodes. In LOFET, the
charge carriers move in horizontal direction between S-D electrodes, in which the
channel is parallel to the gate electrode. On the other hand, the charge carriers move in
vertical direction for VOFET and the channel is normal to the gate electrode. In
LOFET, the gate is in equidistant with S-D electrodes; while in VOFET, the gate is
closer to the source electrode than to the drain electrode. Since the organic layer in
VOFET is sandwiched between S-D terminals, the channel length is dictated by the

thickness of organic layer.
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The two common types of measurement performed on both types of OFETs are
output and transfer characteristics. Output characteristics are determined by supplying
voltage between S-D terminals, Vps, to measure the output current across load, Ips, at a
certain biasing magnitude of Vgs. Transfer characteristics are characterized by
measuring the Ips at varied Vgs with constant Vps. These measurements offer vital
parameters, which are threshold voltage and ON/OFF ratio. The description of LOFET

and VOFET is given as follows:

(a) Lateral type OFET

Figure 2.8: Basic configurations of LOFETs, a) bottom gate staggered structure, b)
bottom gate coplanar structure, ¢) top gate staggered structure and d) top gate coplanar
structure

The LOFET is classified into four sub-types based on its configuration; gate position
(top or bottom contact) or by adjusting the position of S-D terminals (planar or

staggered structure). Figure 2.8 (a-d) shows the basic configurations of LOFET. Each

17



device configuration has its own advantages and drawbacks. In this study, the bottom
gate staggered structure was selected to fabricate the OFET due to its benefits in terms
of charge injection that provides continuous charge concentration in the whole channel

area (Kim et al., 2011).

Figure 2.9 illustrates the operation of LOFET. A gate voltage is biased to govern the
amount of current flow between S-D terminals. The most common OFET is the p-type
due to its stability in air and relatively high mobility upon usage in OFET (Wang et al.,
2009). A negative voltage that is biased between gate and source (G-S) can form a p-
type channel at the semiconductor-insulator interface. Thus, negative voltage was
applied in this study between drain and source (D-S) electrodes; causing holes charge
carrier to flow from S-D electrodes. Over time, increment in the Vps magnitude would
contribute to the increasing magnitude of /ps until it is pinched off. At this juncture, the
p-channel pinches closed at one side, and results in the Ips to saturate at its maximum
value (Perkinson, 2007). Unfortunately, the OFET devices suffer from low mobility that
causes poor performance, including low ON-current, high active voltage, and low

working frequency (Tessler & Ben-Sasson, 2014).

Figure 2.9: Operation mechanism of lateral OFET
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(b) Vertical type OFET

Numerous attempts have been taken by researchers to gain better performance of
OFET. Introduction of a new device structure is integral to address the shortcomings of
OFET (Ma & Yang, 2004; Stutzmann et al., 2003). The VOFETs display a
straightforward method in decreasing the dimension of lateral device. Nevertheless,
limited literature describes VOFET, since this work has been reported a decade ago and
it is still at its infancy stage. To date, many configurations and geometries of VOFETs
have been fabricated using polymeric materials. The deposition of metals, organic
semiconductors, and oxides has been executed via thermal evaporation method. Several
studies have reported the use of photolithography process in fabricating the step-edge
structure of VOFET (Kudo et al., 2010; Liu et al., 2010; Takano et al., 2009). Although
photolithography process is somehow promising, its process is intricate with
incorporation of several solvents, such as hydrofluoric (HF) acid, which is unfavorable

with organic materials.

Alternatively, cost-efficient fabrication devices may be achieved by using thin film
deposition techniques, such as spin coating, dip coating, and drop casting, instead of
thermal evaporation or photolithography methods. Ma and Yang proposed a new
architecture of VOFETs, whereby an active cell and capacitor cells are vertically
stacked on top of each other (see Figure 2.10) (Ma & Yang, 2004). Over time, extensive
studies have begun initiating low-cost fabrication of VOFETs using the solution-

processed technique (Halizan et al., 2017; Sarjidan et al., 2018).
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Figure 2.10 illustrates that the centre electrode (source) is shared by two cells,
while the active and capacitor cells are defined as drain and gate electrodes,
respectively. The source electrode must exhibit thin and rough surface, which is crucial
for device operation. This condition ensures that the electric field generated by the
charged capacitor cell does not vanish at the source/organic interface, apart from
inducing positive charge in the organic layer that is close to the source/organic interface
(Ma & Yang, 2004). The working principle of the VOFET structure is elaborated in

Chapter 4.

Figure 2.10: Schematic diagram of device structure proposed by Ma & Yang (2004)

2.4.2 Organic semiconductor materials-based optical applications

Several types of structures do exist in the fabrication of OPVs and OPDs, such as
single layer, bulk heterojunction (BHJ) layer, ternary heterojunction, as well as inverted
and tandem structures. Their variety is meant to enhance efficiency and stability.
Primarily, this present study focused on the BHJ structure to study the photovoltaic
effect of VTP-based optical devices. The benefits of utilizing the BHJ structure are the
ability to fine tune the optical properties of the blend film and the ease of fabrication
process (Roncali, 2009). A simple mechanism of OPVs and OPDs is based on the active

layer of a single material. Singlet excitons are a strong coulomb-bound electron hole
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pairs created by absorption of light. These excitons have to be split to generate
photocurrent. This process has to overcome the binding energy by either hopping on the

thermal energy, or dissociating the excitons at the contacts (Bagher, 2014).

The BHIJ structure is composed of donor (D) and acceptor (A) materials, which are
blended together. The working principle of BHJ structure is discussed step-by-step,
starting from light absorption, exciton generation, exciton diffusion and dissociation,
until the transport of charge carrier with collection at the electrodes. Finally, the key

performances of OPVs and OPDs are described in the final paragraph of this section.

1. Photon absorption and exciton generation. The excitation of an electron in an
organic semiconductor is analogous, when compared to exciting an electron from
valence to conduction bands in inorganic semiconductor. The electron in organic
semiconductor is excited from HOMO to LUMO level upon photon absorption. A
strong Coulombic attraction exists between the electron-hole pair due to low dielectric
constant, localized electron, and hole wave functions in organic semiconductors. The
electron-hole pair bond is called an exciton (Choy, 2012). The electron in HOMO level
excites to the LUMO level upon receiving sufficient energy from the photon and
leaving behind a hole. At this point, the electron still cannot move freely in the LUMO
level as it is still bound to exciton. This process continues until the next stage, where the

exciton is diffused at the donor/acceptor (D/A) interface prior to dissociation.

il. Exciton diffusion and dissociation. Diffusion refers to a process where the
excitation energy is transferred at lower energy sites. The distance that excitons can
migrate towards D/A heterojunction is very short (a few tens of nanometres) and this is

called exciton diffusion length (Kietzke, 2007). Hence, to ascertain the occurrence of
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dissociation, the exciton must be formed just within the interface of the diffusion length,
or else it will decay back to its ground state. Next, the photocurrent generation takes
place during the exciton dissociation process at the junction between D/A interface,
wherein charge carriers formed upon illumination are separated via hopping
mechanism, and are, finally, collected at the electrodes. The electron-hole pairs that
form a charge pair after dissociation, known as a geminate pair, is still Coulomb bound

and only can be separated by an internal field (Choy, 2012).

1ii. Carrier transport. The geminate pairs formed after the exciton dissociation
process move to their respective electrodes within their lifetime. The holes and electrons
carriers travel to anode and cathode, respectively, wherein the main driving forces that
are responsible for these transports are drift and diffusion currents (Koster et al., 2005).
Drift current refers to the transport of charge carrier via potential gradient by means of
the electrodes selection in a solar cell. Due to the difference in high work-function
anode and low work-function cathode, a built-in electric field is generated within the
device that determines the open circuit voltage (Voc) of the cell. This internal electric
field is modified and the drift current changes upon presence of supply from the external
bias. With the existence of internal electric field, the carriers are drifted towards their
respective electrodes for collection. Meanwhile, diffusion current refers to diffusion of
charge carriers along concentration gradient in a solar cell. The charge carriers electron
and holes are concentrated around the heterojunction as the geminate pairs are generated
around the device heterojunction. The carriers diffuse along the concentration gradient,
aside from heterojunction, to generate diffusion current. When the applied bias modifies
the internal electric field to be close to zero, the device is dominated by diffusion
current; and when the internal electric field is large, the mechanism is governed by drift

current (Choy, 2012).
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1v. Charge collection at electrodes. Extraction of charges at the electrodes is the
last stage in the photocurrent generation process in OPV devices. The potential barrier
at the active layer/electrode interfaces has to be minimized to attain exceptional
efficiency in OPV devices. The contacts are usually in ohmic state when the donor
HOMO is expected to match the work function of the anode, while the acceptor LUMO

is ideally expected to match the work function of cathode (Brabec et al., 2001).

V. Performance characteristics of OPVs. The performance characteristics that
govern the operation of solar cells are determined by its ability to yield output power
based on the application of input power gained from the light. The maximum power
output is determined by the magnitude of the maximum products of J and V. Parameters
Voe, short-circuit current density (Js), Fill Factor (FF), and power input density, P;, are
used to evaluate the power conversion efficiency (PCE) of solar cell performance, as
detailed in this section. Figure 2.11 portrays a typical current density-voltage (J-V)
curve for a solar cell, inclusive of several critical parameters that determine the PCE of

an OPV.

Figure 2.11: Typical J-V curves of an OPV
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The description of each of the parameter is presented as below.

a)

b)

Short circuit current density (Jsc). The Js. 1s defined as the maximum photocurrent
density generated at which the external applied potential is zero (Padilla et al.,
2014). This value signifies the onset of power generation although no power is
produced at this point. It represents the number of charge carriers generated and
subsequently collected at the respective electrodes at zero-applied bias (Choy,
2012). Technically, the J, is a negative number; while conventionally, its
magnitude is treated as a positive number. Simply put, a higher Jy is required to

determine higher efficiency.

Open circuit voltage (Voc). The Vo is the voltage at zero current density output. It
relies on the work function of varied metal contacts. The ohmic contact between
two electrodes makes V,c rely on HOMO-LUMO variance between donor and

acceptor (Choy, 2012).

Fill factor (FF). The FF elucidates the shape of J-V curve, which is defined as

follows:

FF = ImaxVmax 2.1)

IJscVoc

where Juax and Ve are current density and voltage at maximum output power,
respectively. Based on the equation above, the FF refers to the ratio of maximum
power output point and maximum attainable power output, such as the products of

Jse and Voe.
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d) Power conversion efficiency (PCE). The PCE, which is the final parameter that

dictates the efficiency of solar cells, is calculated using the following equation:

PCE = YodJsc P (2.2)

in

The [-V characteristics of the photodetector resemble the electrical characteristics of
the conventional rectifying diode, thus it is occasionally described as photodiode. The
overall mechanism of OPDs reflects the mechanism of an OPV, inclusive of the
following four steps: 1) light absorption that generates exciton, 2) exciton diffusion at
D/A heterojunction, 3) exciton dissociation at heterojunction site to form geminate
pairs, and 4) charge carriers transported to respective electrodes. On the contrary to

solar cell, photodetector operates with external potential bias.

The standard electrical performance of OPDs is evaluated by measuring the reverse
biased /-V as a function of varied illumination intensities. Figure 2.12 illustrates the
typical /-V characteristics of a photodiode in forward and reverse bias conditions. Based
on Figure 2.12, slight magnitude of dark current, Ip, flows through the photodiode in
dark condition (¢ = 0). With increment of power density of light (¢), the photocurrent

value increases, and this depicts the basis of photodetection mechanism.
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Figure 2.12: Typical electrical characteristics of a photodetector (Yang & Ma, 2019)

i.

Performance characteristics of organic photodetector.

a) Responsivity. The responsivity “R” is a significant parameter for photodetector

b)

and it is defined as the ratio of output current density to incident light power

(Karimov et al., 2015). It can be calculated based on the following equation:

R = ot 2.3)

Pin

Where J,n and P, refer to photocurrent density and incident optical power,
respectively. The value of responsivity indicates how efficiently a photodetector

can convert incident light photon to current output.

Spectral response. Spectral response assesses the value of photocurrent by a
given level of incident light that varies with wavelength. Spectral response is
linked with the frequency bandwidth of the photodetector, mainly because the

photodetector is sensitive to light in certain frequency or wavelength.
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c) Response recovery time. Dynamic response and recovery of the photodetector
reflect the time taken by a photodetector to reach an output signal from 10% to
90% of its amplitude, and to drop from 90% to 10%, respectively. In an ideal
photodetector device, the response and recovery time should be rapid to adhere
to the input optical signal. The magnitude of recovery time heavily depends on

the applied input bias.

d) Photo to dark current ratio (Ipi/ls). The I, value refers to photocurrent that
originates from continuous generation and extraction of free charge carriers
upon exposure of photodetector to illumination. The /; value reflects the dark
current that flows under dark condition. High /,»/l; can effectively minimize

noise (Tzeng et al., 2010).

e) Incident photon to electron conversion efficiency (IPCE). The IPCE is similar to
external quantum efficiency (EQE), as it corresponds to the percentage of
incident photons that are converted to carriers, and finally, collected at the

electrodes under short circuit conditions (Choy, 2012).

2.4.3 Organic semiconductor materials-based organic humidity sensor

application

The fundamental mechanism of humidity sensor device takes place upon exposure to
high humidity setting at the opening capillary pores of the sensing layer (Hong-Tao et
al., 1989). The water absorption ability heavily relies on dimensions, density, and size
of the pores (Banerjee & Sengupta, 2002; Korotcenkov, 2016). At the initial phase,

when the sensing films are exposed to humidity, the water vapor molecules that
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condensed on the surface are chemically absorbed (chemisorption). This chemisorption
reaction is accompanied with dissociative process of vapor molecules to form free-
moving hydroxyl groups. These free-moving hydroxyl groups are adsorbed and attached
on the metal cations, which is present on the sensing layer. Subsequently, an immobile
layer forms as the water vapor molecules continuously accumulate on the surface. The
first chemisorbed layer owes its rigidity to double hydrogen bonding and this does not
change despite the exposure to humid air. Khanna and Nahar (1986) proposed, at this
early mechanism stage, that the electrical conduction is generated by electrons

tunnelling, which occurs between the donor water sites (Khanna & Nahar, 1986).

In the second phase, another layer of water vapors is physically adsorbed
(physisorption) after completing the chemical chemisorption process in the initial layer.
These condensed water vapor molecules enable the proton conduction mechanism
inside the waterlogged, wherein proton functions as the dominant carrier. Being called
as ionic conductivity, the active reactions between water vapor and sensing surface
contribute to the dissociation of condensed H.O molecules into two ionic elements of
hydrogen ions (H"), and hydroxide ions (OH"). This enhances the magnitude of
dielectric constant and the conductivity of the system, thus decreasing its resistivity

(Farahani et al., 2014).

More layers are formed as the amount of water vapors augment at higher humidity
level. In this phase, proton (H") moves freely owing to the disordered secondary
physisorbed hydroxyl multilayer, which offers a significant rise in conductivity. Proton
diffusion happens between the nearby OH™ ions, where the discharged H' ions will hop
between the water molecules as the air receives moisture, thus resulting in the formation

of hydronium ions, H3O". This process continues relentlessly as the emerging H3O" ions
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release protons to combine with adjacent water molecule and generate more H3O" ions.
Figure 2.13 displays the proton hopping mechanism pioneered by De Grotthuss

(Agmon, 1995).

Figure 2.13: Illustration mechanism of proton hopping

Several units of measurement may be employed to measure the amount of water
vapors that pervade the surrounding atmosphere. The most ubiquitous measurements are
Relative Humidity (RH) and Absolute Humidity (AB). The measurements are selected
based on the techniques applied. The former type of measurement is most commonly
used compared to the latter one, mainly due to its simplicity and cost efficiency. The

RH can be expressed as in Equation 2.4:

RH% = 2 x 100 (2.4)

N

where, Py, refers to measured partial pressure of vapor in air, and Ps is saturated vapor
pressure at certain temperature. Simply put, RH is the ratio of vapor in the surrounding
to maximum content pressure of air, which can be held at a specific temperature. The
relative measurement is attributed to its dependency on magnitude, such as temperature.
The parameters used to assess the performance of humidity sensors include sensitivity,
hysteresis, as well as response and recovery time, as described in the following:
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a) Sensitivity. Sensitivity is the most prominent parameter to assess the performance
of organic humidity sensor. The sensitivity of the proposed sensor can be

determined via Equation 2.5 (Al-Ta’ii et al., 2016):

I _ (Cmax— Cmin) 0
Sensitivity,S = Rbmae—RHoD) X 100% (2.5)

Cinax and Cyin refer to maximum and minimum capacitance, respectively, whereas
RHpax and RHpin stand for maximum and minimum relative humidity,

respectively.

b) Hysteresis. Hysteresis is a common issue when measuring humidity sensor, which
is a major source of errors due to pore size and geometry, as well as dielectric
sensing layer thickness (Islam et al., 2014). It refers to the ability of the devices
not to return to their original position despite measuring a change (Sayyad et al.,
2010). The hysteresis effect is defined as the percentage of deviation in the

measured capacitance during absorption cycle, Cqgsorption, and from that during
desorption cycle, Cgesorption- The hysteresis gap is measured by using the

following equation (Azmer et al., 2016):

B C . _C .
Hysteresis, H = average |-2rpion “ds"r”tw”] x 100% (2.6)

Cadsorption

¢) Response and recovery time. Response and recovery time are vital to assess the
sensing performance of organic humidity sensor. Response time (adsorption) and

recovery time (desorption) are described as the time taken for a sensor to reach
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90% and 10%, respectively, of the total change of their output capacitance (Morris

& Iniewski, 2017).

2.5 Summary

This chapter presents the general review regarding organic semiconductor materials.
The MPc and its derivatives, which are grouped under organic molecular materials, are
discussed in detail. Several studies have investigated MPc, but in narrowing down the
list, VOPcPhO has been given focus due to its resemblance with molecular structure of
VTP. Hitherto, only a handful of studies have looked into the physical properties of
VTP. The search of a new organic material, thus, is essential to enhance the
performance of organic semiconductor devices in market. Hence, to bridge the literature
gap, this present study evaluated the characteristics of VTP in an in-depth manner, and
subsequently, applied the VTP as the active layer in fabricating electronics, optical, and
organic humidity sensor devices. The assessments conducted for each device

performance and its characteristics are elaborated in Chapters 4, 5, and 6.
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CHAPTER 3: MATERIALS AND METHODS

3.1 Overview

In this chapter, the processes involved in the characterization and fabrication of VTP
thin films and VTP-based devices are presented. The initial part of this chapter
describes the materials and methods employed in the fabrication process, inclusive of
substrates cleaning, solution preparations, and deposition techniques, such as spin
coating and thermal evaporation. Brief explanation on thin film characterization,
including surface profilometer, cyclic voltammetry (CV), UV-Vis spectrometer,
photoluminescence spectroscopy (PL), Raman spectroscopy, x-ray photoelectron
spectroscopy, and wettability of the VTP thin film, are outlined in this chapter. The
fabrication of VTP-based electronics, optical, and humidity sensor devices are described

in the end of this chapter.

3.2 Materials

3.2.1 Vanadyl 3,10,17,24-tetra-tert-butyl-1,8,15,22-tetrakis(dimethylamino)-

29H,31H-phthalocyanine (VTP)

The VTP refers to a small molecule p-type semiconducting material that derive from
MPc derivative. The VTP was purchased from Sigma Aldrich in powder form, which
displayed a light purple shade when in thin film form and a molecular weight of 976.16
g/mole. The VTP was not utilized as the organic layer in any device fabrication. The
addition of certain attachment on the macro-ring site of VTP exhibited significant

variances in its stability and photo absorption spectra, which led to possible applications
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in optoelectronics appliances. The VTP served as the main material in this study to
assess its properties and performance in OFETs, OPVs, OPD, and organic humidity

sensors. Figure 3.1 illustrates the molecular structure of VTP.
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Figure 3.1: Molecular structure of VTP (Roslan et al., 2018)

3.2.2  [6,6]-phenyl C71 butyric acid methyl ester (PC71BM)

PC71BM is a well-known polymer that originates from fullerene group and it has
been widely reported in device fabrication of OPVs (Srinivasan et al., 2015). In this
study, 99% pure PC71BM with empirical formula (Cs2H1402) was purchased from Sigma
Aldrich, USA. PC71BM is a fullerene derivative of C70 buckyball, which possesses a
molecular weight of 1030.93 g/mole and its powder form is black. It has been reported
to display main peak absorption between 450 and 500 nm with exceptional electron
mobility at 1 X 1073 cm? V! s7! (Bakar et al., 2015; Ebenhoch et al., 2015). Figure 3.2

portrays the molecular structure of PC7;BM.

Figure 3.2: Molecular structure of PC71BM (Ochiai et al., 2012)
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The application of PC71BM is indeed promising due to its excellent solubility in
commonly available organic solvents, and its superior capability in transporting electron
(Murugesan et al., 2015). Turning to this study, PC71BM was applied as an n-type
electron donor to optimize the performance of OPVs and OPDs by fabricating the BHJ

of VTP and PC7BM.

3.2.3 PEDOT:PSS

The Poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT:PSS) thin
film in a device structure serves as a hole injection layer (HIL) for anode, primarily due
to its virtue of high work function, high optical transmittance in the visible region,
moderate thermal stability, and exceptional hole transport (Xu et al., 2017). It also has a
smooth morphology with high conductivity that ascertains efficient transport of hole
collection at ITO anode electrode (Zhang et al., 2004). In this present study, aqueous
dispersion of Heraeus Clevios PH1000 PEDOT:PSS was employed with conductivity of
900-1000 S/cm. In order to achieve a uniform and smooth morphology of buffer layer,
the PEDOT:PSS aqueous dispersion was filtered by using a commercially available
nylon (0.45 pm) prior to the spin coating process. This organic conducting polymer
material was applied to fabricate OPVs and OPDs. Figure 3.3 illustrates the molecular

structure of PEDOT:PSS.
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Figure 3.3: Chemical structure of PEDOT:PSS
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3.2.4 Silver nanowires (AgNWs)

Silver nanowires were employed as the source electrode for the fabrication of
VOFETs. A key aspect of the VOFETs is that the source electrode is sandwiched
between capacitor and diode. In order to permit such condition, the source electrode has
to be transparent to DC vertical gate electric field so that it can influence the channel
region (Ben-Sasson et al., 2015). In this study, AgNWs with a concentration of 5 mg/ml
in isopropanol (IPA) was purchased form Novarials Corporation and used without
further purification. Its value of sheet resistivity, Rsneet, Which was measured by four-

point probe, was 78.68 ()/sq.

3.2.5 ITO and Aluminum Electrode

The selection of electrodes for the fabrication of organic semiconductor devices is
significant. The work function of metallic electrode and the HOMO-LUMO energy
levels of organic semiconductor materials determine if the metal-semiconductor
interface is of rectifying or ohmic type. Aluminum (Al) was purchased from Sigma
Aldrich. It is graded as 99.999% metal in the form of 1 m length of wire. In this study,
Al with a work function of 4.3 eV was applied as electrode for OFETs, OPVs, OPDs,
and organic humidity sensors. Indium tin oxide (ITO) coated glass substrates with a
work function of 4.7 eV (~20 Q/sq. sheet resistance) was utilized as the anode electrode
for OPVs and OPDs, mainly due to its high transparency in visible spectrum and high
electrical conductivity. The ITO was also employed to fabricate OFETs as gate

electrode.
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3.2.6 Poly|[(vinylidenefluoride-co-trifluoroethylene)] (PVDF-TrFe)

PVDEF-TrFe was purchased from Kureha, Japan. It is a widely known polymer that
displays ferroelectric behavior and it can be used as a dielectric later in OFETs (Nguyen
& Lee, 2006; Yildirim et al., 2007). Figure 3.4 portrays the molecular structure of
PVDF-TrFE (Wan & Bowen, 2017). PVDF-TrFE is a good dielectric polymer with a
dielectric constant that ranges between 8 and 11 at room temperature (Mao et al., 2011).
A prior study reported that the PVDF-TrFE consisted of B-phase, which is beneficial
when used as a dielectric in a transistor, where it can assist in tunnelling the charge

carriers through it to the next layer (Hu et al., 2009).

Figure 3.4: Molecular structure of PVDF-TrFE

33 Experimental procedure

3.3.1 Substrate cleaning and solution preparation procedure

Two types of substrates were applied throughout this study; glass and ITO-coated
glass substrates. Glass substrate was employed for materials characterization and
fabrication of organic humidity sensor. The substrate cleaning procedure is a crucial
part that discards contamination and forms a homogenous thin film deposited on the

substrate. For characterization of materials, the glass slides were cut into 1 cm X 1 cm;
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while for fabrication of organic humidity sensors, the glass slides were cut into a fixed
dimension of 2.5 cm x 2.5 cm prior to cleaning process. The glass substrates were
cleaned thoroughly by sequentially sonicating them for 10 min in soap water, acetone,
ethanol, and de-ionized water, accordingly. After that, the glass substrates were dried in

a dust-free environment by passing nitrogen onto their surfaces.

The ITO-coated glass substrate was applied for fabrication of optical and electronics
devices due to its high electrical conductivity, optical transparency, and easy for
deposition as a thin film. The cleaning processes for ITO-coated glass substrates are
similar for glass substrates, except that [IPA was applied instead of ethanol. The pre-
patterned ITO-coated glass substrates were purchased from Ossila, which
simultaneously allowed six devices to be fabricated at a time. Figure 3.5 illustrates the

substrate pattern that formed 0.045 cm? active area for each device.

Figure 3.5: a) Image of pre-pattered ITO, and b) geometry design of pre-patterned ITO
coated glass substrate

As for solution preparation, the VTP served as the focus material that was used
throughout this study. For characterization and fabrication purposes, 10 mg of VTP was

dissolved in 1 ml of chloroform (with 99.99% purity) to prepare 10 mg/ml solution
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concentration. This concentration was maintained throughout this study to fabricate the
electronics, optical, and organic humidity sensors devices. For the optimization process,
new materials were incorporated to fabricate OPVs in order to form BHJ blended
system. The 10 mg/ml of [6,6]-phenyl C71 butyric acid methyl ester (PC71BM) was
prepared in isolation. PC71BM was mixed with VTP matrix at a certain volume ratio to

generate a BHJ blended system. Table 3.1 presents the related details.

The prepared solutions were stirred at 600 rpm stirring speed in a glove box using
magnetic stirrer for at least an hour to ensure that the materials are dissolved
completely. Prior to thin film deposition, the prepared solutions were filtered by using a

disposable PTFE filter (the size of filtration membrane was ~0.25 micrometre).

Table 3.1: Solution preparations for VTP-based organic semiconductor device
applications

Materials / volume | Concentration | Volume | Organic electronic device
ratio ratio applications

1. Electronics devices
(LOFETs and
VOFETs)

2. Optical devices
(OPVs and
photodetector)

3. Organic humidity
sensor applications

VTP -

10 mg/ml

1:1

Optical devices (OPVs and

VTP:PC71BM 12 photodetector)

1:4
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3.3.2 Thin film preparation

Several methods have been commonly used for thin film deposition, such as dip-
coating, drop casting, and spin coating. Both dip-coating and drop casting are
inappropriate for this study due to the demand of huge amount of solution in depositing
a thin film, the production of a thick film that is above the sought nanoscale range, and
the challenge in controlling their thicknesses. Hence, the spin coating technique was
adopted in this study for deposition of thin films. This technique is beneficial as it only
requires a small amount of solution and easy to control the thickness of thin film within
a nanoscale range. Figure 3.6 displays the spin coater from Laurell (model WS-650MZ-

23NPP) that was used throughout this study.

Figure 3.6: Laurell model (WS-650MZ-23NPP) spin coater

A few drops of solution were injected on top of a cleaned substrate prior to spinning
at a desired spin speed. The thickness of the spin-coated film is inversely proportional to
the spin speed. Upon increasing the spin speed, the film thickness decreases, and vice

versa (Jayamurugan et al., 2015).
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3.3.3 Physical Vapour Deposition (PVD)

A thermal evaporator was applied to deposit the top Al contact on the active layer via
High Vacuum Thermal Deposition System that was placed in a glove box, as illustrated
in Figure 3.7. The evaporator evaporates the metal Al placed on the tungsten boat with
the presence of large current (~80 A). The metal that melts will eventually evaporate on
the target substrate above the source and produce a film. In order to deposit < 100 nm
top contact of Al, the process was performed in a high vacuum environment with

controlled evaporation rate.

Figure 3.7: High Vacuum Thermal Evaporation System

A shadow mask is required to deposit the aluminum electrode, either in square or
round shape, depending on the device pattern. During the deposition process, it is
typical to use the square shadow mask for pre-patterned ITO-coated glass substrate to
generate an active area of 4.5 mm? (3.0 mm X 1.5 mm). The round shape shadow
mask is used for plain ITO substrate (without patterned) to produce an active area of
3.03 mm? (radius 1.5 mm). In this study, both OPV and OPD devices used the same
square shadow mask, OFET devices applied round shape mask, and organic humidity

sensor used a shadow mask with copper wire wrapped around the glass substrate.
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Figure 3.8 portrays a schematic diagram of a thermal evaporator. Finally, the devices
were encapsulated to prevent reactions from external elements, such as oxygen that can
degrade the active material, causes oxidation, and deteriorates the device performance
exponentially. The encapsulation helps to prolong the device performance and stability

for an extended period.

Figure 3.8: Schematic diagram of physical vapour deposition

34 Thin film characterization

This section summarizes a series of characterization methods of thin film. It is
divided into six sections, namely physical, structural, morphological, chemical, optical,
and electrical characterizations. Surface profilometer and wettability tests were
performed to characterize the physical properties of the thin film. Raman and X-ray
photoelectron spectroscopies were utilized to assess the structural and chemical bonding
properties of the thin film, respectively. Atomic force microscopy (AFM) was employed

to characterize the aspect of morphology, while PL and UV-Vis spectroscopy were
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applied to evaluate the optical properties. Finally, CV as electrical characterization was

performed to examine the HOMO-LUMO of the thin film.

3.4.1 Physical characterization

(a) Surface profilometer

Surface profile and topography of the material had been characterized by using a
KLA Tencor Surface Profilometer (model P-6 Stylus Profiler). The resolution of the
surface roughness could be up to 0.5 A. Such profiler functions based on contact mode,
where the stylus (probe) is used to detect the surface and move along the sample surface
in vertical direction to determine the surface height and to measure the minor changes
on the surface as a function of position with a scan length up to 150 nm, vertical
(height) range of 327 pum, and stylus force of 0.3-5.0 mg. The stylus tip of this profiler
is made of diamond (2 pm) and uses a cantilever system with 60° radius to ensure that

the tip is at a constant force during the scanning process.

Apart from detecting surface roughness at a minimum scale, the surface profilometer
measures the thickness of a thin film. In order to measure the sample thickness, a thin
film with linear scratching is required to generate a trace of step between film sample
and substrate surface. Next, the stylus tip is dragged perpendicularly across the
scratched trace to distinguish the film level from the substrates level. The distance
between these surface levels determines the thickness of the thin film. Figure 3.9
illustrates the surface profilometer applied for characterization in this study. The sample
preparation for surface profilometer was performed by spin coating the organic layer on

top of a cleaned glass.
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Figure 3.9: Image of surface profiler meter KLA tencor (P-6)

(b) Contact angle measurement

The easiest way to measure the contact angle of sessile drop is by applying the
contact angle goniometer technique, in which a direct measurement is performed
visually to determine the contact angle directly to the drop surface at the point of
contact (Dimitrov et al., 1991). The measurements were conducted at room temperature.
Distilled water was utilized as the droplet liquid on top of the VTP thin film, which was
placed on the sample stage as the solid surface. The sample was prepared by spin
coating the VTP on top of a cleaned glass substrate. The film was placed on a horizontal
stage and a 100 ul syringe capacity was positioned at the centre and above the sample
surface with background light behind the droplet to improve the image of water droplet.
The syringe was connected to the micromanipulator. The function of micomanipulator
is to adjust the position of the syringe needle tip carefully above the film. The syringe
tip was adjusted until it was several micrometres away from the sample thin film surface
in order to minimize the gravitational effect upon release of droplet. The spreading
process upon release of 1 ul water droplet was recorded using a computer-connected

CCD camera.
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In this study, the wetting behavior of the VTP thin films was examined by measuring
the contact angle using a computer installed with OneAttension software. Figure 3.10

illustrates the measurement set up for contact angle measurement.

Figure 3.10: Schematic diagram of contact angle measurement set up

3.4.2 Structural characterization

(a) Raman spectroscopy

The incident light (photon) that propagates through a material scatters into two
scattering types, namely Rayleigh scattering (elastic) and Raman scattering (inelastic).
In Rayleigh scattering, the incident photon that propagates into a material emits with the
same energy and frequency, but with varied propagation directions. Such scattering
does not alter the electronic state of the material. As for Raman scattering, the photon
energy that passes through a material is absorbed by the material (molecule) and excites
to a virtual electronic level. The molecules relax at a ground state to either a lower-
energy level (Stokes) or higher-energy level (Anti-stokes) relative to its original state by
emitting another photon. The emitted photon has lower energy than the incident photon.

In Raman spectroscopy, monochromatic light from a laser (in UV/visible/NIR range) is
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applied to interact with the molecular vibration system, whereby the shift in laser

photon offers information regarding the system vibrational modes (Frost, 2006).

In this study, Raman spectroscopy with 512 nm excitation wavelength was applied to
assess the molecular structure and the bonding properties of VTP thin film and
VTP:PC71BM. Figure 3.11 portrays an image of Renishaw inVia Raman microscope.
The sample preparation for Raman spectroscopy incorporated spin coating the organic

layer on top of a cleaned glass.

Figure 3.11: Image of Renishaw inVia Raman microscope
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3.4.3 Chemical characterization

(a) X-Ray Photoelectron Spectroscopy (XPS)

The XPS was applied to determine the chemical bonding of the VTP material. The
samples meant for such characterization must be placed in ultra-high vacuum (UHV)
setting with low pressure below 2.7 X 1078 Pa. Such environment minimizes any
contamination on the sample by a gas molecule. High energy x-rays (100-2000 eV)
allow electrons from the core level to be injected into the sample. The thin film surface
is illuminated by UV radiation or x-ray photon energy. The core electron of the atoms is
knocked out from the sample surface due to the illumination of high-energy x-ray
photons. The ejected electron, known as photoelectron, is detected and collected by an

electron analyzer that measures its kinetic energy (Geng et al., 2002).

In this study, the elemental composition of VTP thin film was assessed via XPS (PHI
Quantera II), along with photoemission spectroscopy (PES) beamline BL3.2 at the
Synchrotron Light Research Institute (SLRI) located in Thailand. The sample was
prepared by spin coating the VTP layer on top of ITO-coated glass substrate to hinder
charging effect. A Thermo VG Scientific CLAM2 electron spectrometer was attached to
the PES system and operated at a maximum photon energy of 600 eV with an energy
step of 0.1 eV. The retrieved binding energy spectra were calibrated using C 1s energy
of 284.6 eV, which had been assigned to the adventitious carbon that exhibited
unavoidable presence in all air-exposed materials. Figure 3.12 displays a schematic

diagram of basic XPS characterization.
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Figure 3.12: a) Schematic diagram of basic XPS operation, and b) principle of
photoemission: when an x-ray (red arrow) bombards a sample, some electrons (orange
sphere) become sufficiently excited to escape the atom (black arrow)

3.4.4 Morphological characterization

(a) Atomic Force Microscopy (AFM)

Several studies concerning organic film surfaces had used AFM to gain
understanding of the morphology of a specific material or blend layer. The surface
morphology of a thin film can immensely influence its electronic properties. This refers
to one of the main characteristics of an organic semiconductor film. Figure 3.13
illustrates a schematic diagram of a standard AFM instrument. The sample surface is
scanned with a sharp silicon tip that is connected to a piezo oscillator. Upon touching
the sample surface, the tip interacts with the molecules and the tip becomes deflected.
This deflection is determined by the reflection of laser light that is reflected to a fast
photo-diode, which is used by a feedback loop to control the movement of piezo
scanner that moves the tip. The AFM is operated in tapping mode, wherein small force
of interaction serves between tip and sample surface to avoid damaging the organic
material. Sample preparation for AFM was executed by spin coating the organic layer

on top of a cleaned glass.
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Figure 3.13: Schematic diagram of AFM scanning mechanism

3.4.5 Optical characterization

(a) Ultraviolet/visible/infrared (UV/Vis/NIR) Spectrophotometer

A number of methods are available for electromagnetic radiations to interact with
matter. The term ‘spectroscopy’ refers to the study of interaction between
electromagnetic radiations of varied energies and matter, whereby each interaction
reveals some properties of the studied matter. A spectrophotometer is an instrument that
measures the amount of light in a certain wavelength range upon passing through a
medium. The basic concept of this spectrometer is that when light propagates through a
material, an interaction occurs with the molecules inside the materials, thus resulting in
absorption, transmission, and reflection of light. These interactions happen when the
electromagnetic (light) photons are absorbed by the molecules and energetic enough to
promote the outer electrons from the HOMO level to the LUMO level of the material,
thus creating electronic transitions. Figure 3.14 displays the potential electronic
transitions that occur in organic molecules that contain bonded 7, o, and unbonded

*

neutral (n) electrons, namely m — n*,n — n*, n — ¢*, and ¢ — o* transitions,

whereby those conjugated (star) contribute to the anti-bonding of respective transition
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electrons. Of the six transitions outlined, only two higher wavelengths were achieved in
the range between 200 and 800 nm spectrum, which is attributable to n — m*and m —
n* transitions found within the UV-visible region. Meanwhile, n — ¢* and 6 — o

transitions occur in shorter wavelengths ranging below 200 nm.

Figure 3.14: Transitions of electrons (Retrieved from: https://www.chemguide.co.
uk/analysis/uvvisible/theory.html)

Most organic materials have m-conjugated system with the presence of single and
double carbon-carbon bonds. The double bond transitions the m conjugated electron
from either m or n electrons. Such transitions can be detected by UV/Vis/NIR
spectrophotometer that corresponds to the energy absorbed to promote an electron from
low to high energy orbital. Thin film absorption was studied using Perkin Elmer
Lambda 750UV/Vis/NIR spectrophotometer that covered wavelengths between 190 and
3300 nm. The UV-Vis resolution for this spectrophotometer ranged from 0.17 to 5.00
nm, while 0.2 to 20.0 nm for NIR resolution. Sample preparation for UV-Vis

spectroscopy involved spin coating the organic layer on top of a clean glass.

Figure 3.15 shows an image of UV/visible/NIR spectrophotometer Perkin Elmer
model Lambda 750 that has two substrate holders: 1) reference for baseline calibration,

and i) sample for optical characterization of thin film sample. For baseline
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measurement, two uncoated substrates were placed on both holders. Characterization of
thin film was conducted after performing the baseline analysis, which is by replacing
one of the uncoated substrates with that coated. Light absorption intensity of the thin
film was identified based on the uncoated substrate as reference. The light source from

UV and NIR derived from deuterium and tungsten lamps.

Figure 3.15: UV/visible/NIR spectrophotometer Perkin Elmer model Lambda 750 with
enlarged images of reference and sample holders of the spectrophotometer

(b) Photoluminescence spectroscopy

The process of luminescence occurs when radiations or other forms of energy are
converted to visible light. Photoluminescence refers to the process that happens in a
material when an electron in lower energy level state (HOMO) is excited by incident
radiations to a higher energy level state (LUMO), and then, falls back to a HOMO state
by emitting photon of lower energy. Such characterization has a significant role in
determining the optoelectronic properties of OLED and OSC. The PL measurement in
OLED application is required, mainly because higher PL intensity signifies that the
material is good to produce light due to the huge number of recombination rate of

photo-induced electron-hole pairs. As in the OPVs application, lower intensity of PL is
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required to generate photocurrent due to less recombination rate (Ligiang et al., 2006).
This characterization offers a vivid illustration on electron-hole pair interaction, if they
recombine or dissociate under conditions in which energy is emitted in the form of

luminescence photon.

Figure 3.16: Photo-excitation and emission process

Figure 3.17: The PL spectrometer (Horiba LabRAM HR Evolution)

Figure 3.16 portrays the photo-excitation and emission processes that occur when an
electron receives sufficient energy to excite and return to the valence band through
release of energy. Figure 3.17 shows the PL spectrometer from Horiba LabRAM HR
Evolution, which was applied in this study using 325 nm excitation wavelength. The PL
measurement included fluorescence, phosphorescence, chemiluminescence, and
bioluminescence. The sample for PL spectroscopy was prepared by spin coating the

organic layer on top of cleaned glass.
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3.4.6 Electrical characterization

(a) Cyclic voltammetry (CV)

The CV refers to a convenient method for a broad range of applications. In this
study, CV was applied to measure the HOMO and LUMO values of VTP small
molecule organic material. Prior to device fabrication of OPVs and OPDs, selection of
the most suitable active semiconducting material is crucial, whereby the active region
turns into a place for charge generation, separation, and transfer to occur under light
illumination. In satisfying the energy requirements for BHJ device architecture, the
LUMO level of the acceptor must exceed the donor to allow transfer of electron,
whereas the HOMO level for the donor must exceed the acceptor to permit transfer of
holes, so as to generate photocurrent (Forrest, 1997; Tang, 1986). In FET devices, the
function of electrode materials must suit the HOMO/LUMO of the organic
semiconductor layer to ascertain efficient injection of electron/holes into empty
HOMO/LUMO levels. Hence, it is critical to identify the energy levels of HOMO and
LUMO, as well as the energy band gap, when selecting a new material for the

mentioned applications.

In an organic semiconductor, HOMO is described as the energy required to extract
an electron from a molecule, wherein oxidation (0x) process occurs. Meanwhile, LUMO
is the energy required to inject an electron into a molecule, which is also known as the
reduction (red) process (Leonat et al., 2013). The measurement of these processes can
be determined via CV technique by measuring the redox potential reduction energy,
E:ed, and oxidation energy, Eox. Ferrocene, in this case, may serve as a standard reference

with a value of -4.4 eV to calculate the energy of HOMO and LUMO levels. In this
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study, the HOMO and LUMO energy levels were determined by using the following

empirical equations:

E (HOMO) = -¢ [E915¢t + 4.4] (3.1)

E (LUMO) = -e [EZS + 4.4] (3.2)

In CV characterization, the VTP film was prepared on 1 X 3 cm ITO-coated glass via
spin coating method. Figure 3.18 portrays the set up that adhered to common electrical
connections comprising of a platinum working electrode, a platinum wire counter
electrode, and an Ag/AgCl reference electrode. Next, the film was dipped into a mixture
of potassium chloride (KCl) electrolyte and 0.1 M ferricyanide electrolyte. Both
oxidation and reduction potentials were determined with 5 mV/s scan rate, which was

later used to calculate HOMO and LUMO of VTP.

Figure 3.18: Cyclic voltammetry set up
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3.5 Measurement of VTP-based organic devices

This section describes the measurement techniques employed to assess the related
devices. This section is divided into three sections; /-} characterization of (i) transistor

application, (ii) optical application, and (iii) humidity sensor application.

3.5.1 I-V characterization of OFETSs device

A FET refers to a three-terminal device that consists of source (S), drain (D), and
gate (G), whereby each terminal is capable of carrying current. The gate terminal
regulates current between S-D electrodes by generating electric field and controlling
channel formation into the semiconductor layer. The drain terminal is biased with
positive or negative applied voltage, whereas the source terminal is grounded. The gate
terminal is applied with the same polarity of the applied voltage, but the value of the
applied electric field may vary, particularly during the saturation characteristics
measurements. Since transistors contain more than two terminals, they need a two-
channel Source Measure Unit (SMU) to perform the measurement of FET. Figure 3.19
show the image of a two-channel SMU unit Keithley B2900A source meter, which had
been utilized in this work to characterize FET. Figure 3.20 displays the connection of

VOFET device.
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Figure 3.19: SMU unit Keithley B2900A source meter

Drain contact
Source contact (Al)
(AgNW)

Gate contact (ITO)

Figure 3.20: Image of VOFET device

3.5.2 I-V characterization of optical devices

A diode refer to an electronic device that has two terminals; positive and negative,
which allow current to flow in one direction and block it from flowing in the reverse
direction. Despite the vast range of diodes available, this study focused on only two
types of diodes, namely Schottky transport and photosensitive diodes. The I-V
characteristics measurement of these fabricated diodes was performed under dark and

illumination settings at selected wavelengths.

In dark condition, the measurement is executed in sweep voltage mode, which is
suitable for Schottky diode. In illumination condition for photosensitive diodes, the
current generated is higher and the modulus value of short circuit current is increased
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upon exposure to light. All /-J measurements for Schottky diodes were performed using
computer installed with Keithley SMU unit (see Figure 3.21). As for the measurement
of photosensitive diodes, such as OPVs and OPD in this case, the devices were placed
under Oriel 67005 solar simulator. Figure 3.22 portrays the measurement set up for

solar simulator to characterize both transport and photosensitive diodes.

Figure 3.21: Keithley SMU unit

Figure 3.22: Solar simulator measurement setup

3.5.3 I-V characterization of organic humidity sensor devices

The organic humidity sensor often is fabricated in a planar structure, whereby the
VTP is deposited between electrodes on each side. The fabricated device is directly
characterized in custom-made humidity chamber upon completing the fabrication
process. The level of RH value within the chamber can be manipulated. Further details

on the measurement procedure and the sensing response mechanism for capacitive
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outputs are presented in Chapter 6. The electrical characterization measurement was
conducted under multiple applied frequency AC current input with constant voltage bias
of 1 kV. The measurement set up of organic humidity sensors are described in Table

3.2, while the image of experimental set up is illustrated in Figure 3.23.

Table 3.2: Description of measurement set up described in Figure 3.23

Component Roles
Sample holder chamber To place the sample
Humidifier To provide the vapour source
Nitrogen gas To remove the vapour source
Thermohygrometer The RH indication level
LCR meter To measure the sensor outputs

Figure 3.23: Characterization set up of the humidity sensor
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3.6 Summary

This chapter presents all the materials and chemicals applied in this study. The
characterization of VTP thin films, BHJ blended film, and -V characterization of each
device is described accordingly. Finally, based on the properties of optimized thin film
characterizations, three organic devices based on VTP were fabricated, namely VTP-
based OFET applications, VTP-based optical applications, and VTP-based organic
humidity sensor. The fabrication of these devices is elaborated in Chapters 4, 5, and 6,

respectively.
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CHAPTER 4: VTP-BASED ORGANIC TRANSISTOR DEVICES

4.1 Introduction

This work demonstrates the fabrication of VTP-based organic transistor devices of
two architectures; LOFETs, and VOFETs. Prior to fabrication of LOFETs and
VOFETs, the basic properties of HOMO and LUMO of VTP were determined via
oxidation and reduction potentials using CV. The energy level of VTP was determined
via optical absorption spectroscopy, which was analyzed via two methods; absorption
wavelength and Tauc plot. Next, the architecture of VTP-based LOFETs was fabricated
to serve as a control device. Finally, VOFETs were fabricated, wherein the device

thickness was optimized to improve their performances.

4.2 OFETSs Technology Development

The emergence of OFETs in the present technology progression has received
remarkable attention from both research and industrial sectors, mainly due to their
flexibility, physical features, lower production cost, and suitability for application in
large area of consumptive productions (Jaisutti et al., 2010). In spite of their impressive
features, the use of organic semiconductor in conventional LOFETs seems to exhibit
poor electrical performance, for instance, low output current, high operational voltage,
and low operational frequency (Kudo et al., 1998). These discrepancies are attributable
to low charge carrier mobility in organic semiconductor materials, and the long channel

path for the charge carriers to flow from source to drain in LOFETs (Kudo et al., 2001).

59



In recent times, researchers have made extensive efforts to circumvent the above
mentioned shortcomings by fabricating the organic transistors in vertical arrangement
(Yu et al., 2016) by employing organic semiconductors, such as MPc derivatives
(Kvitschal et al., 2015). The MPc is a promising organic materials with tailored
properties and comparable performance to conventional inorganic materials applied in
optoelectronic applications (Melville et al., 2015). The MPcs, along with their various
substituents on macro-ring and metal derivatives, have garnered much interest in light
of electronics and optoelectronics applications due to their charge transport properties,
thermal and chemical stability, as well as massive absorption coefficient at Q-band
(visible spectral region) (Sakamoto & Ohno, 1997). One well-known MPc that has been
employed as an active layer is VOPcPhO, which refers to small molecules p-type
semiconducting material widely applied in OPVs and OPDs (Abdullah et al., 2012;
Zafar et al., 2014). Such organic material has a tendency to have low turn on voltage
when fabricated into OFET. As for vanadium phthalocyanine derivative or VTP, it has
yet to function as an organic layer in OFET fabrication. The VTP and its derivative
(VoPcPhO) differ in terms of their substituents in the macro-ring of Pc. Incorporation of
certain attachments to the macro-ring site of VTP exhibits essential variances in its
charge transport, absorbance spectra, and ease of synthesis, which suit a range of

applications (Ahmad Makinudin & Supangat, 2016; Melville et al., 2015).

The fabrication of VOFET had significantly reduced channel length, wherein the
source and gate electrode were separated by few hundreds of nanometre due to the
thickness of active organic layer. This, in turn, addressed the drawbacks of the
conventional OFETs by producing lower operational voltages and higher output current.
The structure of VOFET refers to vertically stacked layer-by-layer with the gate placed

at the bottom, followed by dielectric layer, intermediate source electrode,
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semiconducting channel layer, and top drain electrode. Kudo et al., (2001) reported that
the vertical arrangement of FET using CuPc as the active layer benefitted in terms of
operational output current at ~2.6 X 10° A, along with two orders larger than that of
LOFET. Kvitschal et al., (2015) investigated the fabrication of VOFET using an Sn
single layer as source grid electrode and CuPc as channel semiconductor. Their research
revealed that the VOFET using CuPc as semiconductor material operated at low
operational voltage using Sn grid, which signified permeability to the electric field.
Halizan et al., (2017) assessed the performance of VOFET, wherein VOPcPhO served
as channel semiconductor layer by altering the morphology of dielectric layer. The
outcomes indicated the successful fabrication of VOFET device and the enhanced
performance of VOPcPhO-based device with porous dielectric, when compared to that

with non-porous layer dielectric film.

This study proposes another p-type of MPc derivative by studying the performances
of the varied architectures of LOFET and VOFET. This study assessed the less-reported
MPc that derives from vanadium phthalocynine, which is also known as VTP. To the
best of the author’s knowledge, VTP has not been applied in the fabrication of FET so
far. The values of HOMO and LUMO of VTP were determined in the initial part of this
study. Subsequently, LOFET was fabricated to assess the effect of FET performance on
two arrangements. Finally, the optimization of active layer thickness in fabricated

VOFET devices was performed.
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4.3 Experimental procedure

The ITO-coated glass substrates (~20 /sq sheet resistance) with 2 X 2 cm?
dimension were thoroughly cleaned by adhering to the cleaning protocol elaborated in
Section 3.3.1 of Chapter 3. A 10 mg/ml of active layer solution was prepared by
dissolving VTP powder into chloroform and subjected to stirring process for 1 h. The
thin film sample was prepared via simple spin coating method at a spin speed of 2000
rpm for 30 s. After that, the thin film was annealed at 100 °C for 30 min. Next, the
absorption spectrum of the film was characterized using PerkinElmer LAMBDA 900

UV-Vis spectrophotometer, which was later applied to estimate the optical energy gap.

The VTP film was prepared on 1 x 3 cm ITO-coated glass via dip-coating method
for CV measurement. The set up adhered to the common electrical connection that
comprised of a VTP thin film working electrode, a platinum wire counter electrode, and
an Ag/AgCl reference electrode. After that, the film was dipped into a mixture of KCI
electrolyte and 0.1M ferricyanide electrolyte. The oxidation and reduction potentials
were determined via 5 mV/s scan rate, which were later applied to calculate HOMO and

LUMO of VTP.

The LOFETs in lateral geometry were fabricated in bottom gate staggered structure
configurations, while the layer-by-layer method was employed to fabricate VOFETs.
Initially, in fabricating LOFETs and VOFETs, the cleaned ITO-coated glass substrates
functioned as gate electrode. The copolymer poly(vinylidene fluoride-
trifluoroethylene), or P(VDF-TrFE) 75/25, was purchased from Kureha and used
without further purification as the dielectric layer. A 5 wt% of P(VDF-TrFE) solution

with dielectric constant of 13 was prepared using methyl ethyl ketone (MEK) as solvent
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prior to being spin coated onto the ITO substrates (Nguyen & Lee, 2006). Next, 200 nm
of PVDF-TrFE thin film, which functioned as dielectric, was prepared via spin coating
method with the optimized spin speed of 4000 rpm for 30 s. The samples were kept in
the oven overnight at 80 °C to remove residual solvent and they were further annealed
at 100 °C to enhance the crystallinity of P(VDF-TrFE) thin films (Mahdi et al., 2014).
In particular for fabrication of OFETs, the organic layer with spin speed of 2000 rpm
was spin coated on the dielectric layer. Finally, the formation of 100 nm aluminum (Al)
top contacts of source (S) and drain (D) of the device was deposited in vacuum

condition via thermal evaporation.

As for VOFET fabrication, silver nanowires solution (AgNWs) with 5 mg/ml
concentration, which served as source channel, was applied as received from Novarials
Corporation. It was spin coated onto ITO/PVDF-TrFE substrate at a constant spin speed
of 5000 rpm for 30 s, and later, annealed at 80 °C for 1 h. The length and diameter of
the AgNWs were 15 pum and 20 nm, respectively. Next, the VTP thin films were
produced by spin coating some drops of 10 mg/ml of VTP solution on top of
ITO/PVDF-TrFE/AgNWs. Prior to that, the VTP was dissolved in chloroform solvent
and its concentration was kept constant for all devices. Varying the spin coating rate at
500, 2000, and 3000 rpm for 30 s generated varied thicknesses for VTP thin films. The
thicknesses of dielectric layer and electrodes were fixed. Lastly, the sample was
transferred into a vacuum chamber for the deposition of 100 nm Al drain electrode on
top of the VTP layer under 0.0024 kPa base pressure. A shadow mask was applied to
control the area and the shape of Al electrodes. The device area, defined by the
crossover area between S-D electrodes, was 3.03 mm?. The cross-sectional views of the
fabricated LOFET and VOFET are shown in Figures 4.1(a) and (b), respectively. Next,

the fabricated devices were electrically characterized under standard steady state
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conditions using Keithley B2900A source meter, while the film thickness was measured

with KLA Tencor Surface profilometer (model P-6 Stylus Profiler).

Figure 4.1: Cross-sectional views of (a) LOFET, and (b) VOFET

4.4 Results and discussion

4.4.1 Determination of energy band gap of VTP

Figure 4.2: UV-vis absorption spectrum of VTP thin film to measure the optical band
gap

The electronic absorption spectrum of VTP thin film was characterized via UV-Vis
spectroscopy, as illustrated in Figure 4.2. The two methods employed to determine the

energy band gap are: 1) absorption spectra, and 2) Tauc gap relation. Schlaf et al.,
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(2000) asserted that the energy band gap for the first mentioned can be extracted from
the UV-vis absorption spectrum by extrapolating a line on a dominant peak towards a

corrected absorption base line.

The Q-band peak was selected, instead of the Soret band due to the promotion of
electrons from HOMO to LUMO level in VTP. As depicted in Section 2.4, Q and Soret
bands refer to the transition from ground to the first and the second excited state,
respectively. The calculation of energy band gap in the Soret band may not be as precise
as it represents the transitions from the internal orbital. The red shifting of the Q band of
VTP, in comparison to the other Pc, is attributable to the expansion of m conjugation in
the molecular structure. The value of wavelength at the intersection of both lines can be
applied to determine the optical energy band gap through Equation (4.1), as given

below:

E, =22 eV (4.1)

Turning to this study, based on Figure 4.2, the intersection of both lines was noted at

890 nm, which corresponds to optical energy band gap of 1.39 eV.

The second method that determines the optical band gap is the Tauc gap, wherein
this technique has been acknowledged to offer more accurate value in characterizing the
optical band gap of amorphous semiconductor material (Viezbicke et al., 2015). This
approach uses the near-edge region that can fit a simple expression, whereby the
intercept gives the band-gap, while the fitting exponent determines the electronic

transition as direct or indirect gap. In Tauc plot, the square of absorption coefficient and
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photons energy (aE)? is plotted against the photon energy using the following

expression (Rafique et al., 2016; Stenzel, 2005):

(ahv)" = ao(hv — E,) (4.2)

where, E; is the band gap that corresponds to a specified transition that occurs in
samples, a, denotes a constant, h represents Plank’s constant, v refers to transition
frequency, and r is an exponent that determines the band of transitions classification.
The r value may reflect 2, 1/2, 2/3, and 1/3, respectively in relation to direct allowed,
direct forbidden, indirect allowed, and indirect forbidden transitions (Mohammadian-
Kohol et al., 2016). Meanwhile, a denotes absorption coefficient that is expressed as
a = 2.303 A/t, where A and t refer to absorption and thickness of film, respectively
(Muhammad & Sulaiman et al., 2011). The optical band gap is determined from the
extrapolated values from the straight line to the abscissa. Figure 4.3 illustrates the Tauc
plot of (aE)? versus photon energy (E) of VTP thin film, wherein the value of optical

band gap evaluated via Tauc plot method is 1.42 eV.

Figure 4.3: The Tauc plot method
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In order to ascertain the type of transitions, Equation 4.2 can be manipulated by

embedding natural logarithm and derivative, as given in the following:

d[in (ahv)] _ r
dlhv] ~ hv-Eg (4.3)

d[In(ahv)]

Figure 4.4 portrays the plot of Aol

. The slope of In(ahv) versus In(hv — Ej)

determined the value of , and in this case, the value of » ~ 2 signified the existence of
direct allowed optical transitions between intermolecular energy bands in VTP thin
films. This appears to be in line with band-to-band transition in other Pcs group (Collins

et al., 1993; El Nhass et al., 2001; Krier et al., 1993).

Figure 4.4: In(ahv) versus In(hv — E ) to determine the type of transition
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4.4.2 Determination of HOMO-LUMO of VTP

The values of HOMO and LUMO of organic semiconductors compound are the
fundamental parameters in designing and fabricating the electrical devices. In this study,
both HOMO-LUMO levels of VTP were determined via electrochemical analysis.
These values are significant as they ascertain that materials between metal, organic
materials, and metal in energy level are aligned during fabrication of device, so as to
allow the charge carriers to move under the influence of electric field (Meixner et al.,
2006). Figures 4.5 and 4.6 illustrate the oxidation and reduction curves of VTP thin
film, respectively, while Equation 4.4 presents the direct calculation of HOMO-LUMO

in an empirical manner:

Enomonrvmo = -e [Eoxrep + 4.4] (4.4)

Where Eox and Egrgep reflect the onset values for oxidation and reduction curves,
respectively. The -4.4 eV value applied in the equation refers to the value of ferrocene
that functioned as known reference in light of vacuum level (Shafiee et al., 2011). The
values of Eox and Erep onsets were 0.7 e} and -0.5 eV, respectively, based on the plots;
while the calculation resulted in -5.10 e} and -3.90 e}V for HOMO and LUMO energy

levels of VTP, respectively.
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Figure 4.5: Current-voltage curve of VTP for oxidation curve

Figure 4.6: Current-voltage curve of VTP for reduction curve

4.4.3 Current-Voltage (I-V) performance of lateral OFETs (LOFETS)

This performance of VTP as the active layer in the fabricated OFET device was
assessed by looking into output and transfer characteristics. Figure 4.7 displays the
output characteristics, in which /-V values are plotted by biasing the negative D-S
voltage, Vps, at fixed negative G-S voltage, Vgs. The increment of Jps at each increment

of -Vis revealed that the device operated in p-channel (holes charge carrier or positive
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charge) accumulation type OFET. Nonetheless, Figure 4.7 discloses that the output

characteristics did not adhere to the normal curve in LOFET.

Figure 4.7: Output characteristics of lateral OFET curve

The Jps-Vps characteristics turned parabolic when the device was operated in the
linear region and failed to attain the saturation region. Failure to meet saturation could
probably due to the preformed channel that resulted in incomplete formation of pinch
off current. Since it is common to characterize OFETs using high voltage range (Lai et
al., 2018), a technical limitation is reported here at the time of characterization due to
constriction in power supply at the laboratory up to merely 40 V' that restricted the
voltage range only to linear region. Past studies suggested that in order to gain
saturation region, operating the device at higher drain or gate voltages is a must,
primarily due to the irregular deposition of organic semiconductor around the contacts
during fabrication, instead of the device structure (Cosseddu & Bonfiglio, 2007;

Ishikawa et al., 2010; Mittal et al., 2012).
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Figure 4.8: Transfer characteristics of lateral OFET curve at Vps=- 10V

Figure 4.8 shows the transfer characteristic curve of VTP-based LOFET, expressed
as follows; Ip versus G-S voltage, Ves at constant S-D bias, and Vps = -10 V. Increment
of Ip towards negative voltage values (see Figure 4.8) revealed that the device operated
as p-type transistor with the semiconducting VTP material. For the p-type material to
function in the device, Vgs< 0 V ascertains flow of current. The on—off current ratio
(Lon/lopy) 1s a vital parameter that describes the performance of a transistor. This ratio,
which reveals the ability of a device to shut down, is retrieved from the transfer curve
by dividing the maximum Ip over its pinch-off current. Next, the threshold voltage (V1)
was determined from the intersection of the linear relation between the square root of
output drain current and Vgs. The V7 value indicates the starting point of the electric
current flow (Kymissis, 2008). Figure 4.8 displays that the ratio of the on-to-off current

for VTP-based OFET is 10°, while the apparent threshold voltage is 10 V.
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4.4.4 Current-Voltage (I-V) performance of vertical OFET (VOFET)

In enhancing the VTP-based LOFET, the device structure was modified to vertical
arrangement, whereby the active layer (VTP) was sandwiched between S-D electrodes.
Concurrently, the thickness of VTP was optimized to benefit from the best optimum
transistor characteristics. The FESEM images in Figure 4.9 (a) display that the AgNW
covered the whole substrate surface. Both the length and diameter of AgNWs
determined from the FESEM exhibited in Figure 4.9 (b) are ~15 um and ~20 nm,
respectively. The AFM images in Figures 4.9 (c) and (d) portrays the rough surface

morphology with surface roughness RMS of ~14 nm.

Figure 4.9: a) FESEM image of AgNWs at low magnification, (b) FESEM image of
AgNWs at high magnification, (¢) AFM image of AgNWs, and (d) AFM 3D cross-
section image of AgNWs
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Figure 4.10(a) illustrates the schematic diagram of the solution-processed VOFET
that is composed of two connected cells, which are capacitor and active cells. The
middle electrode sandwiched between these two cells is the source electrode, which has
thin layer and rough morphology. The top and bottom electrodes function as the drain
and gate electrodes, respectively. The polarization conditions were biased by using
varied polarities to the gate and drain electrodes, thus resulting in negative bias for the
p-type organic materials (Li et al., 2008). The source electrode, nevertheless, remained
grounded throughout the operation. Yang and Wudl asserted that a nanometre-scale
phenomenon called ‘near field effect’ could take place when the charge distribution
length (1) (at source interface) is comparable with the thickness (d) of the source
electrode layer. They added that an electric field that exists at the organic/source

interface modifies the current between S-D electrodes (Yang & Wudl, 2006).

Figure 4.10: (a) A schematic diagram of the VOFET structure with the active and
capacitor cells sandwiching the source electrode. (b) Energy-level diagram displaying
the work function of certain elements and the HOMO-LUMO energy of each material
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Figure 4.10(b) portrays the energy-level diagram based on the work functions of
ITO, Al, and AgNWs, as well as the HOMO/LUMO of VTP determined earlier. A
significant concept pertaining to the VOFET refers to the control of charge injection,
particularly the hole injection from the source electrode to the organic active layer
(Yang & Wudl, 2006). The ambipolar transport behavior, hence, may be achieved via
VTP thin film due to similar injection barrier heights for both charge carriers at S-D
electrodes, after weighing in the absence of interface polarization. The use of Pc
derivative served as p-type material in fabricating the organic transistor as a hole
injection or transport layer. This is due to the adsorbed oxygen that functioned as an
acceptor on the band gap (Kvitschal et al., 2015). The hole transport is potentially more

dominant in the devices when the drain is negatively biased.

The VTP layer in this study, which served as p-type organic semiconductor, was
applied as the active cell. The current injection for the active cell was regulated by the
amount of hole injected from the source electrode. Figure 4.11 portrays a schematic

band diagram between source and organic interface.

Figure 4.11: A schematic band diagram between source and VTP organic layer
interface a) without bias, and b) with negative gate bias
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As illustrated in Figure 4.11, prior to biasing the gate voltage (Ve = 0 V), the large
barrier height at the source/organic interface prevented the hole being injected into the
organic layer efficiently. The capacitor cell had built up when the negative gate voltage
was biased, which generated positive charge in the source electrode layer. Therefore,
the barrier height between source and organic layers was lowered by a certain value, so
as to allow the injection into the organic layer and to give rise to the S-D current upon

the application of drain bias.

Figure 4.12: Output characteristics of VOFETs with varied VTP thicknesses at (a) 90 £
5 nm, (b) 80 £ 5 nm, (c) 66 £ 5 nm, and (d) 52 £ 5 nm (Inset in (a) is the output
characteristic of -Vps =0 - 40 V)
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Figure 4.12 illustrates the output characteristics (-Jps vs -Vps) of VOFETs with
varied channel lengths. The channel length between S-D electrodes was determined by
the thickness of active layer measured using KLA Tencor surface profilometer. Table
4.1 summarizes the parameters retrieved from each device. Figure 4.12 discloses that
the output current density, Jps, was controlled by -Vgs, with Jps within the mAcm™
range. The inset in Figure 4.12(a) portrays Vps was swept from 0 to -40 V to reflect a
small range of output current saturation, while Figures 4.12 (a-d) show that Vps was

swept from 0 to -30 J with varied negative gate voltages.

All curves signified similar output profiles that were composed of linear and
saturation regions. The maximum output current density achieved from the plotted
curves in Figure 4.12 (c) was indicated by VTP thickness of 66 £ 5 nm with value of
37.0 mA/cm?. This value is relatively higher than the output current reported by Kudo et
al., (2001). In comparison to devices with other thicknesses (90 £ 5 nm, 80 + 5 nm, and
52 + 5 nm) that are lower in both linear and saturation regimes, the active layer

thickness potentially affected the field-effect current modulation.
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Figure 4.13: Schematic diagram of energy band diagram alignment at ITO/PVDEF-
TrFE/AgNWs/VTP VOFETs device at different biasing voltage at (a) V=0V, (b) Vg
>0Vand(c) Ve<OV

Figure 4.13 illustrates a schematic diagram of hole injection mechanism at the
AgNWs/VTP interface with varying conditions of gate voltage, VG, in which the
mechanism is similar to a Schottky barrier transistor (Yang & Wudl, 2006). As
mentioned above in Figure 4.11, when Vg = 0 V, the high injection barrier height
prevented efficient hole injection from the source electrode. When the gate was
positively biased, Ve > 0, the capacitor cell was charged up. Negative charge was
developed at the AgNWs/VTP interface, which increased the potential barrier height
that decreased hole injection into the VTP layer. At Vs < 0, where the gate was biased
with negative potential, positive charges accumulated at the AgNWs/VTP interface and
lowered the potential barrier height, thus significantly enhancing hole injection from
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AgNWs into VTP layer. This condition is reflected by the output characteristics
portrayed in Figure 4.12. The generated output current is directly proportional to the

amount of charge carrier accumulated in the VTP layer.

Figure 4.14 displays the transfer characteristics expressed as the output current (/p)
value against gate voltage (Vss), which was swept from -10 to 10 V at a constant Vps= -
10 V. The VOFET with 66 + 5 nm thickness (see Figure 4.14 (c)) gave the best lou/Iof

~10°, when compared with the other three thickness values.

Figure 4.14: Transfer characteristics of VOFETs with varied VTP thicknesses at (a) 90
+ 5 nm, (b) 80 £ 5 nm, (c) 66 £ 5 nm, and (d) 52 £ 5 nm with applied D-S voltage at Vps
=-10V
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As depicted in Section 4.4.3, the threshold voltage (V7) was determined from the
intersection of the linear relation between the square root of output drain current and
Vags. The V7, which was measured from the transfer characteristics, showed that both 66
+5nm (7.0 £ 0.2 V) and 52 £ 5 nm (7.0 £ 0.2 V) were comparable, when compared to
90 + 5 nm and 80 £ 5 nm thicknesses that recorded higher V7 of 8.0 £ 0.2 V' and 7.6 +
0.2 V, respectively. Table 4.1 summarizes the thickness, the output D-S current density,

the saturation of drain current density, and the turn on-off current ratio for these devices.

Table 4.1: Transistor parameters retrieved from output, as well as transfer
characteristics of LOFETs and VOFETs

Output
OFET Spin | Channel current Threshold
device | s l:ee d | length density voltage | gaturation | ON/OFF
structare (fpm) (mA/cm?) ) voltage (V) ratio
ESOM | atVps= | 42y
30V
LOFET 2000 6000 2.5x 10 10.0 - 10?
500 90 12.6 8.0 35 103
1000 80 12.2 7.6 27 10°
VOFET | 2000 66 37.0 7.0 25 10°
3000 52 32.2 7.0 25 10*

Table 4.1 lists the extracted transistor parameters from the output and transfer
characteristics of LOFET and VOFET. It is evident from Table 4.1 that the
arrangements of devices and variations in channel length greatly influenced the
transistor performances. As mentioned earlier, the channel length of OFET was
evaluated as the gap of S-D (LOFET); while in VOFET, the thickness of VTP film
determined the channel length. The channel length in LOFET was 100-fold longer than

that of VOFET. The thickness of active layer (VTP) was decreased upon increment in
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spin speed. It is observed that the lowest spin speed of 500 rpm formed the thickest VTP
layer at 90 + 5 nm, which gave relatively lower current density of 12.6 mA/cm?. Despite
the expectation that increased film thickness can enhance the morphology of the active
layer, it failed to facilitate the flow of current, especially between S-D. Perhaps, the
transport of charge carriers was restricted due to increased traps density as the thickness
value was getting higher (Yi et al., 2014). When the spin speed was 2000 rpm, the
thickness of VTP reduced to 66 £ 5 nm and produced higher output current density of
37 mA/cm?. At 3000 rpm spin speed, the VTP thickness was further reduced to 52 + 5
nm, but no increment was noted for output current that recorded ~ 32.2 mA/cm?, which
is slightly lower than the VOFET with 66 = 5 nm of active channel thickness. This
clearly indicates that VOFET with 66 £ 5 nm VTP layer displayed the optimum range
of thickness by exerting the best electrical performance than the rest. VOFET with 2000
and 3000 rpm spin speeds displayed similar or approximate outcomes in their threshold
and saturation voltages, except for the slight variance noted in the output current values.
This minor difference is attributable to the change in the active VTP thickness that has

been assumed to dictate the supply volume of charge carriers (Reséndiz et al., 2010).

4.5 Summary

The values of HOMO and LUMO, which were determined via CV measurement,
resulted in -5.10 eV and -3.90 eV, respectively. The optical band gaps of the VTP were
1.39 eV and 1.42 eV for absorption spectra and Tauc plot, respectively. Two types of
OFET arrangements were fabricated by using the simple solution spin coating process.
As a result, the VOFET displayed high current, low voltage operational, and high turn
on/off ratio, in comparison to LOFET. The results seem to correlate with the literature,

whereby this condition is attributed to the short channel length between S-D electrodes
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in the device structure that eventually enhanced the device characteristics. Additionally,
this chapter demonstrated the effect of channel thickness on the performance of
VOFET. The best VOFET performance was attained with a VTP layer of 66 £ 5 nm that

generated the maximum output current density of 37 mA/cm?.
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CHAPTER 5: VTP-BASED OPTICAL DEVICES

5.1 Introduction

The properties of VTP stand alone and its binary (VTP:PC71BM) in utilizing the
VTP-based optical devices had been investigated. That being said, this chapter is
divided into two main sections; (i) the structural and optical properties of single-layer
VTP and the binary blended films, as discussed in detail in the first section.
Additionally, the charge transport behavior of single-layer VTP and its blend was
assessed via /-V conventional method using diode analysis. In section (ii), the optimized
optical properties of VTP:PC71BM were selected to evaluate the photovoltaic effect of
VTP:PC71BM. In optimizing the application of VTP in optical application, the device
was utilized with light detector application. The J-V characteristics were assessed under
dark and illumination conditions to extract the key parameters of photovoltaic effect and
OPD. The device was characterized using external quantum efficiency (EQE) spectra to

correlate the wavelength dependent sensitivity of the photoactive films.

5.2 Properties of Organic Electronics for Optical Devices

Over the past decades, organic materials have been widely assessed to overcome
several shortcomings of the inorganic counterpart in optoelectronic applications. Some
unique properties of organic materials are beneficial for the fabrication of OPVs due to
enhanced sensitivity, cost effective, environment-friendly, and suitability of facile
fabrication methods, such as spin coating, drop casting, dip coating, and spray coating
directly from liquid solutions (Ahmad et al., 2011; Fakir et al., 2012). Over the years,

bulk heterojunction organic solar cell (BHJ OSC) has been extensively investigated for

82



application at high performance in BHJ OPVs and OPDs, whereby an acceptor and a
donor are blended in the photoactive medium to develop D/A interface at the molecular

level (Ahmad et al., 2013; Arbab et al., 2015; Koster et al., 2005).

Among the organic materials, MPcs with heterocyclic macrocyclic organic
compounds, have been comprehensively evaluated for a range of applications (Abdullah
et al., 2012; Roslan et al., 2018). Several MPcs were applied to assess OPVs and OPDs
(Ahmad et al., 2013; Farooq et al., 2015; Hamdan et al., 2013; Zafar et al., 2017),
including VOPcPhO (Abdullah et al., 2012; Ahmad et al., 2013; Zafar et al., 2014).
Turning to this study, an MPc of vanadium metal complex, known as VTP, is proposed.
The aromatic structure of VTP reflects that of VOPcPhO, except for its different
extended ligands. Basically, the ligands in VTP can potentially alter this molecule
photo-absorption sensitivity (Guo et al., 2002; Roslan et al., 2018). To date, VTP has
not been applied as the active layer in any fabrication of OPVs and OPDs. This study
incorporated a blend of two organic compounds; VTP and PC71BM, by primarily
focusing on the wavelength below 650 nm, based on the combination of their absorption
properties. This blend formed a BHJ structure; a homogenous mixture of donor and
acceptor materials with an inter-penetrating networks connection (Zafar et al., 2014). A
network structure is bound to improve charge separation and transport of photo-

generated charge carriers (Zafar et al., 2016).

Herein, VTP is introduced as a donor material with unique absorption properties,
particularly at the lower visible region (Guo et al., 2014). A new composite of donor-
acceptor blended system is initiated in this study by integrating VTP (donor) and
PC71BM (acceptor). This combination had been selected owing to the electronic,

solubility, and optical properties of the two materials. The VTP and PC7:BM possess
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relatively exceptional holes transport and electron transport abilities (Ebenhoch et al.,
2015), thus making them highly sought donor and acceptor components, respectively.
Both organic materials, VTP and PC71BM, display good solubility in most organic
solvents, specifically chloroform, which endows to facile solution process-able
approaches. This soluble property promotes facile fabrication process, primarily
because the main active layer can be easily developed via spin-coating technique. The
absorption of both materials that can cover a range of light has a significant function in
capturing specific light wavelength within visible range. By virtue of synergic
absorption profile of VTP and PC71BM matrix, light absorbance towards lower
wavelength region has been expected to enhance in full visible spectrum. To the best of
the author’s knowledge, this blend system has not been reported elsewhere, thus the
overarching aim of the thesis to introduce a novel BHJ system to assess photovoltaic

response, besides contributing to the progression of highly sensitive photodetectors.

5.3 Experimental procedure

The materials, VTP and PC7:BM, were purchased from Sigma Aldrich (St. Louis,
USA) and applied without further alteration. Each material was dissolved separately in
chloroform to prepare 10 mg/mL solution and was continuously stirred for hours. Both
VTP and PC71BM were mixed in three volume ratios (1.0:1.0, 1.0:1.2, and 1.0:1.4) prior
to stirring for an hour in a nitrogen-filled glove box. The ITO-coated glass substrates
(Ossila, UK) were cleaned thoroughly using acetone, isopropyl alcohol, and de-ionized
water, and later dried using nitrogen stream. A PEDOT:PSS solution (PH1000 from
H.C.Stack) that served as hole transport layer (HTL) was employed to facilitate efficient
hole collection at the ITO electrode. The solution was filtered using 0.45 pm PTFE

filter (Whatman, Germany), spin coated at 3000 rpm for 60 s to generate 40 nm thin
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layer on the surface of ITO and annealed for 30 min at 120 °C. Next, the VTP:PC7:BM
blended solution was filtered with 0.20 um PTFE filter and spin coated on PEDOT:PSS
surface at 2000 rpm for 30 s to produce 65 = 5 nm thick layer film. Later, it annealed at
70 °C for 30 min to ascertain complete solvent evaporation. Finally, aluminum was
thermally deposited in vacuum under 2 x 1077 torr base pressure via shadow mask to
produce 100 nm top-contacts that constituted 0.045 cm? photo-active areas for OSC and
photodetector devices. The sample devices were encapsulated by epoxy glue and cured
using UV light prior to electrical characterization using Keithley 236 Source Measure
Unit equipped with Oriel 67005 (Xenon arc lamp) solar simulator. All characterizations
were performed at 300 K. The thicknesses of all films were determined using KLA
Tencor Surface Profilometer (model P-6 Stylus Profiler). All VTP, PC7BM, and
VTP:PC71BM films were characterized using photoluminescence spectroscope equipped
with 325 nm wavelength laser source (Renishaw, Gloucestershire, UK) and UV-visible
spectroscope (PerkinElmer LAMBDA 900). Surface roughness of the samples were
characterized using Hitachi AFM5100N with SI-DF3 cantilever and 3 x 3 um scan rate.
The cross-section of the samples were analyzed using field emission scanning electron
microscopy-energy dispersive X-ray spectroscope (FESEM-EDX) (JSM 7600-F, JEOL

Ltd., Tokyo, Japan).

Figure 5.1 illustrates the (a) molecular structure of VTP and PC71BM, (b) schematic
diagram of OPVs and OPDs, (c) cross-section FESEM image of the prepared samples,
and (d) device schematic diagram mechanism with energy values reported in the
previous chapter (Roslan et al., 2018; Wang et al., 2015). Figure 5.1(c) discloses that the
thickness of PEDOT:PSS, active layer (VTP:PC71BM), and Al were 40 nm, 65 nm, and
75 nm, respectively. Next, Figure 5.1(d) portrays the principle of photo detection

mechanism that incorporated the generation, the diffusion, the separation of excitons,
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and the transport of charge carriers to their respective electrodes. Initially, it began with
light absorption and formation of photo-generated excitons. After that, the excitons
were diffused to the D/A interface, where electron-hole pairs were dissociated into free
electrons and holes to generate photocurrent. The electrons and holes were attracted to
LUMO (acceptor) and HOMO (donor), respectively. Finally, these separated charges
were transported to the electrodes to produce photocurrent in external circuit (Choy,

2012).

Figure 5.1: a) The molecular structure of VTP (Roslan et al., 2018) and PC7:BM (Zafar
etal., 2017), (b) a schematic diagram of organic photovoltaic and organic photodetector,
(c) cross-section image of prepared sample, and (d)eEnergy diagram for
ITO/PEDOT:PSS/VTP:PC71BM/Al organic photovoltaic and organic photodetector

Figure 5.1(d) exemplifies a diagram on the device energy level. In ensuring efficient
and unlimited charge separation at the D/A interface, appropriate photoactive donor

acceptor pair has to be selected, wherein LUMO energy levels of acceptor must be
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placed below the donor. Additionally, the energy offset of the LUMO for both donor

and acceptor energy level has to be sufficient for photo excitons dissociation.

5.4 Results and discussion

5.4.1 Structural properties using Raman spectrum of VTP and blended thin film

(VTP:PC71BM)

Raman characterization was executed with 514 nm wavelength of laser source.
Figure 5.2 illustrate the micro-Raman spectra of independent VTP and PC7;BM, while
Figure 5.3 portrays a variety of blended films using the two organic materials applied in

this study.

Figure 5.2: Raman spectra of VTP and PC71BM stand alone

As for the Raman shifts noted in VTP thin film, the strong peak at 1610 cm™ is
attributed to skeletal C=C stretching vibration. The band at 1520 cm™' corresponds to

the vibration of nitrogen bridging atoms, while the band at 1403 cm™ is related to the

87



isoindole stretching vibrations, and the band at 1341 cm™ is linked with C-H
deformation. Bands positioned at 1186 cm™ and 1137 cm™ are ascribed to CH bending,

1

whereas peaks noted at 768 cm™ and 545 cm™ are related to ring vibration and ring

deformation, respectively.

The Raman spectrum of PC7:BM thin film displayed significant peak at higher
intensity protruding at 1572 cm™' assigned to C=C stretching. The medium intensity
noted at 1515 cm™ is related to pyrrole stretching, whereas peaks at 1474 cm™ and 1434
cm’! are linked with ring stretching. Additional medium intensity peak at 1377 cm™' is
associated with CH; deformation, while 1342 cm™ and 1263 cm™ are attributed to C-H
deformation. The peak positioned at 1234 cm™ denotes ring vibration, whereas peaks
noted at 1193 cm™!, 1076 cm™!, and 951cm™! reflect CH bending. Band at 511 — 740 cm™
range signify ring deformation, while band observed at 771 cm™ and 399 cm! represent

ring vibration and deformation, respectively.

Figure 5.3: Raman spectra of binary blended films
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Clearly, Figure 5.3 exhibits that incorporating PC71BM into VTP had significantly

altered the molecular structure of VTP thin film. This is verified by the presence and

absence of Raman peaks in VTP:PC71BM blended thin film, whereby some peaks noted

in VTP thin film were absent, particularly at 545, 1186, and 1610 cm’!. The Raman

spectrum for blended film yielded bands almost similar to that of pure PC71BM, except

for some bands that shifted to lower wavenumber, namely 258, 509, 571, 1375, 1431,

1471, and 1569 cm™'. This signifies that PC7:BM functioned as a dominant material in

the VTP:PC71BM blend, in which the impact of VTP on the Raman modes of PC71BM

seemed almost negligible. The downward shifting of wavenumber revealed that the

effective conjugation length of the structure was extended. The Raman shifts for VTP,

PC71BM, and VTP:PC71BM blended films are portrayed in Table 5.1.

Table 5.1: Raman shifts of VTP, PC7:BM and VTP:PC71BM blended films

VTP PC#BM VIP:PCBM | APProximate assignment
of vibrations
- 261 258 Ring deformation
- 399 399 Ring deformation
- 451 451 C-C deformation
- 511 509 Ring deformation
545 542 - Ring deformation
- 576 571 Ring deformation
- 707 709 Ring deformation
- 740 740 Ring deformation
768 771 770 Ring vibration
- 951 953 CH bending
- 1076 1076 CH bending
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Table 5.1, continued

1137 1193 1193 CH bending
1186 - - CH bending

- 1234 1234 Ring vibration

- 1263 1265 C-H deformation
1342 1342 1341 C-H deformation

- 1377 1375 CH3 deformation
1403 1434 1431 Ring stretching

- 1474 1471 Ring stretching
1520 1516 1518 Pyrrole stretching

- 1572 1569 C=C stretching
1610 - - C=C stretching

5.4.2 Absorption properties of pristine VTP, PC71BM and its blended thin film

(VTP:PC71BM)

The BHIJ system is beneficial in terms of its ability in tuning the optical properties
of blended film, viz. wavelength-tunability. With this unique ability, the absorption
properties of the photoactive blended film can be extended easily to a whole new visible
range (Zafar et al., 2014). The absorption spectra of individual films (VTP and
PC71BM) and blended film (VTP:PC7i:BM) are illustrated in Figures 5.4 and 5.5,
respectively. Figure 5.4 portrays the pristine VTP absorption spectrum. Based on the
UV-Vis absorption spectrum, the Pc thin films derived from MOs within aromatic 18z
electron system and from overlapping orbitals on the central metal atoms. The VTP
showcased two broad peaks; the first intense peak at B-band region of 342 nm, and the

second broad peak at Q-band region of 810 nm with a shoulder at ~ 742 nm (Roslan et
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al., 2018). The weak band noted at 514 nm for VTP thin film is linked to n — z*
transition that derives from the nitrogen lone pair of electrons (Chen et al., 2016). In
fact, most films generated by MPc family tend to display these three absorption peaks

within the two well-known regions (Rao et al., 2011).

The B band is reflective of the electronic transitions that occur between molecules,
whereas the Q band is attributable to the HOMO-LUMO (r — ") transition that takes
place in Pc ring (Torre et al., 2004). The strongest absorption peak noted at the Q-band
region represents the m — m* transition that seemed dominant in the second transition,
instead of the initial transition for all rates of spin coating. The Q band displays
maximum absorption peak at a remote wavelength region, primarily because of the
coordination of ligand to metallic ion in Pc (Sanchez-Vergara et al., 2012). The red shift
showcased in VTP absorption spectrum, in comparison to that of Pc, is associated to the
expansion of extended z ligands within the molecular structure Sakamoto and Ohno
(1997) revealed that shifting of absorption wavelength relies on the alteration that takes

place in electron distribution within the Pc macro-ring substituents.

Figure 5.4: UV-Vis absorption spectra of VTP and PC71BM stand alone
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The absorption of PC71BM enhanced the tendency towards a lower wavelength range
(below 650 nm) with two absorption peaks noted at 378 and 477 nm, including a
shoulder at 570 nm (Abdullah et al., 2015). Less absorption was also observed,
particularly at the valley between B-band and Q-band of VTP, as well as beyond 650
nm in PC71BM. The combination of VTP and PC71BM appears to broaden the
absorption bandwidth to a longer wavelength across the red region. Figure 5.5 illustrates
that the valley between B-band and Q-band, which corresponds to VTP, reduced due to
the presence of PC71BM. The blend of the two components enhanced the absorption of
light at lower visible wavelength range, particularly below 650 nm. This optimal

combination is highly sought for fabrication of exceptional optical devices.

Figure 5.5: Absorption profiles of binary blended film (VTP:PC7:BM) with varied
volumetric ratios
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5.4.3 Photoluminescence spectra of pristine VTP, PC71BM and its quenching

effect of blended thin film (VTP:PC71BM)

The photoluminescence spectra were examined to determine the photophysical
properties, which correlate to the dissociation of excitons produced in the photoactive
film. Theoretically, the decrease in PL intensity (increased quenching effect) enhanced
the efficiency of electron-hole pair dissociation. The PL spectra of pristine VTP,
PC71BM, and blended films were assessed at room temperature using 325 nm excitation

wavelength that ranged between 600 and 900 nm.

Figure 5.6: PL spectra of pristine VTP and PC7:BM

A broad peak of VTP photoluminescence emission (see Figure 5.6) was noted at 687
nm in correspondence to the red region, whereas the emission of PL spectrum for
PC71BM was observed around the same region (711 nm) with a shoulder at longer
wavelength region ~ 740 nm. The outcomes of PC71BM are in agreement with those
depicted in the literature (Zafar et al., 2015; 2017). After the process of photoexcitation,

the generated excitons in interpenetrating the D/A matrix are diffused to the D/A
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interface and experience dissociation. The excitons may either undergo charge transfer
(charges diffuse to their respective electrodes and generate photocurrent) or energy
transfer, and followed by radiative recombination (Dittmer et al., 2000). The PL
quenching in solid state PL spectra appears to be an integral cue that signifies efficient
non-radiative channel for charge transfer between the phases of donor and acceptor

(Zafar et al., 2017).

Figure 5.7: PL spectra of binary VTP:PC7:BM at different volume ratios to investigate
the quenching effect

Based on the PL spectra elucidated in Figure 5.7, increment of PC7i1BM portion
within the blend films showed that the PL peaks were significantly quenched,
particularly for the blend film of 1:4 volumetric ratio. The PL quenching indicated
photo induction in the separation phase for 1:4 stoichiometric composition of D/A
blend, which occurred closer to the exciton diffusion length (Motaung et al., 2009).
Hence, the VTP:PC71BM blend in 1:4 volumetric ratio was applied for further analysis

to fabricate OPV and OPDs.
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5.4.4 AFM morphology of VTP and blended film

The AFM analyses via tapping mode were executed to assess surface morphology
and surface roughness of the deposited films with 3 x 3 pum scan size for pristine
materials (VTP and PC7:BM), as well as VTP:PC7:BM blended thin film with ratios of
1:1, 1:2, and 1:4. Surface morphology has a significant function in dictating the
electrical characteristics of a device. The roughness parameters that involve peak-to-
valley (P-V) and root mean square (RMS) were retrieved from the AFM analysis (see
Table 5.2). Based on the AFM outcomes portrayed in Figure 5.8, which denote pristine
VTP and PC71BM, the values of P-V were 1.02 and 1.43, while the RMS roughness
were 0.24 nm and 0.32 nm, respectively. The RMS values were relatively low;
indicating that both the organic materials possess exceptional solubility in organic

solvent, particularly chloroform (Ochiai et al., 2013).

Figure 5.8: AFM images of pristine (a) VTP and (b) PC71BM
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Figure 5.9 exemplifies the surface morphology of VTP:PC7:BM blended thin film at
varied loadings of PC71BM, which are 1:1, 1:2, and 1:4. Clearly, at lower PC71BM
loading (1:1), the blend displayed very fine features and smoother surface than the rest,
which corresponds to high miscibility that generates homogeneous films (Kannappan et
al., 2012). Upon increasing the PC71BM loadings (1:2 and 1:4), the surfaces of the
blended films appeared to be increasingly uneven, mainly due to relatively lower
dispersibility that increased the P-V and RMS values (see Table 5.2) (Murugesan et al.,
2015). The presence of PC71BM, thus, may have a major role in surface roughness to

result in BHJ of VTP:PC7:BM.

Figure 5.9: AFM analyses of (a) blend in 1:1 ratio (d) blend 1:2 ratio and (c) blend 1:4
ratio.
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Table 5.2: Surface roughness parameters obtained from AFM analysis

Active layer Peak-to-valley (nm) Root mean square, RMS (nm)
VTP 0.31 0.24
PC71BM 1.43 0.32
1:1 1.61 0.40
1:2 2.35 0.46
1:4 2.47 0.62

Table 5.2 displays the surface roughness parameters for pristine VTP, PC71BM, and
blended thin films with varied ratios in light of P-V and RMS. Smaller P-V and RMS
values dignify thin film with smoother surface and nanomorphology. The surface
roughness is closely linked with device performance, wherein higher roughness
contributes to higher device efficiency. The increased contact area between organic
material thin film and metal electrode may affect the charge collection at the interface of

metal and organic materials (Ahmad et al., 2016; Ito et al., 2014; Wang et al., 2015).

5.4.5 Dark current-Voltage (I-}V) characteristics of VIP and blended film of

(VTP:PC71BM)

The measurement of /-7 characteristics in dark setting is invaluable to assess the
junction properties. The crucial parameters retrieved from this analysis include ideality
factor, rectification ratio (RR), reverse saturation current, barrier height, as well as shunt
and series resistance. The illumination setting was excluded due to the minor
fluctuations in light intensity that may generate a significant amount of noise to the

device, thus the difficulty for production. As for dark /-J measurement, injection of
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charge carriers is performed using current, instead of light-generated carriers into the

circuit.

Upon evaluating the stand alone VTP diode properties, Figure 5.10 showcases the
semi-logarithmic plot of /I-V curves of ITO/PEDOT:PSS/VTP/AIl device, which was
analyzed in dark condition and at room temperature. Based on Figure 5.10, the device
displayed a rectifying behavior, which reflected non-linear and asymmetric-like diode at
room temperature (300 K). The RR refers to the ratio of forward current to reverse
current (Ig/Ir) at certain applied voltage. Its value relies on the bias applied, which then
reflects the increased charge injection into the active layer. The RR value of the tested
device was 1.6 at + 0.5 V, which is attributable to the formation of space charge layer at
the interface (Ahmad et al., 2013). The recorded RR value is comparable with MPc
group, as reported in past studies (Aziz et al., 2015; Benhaliliba et al., 2014; Zafar et al.,

2016).

Predominantly, as for the Schottky barrier diode, the thermionic emission theory

predicts that the /- characteristics at forward bias is given as follows:

I =1, exp (%) [1—exp (;quT/)] (5.1)

where, 1, given as follow:

I, = AA'T? exp (-22) (5.2)

kgT

I, denotes saturation current, } refer to forward bias voltage, @, reflects zero-bias

barrier height, kp exemplifies Boltzmann constant, 7 represents temperature in Kelvin,
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A depicts active area, and n is ideality factor of diode device. A* signifies effective
Richardson constant, which is attainable from Richardson-Dushman correlation (A =
4memk?/h3) where m is the mass of electron, e is elementary charge, and /4 is Plank's
constant. Scott and Malliaras (1999) asserted that most organic semiconductor materials
are ideally found at 102A/cm? K2 (Scott et al., 1999). The reverse saturation current is
obtained from the y-intercept of semi log /- curve, which resulted in 0.2 nA upon

weighing in its natural log.

kgT AA*T?
¢b = Lln( .

Zin(* ) (53)
The effective barrier height of junction @, was obtained from Equation 5.3, which
refers to the contact present between the metal and semiconductor interface. This was

calculated using Equation 5.2 with the value of reverse saturation current at 0.673 eV.

The conformity of diode device to pure thermionic emission was determined by
incorporating the ideality factor, n, by using the same semi log /-V characteristics. For
an ideal diode, the n value reflects unity, despite it deviating from its ideal value at
times, wherein the observed value is greater than unity. The value of ideality factor in
this study was obtained from the slope of the linear region in forward bias of semi-log /-

V curves using the following equation:

_q av
"~ kT d(InI)

(5.4)

The ideality factor recorded in this study is 2.93. The n value exceeded ‘2’ due to the
following reasons: non-homogeneous barrier, non-homogeneous thickness of organic
film, temperature (Al-Ta’ii et al., 2016), and the prevalent current in single junction
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photovoltaic device because of recombination (Yakuphanoglu, 2007). Prior studies
reported that the ideality factor of Pc derivatives, such as CuPc, MgPc, and AlPc, is
massive primarily due to recombination issues (Benhaliliba et al., 2014; Rajaputra et al.,

2007).

Figure 5.10: Current-voltage characteristics of VTP-based solar cell in semi-
logarithmic scale

The shunt and series resistance (Ry, and Ry, respectively) are essential factors that

dictate the performance of a device. These resistance values are obtained from the plot

) ) Y av . ) )
of junction resistance, R;, versus voltage, V; R; = TR Massive shunt resistance is

required to decrease leakage of current via cells (e.g. pinholes), apart from suppressing
the recombination of charge carrier at the device interface (Ito et al., 2014; Murugesan
et al., 2015; Servaites et al., 2011). This scenario, however, contradicts the low series
resistance that reflects internal resistance, which allows and enhances high current to
flow through the device, whereby low R; denotes low resistivity of the organic material

(Khan et al., 2011; Lim et al., 2016).
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Figure 5.11 illustrates that the values of shunt resistance, Ry:, and series resistance,
Rs, can be retrieved from the graph of junction resistance (R) versus voltage (V).
Obviously, the resistance decreased exponentially with increment in forward bias. The
R corresponded to the resistance within the vicinity of zero bias, thus resulting in 745
Q/cm?. The R curve was saturated upon continuous supply of forward bias. Therefore,
the applied external electric field compensated for the rectifying potential barrier
between cathode and anode, whereby the current that flowed through the device was
restricted by R,. Hence, the R, value was deduced by extrapolating the saturated part of
the R curve towards the interception with resistance axis, in which the result was

recorded at 32 Q/cm? (Brus et al., 2016).

Figure 5.11: Junction resistance versus biased voltage for single junction VTP device

A similar analysis was executed for the blended film to determine its Ry, and Ry, as
exhibited in Figure 5.12. Meanwhile, Table 5.3 tabulates the estimated values of both
shunt and series resistance values of all diode devices. As a result, the value of R;
decreased from 19.40 to 10.47 and to 7.42 Q/cm? by increasing the concentrations of

PC71BM, respectively. This reduction reflects the increasing surface roughness
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morphology of the highest doping PC71BM (see Figure 5.8), mainly because the Rj
value is closely related to active layer morphology, intrinsic resistance, and thickness of
active layer (Murugesan et al., 2015). The processing additives improved the device
performance by dissolving the aggregates of PC71BM in VTP:PC71BM matrix. This
facilitates the integration of PC71BM molecule into the VTP, thus resulting in a greater
donor-acceptor interface. The enhanced surface interface between D/A in the active
layer contributes to improved migration of exciton between the interface, and favorable
charge separation. It is noteworthy to highlight here that Ry is correlated with pin holes
and traps that are present in the thin film morphology, hence causing charge carrier
recombination and current leakage. Based on Table 5.3, the Ry value increased from
1636.12 to 1724.40, and finally, to 3838.74 Q/cm? with increment of PC7;BM. The
increase noted in Ry, value reflects that the incorporation of PC71BM in the active layer
generated additional percolating pathways that helped the charge carriers to diffuse at a
longer distance, and finally, minimize PL activity (see Figure 5.5) (Muhammad et al.,

2017; Murugesan et al., 2015).
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Figure 5.12: Junction resistance versus biased voltage for PC71BM and blended thin
films of diode devices

Table 5.3: Extracted Ry and Ry, values from junction resistance versus biased voltage

Resistance (Q/cm?) VTP PC71BM 1:1 1:2 1:4
Rieries, Rs 32.00 22.20 19.40 10.47 7.42
R shunt, Rsu 745.00 1863.00 1636.12 1724.40 3838.74

Studies pertaining to charge transport in organic thin film devices can be classified
into two types: charge carrier injection at the interface, and charge carrier transport in
the bulk system. The characterization of the forward bias /-V curves in dark condition
yielded significant characteristics in light of transport mechanism, which is responsible
for the conduction process that took place at the electrode interface. Here, the effective

carrier mobility for all devices had been determined by adopting the space charge-
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limited conduction (SCLC) approach with positive voltage up to 10 V" in dark condition.
Figure 5.13 displays current density versus voltage curves excluding illumination,
which was re-plot in double logarithmic scale to identify the mechanism that dominates
the transport charge in VTP diode. It is common for the double log forward bias J-V to
reveal the power law behavior of J ~ V', where m denotes the slope of each region. The
m value varies with the injection level and is linked with the distribution of trapping
centres. The m = 1 region reflects the ohmic region, while m = 2 is SCLC region, and m

> 2 represents trapped charge limited current region (Chiguvare et al., 2003).

Figure 5.13: The double log scale of J-V characteristics of VTP-based diode device
measured in dark condition

Figure 5.13 illustrates the characteristics of VTP-based diode device to comprehend
the conduction mechanism. The double logarithmic graph is distributed in four regions
(marked with dotted red lines) with various regions having varied slopes; ohmic, SCLC,
traps, and trap-free SCLC regions (TF-SCLC). At low voltage region, the slope was
~1.2; signifying ohmic conduction mechanism. Here, the current increased slowly with
the applied voltage as the injected effective charge carrier density was lower than the

background thermal carrier density (Missoum et al., 2016). In region 2 (intermediate
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voltage range), the conduction mechanism of the device was dominated by SCLC,
wherein the slope was ~2.08. In this scenario, the voltage was more significant than that
of region 1. The density of injected free charge in this region was higher than the
thermally-generated free charge carrier density, hence the increment in current.
Typically, the formation of SCLC is attributed to the low mobility of charge carriers in
organic thin film, thus localizing the injected carriers by the trap states to limit the
carrier conduction of the device (Shang et al., 2006). The presence of traps was due to
structural defects that derived from non-uniformity and sub-atomic structure of the VTP
layer. Under such conditions, the mobility of charge carriers for VTP diode devices was

determined using the following equation:

9 v?
J = ;eon(s (5.5)

where, J reflects current density, V' is voltage, d denoted active cell thickness, &
represents permittivity of free space, €, signifies relative dielectric constant (go =
8.854 x 10712 Fm™1), and u stands for charge carriers mobility. Table 5.4 shows the

estimated charge carrier mobility.

Next, the exponential increase of current in region 3 at higher voltages gave the
slope ~5.6. This condition was dominated by the TFL mechanism, whereby all deep
traps were completely filled by the injected electrons, hence making the existing trap
sites fully occupied. As for region 4, where high voltage was applied, the slope of the
plot decreased sharply (~3.5) as the diode device approached the TFL at high injection
level. At high injection level, the conduction mechanism was similar to that in TF-
SCLC. Here, the injected carriers occupied most of the traps and accumulation of space

charge near the interface electrode culminated in the generation of a field that hindered
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further rejection. The VTP diode between the interfaces contact functioned as if there
was no trap in it and the current varied with the square of the voltage (Gullu et al., 2008;
Janardhanam et al., 2014; Jomaa et al., 2006). The estimated current density in this

region is expressed via Child’s law (Khan et al., 2011; Najeeb et al., 2016):

2
J = ;eeond(s (5.6)

where, 6 denotes the trapping factor defined as (J;//2), in which J; and J> are the initial
and final values of current density in TF-SCLC region, as portrayed in Figures 5.13 and
5.14, respectively. Figure 5.14 portrays the similar analyses applied for the rest of the
thin films, while Table 5.4 summarized the estimated values of charge mobility for all

the diode devices.

Figure 5.14: The double log of J-V characteristics of PC71BM and blended film
measured in dark condition
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Table 5.4: Extracted mobility (cm?/Vs) values for VTP, PC71BM and its varied ratios
from diode measurements

REGIME SCLC TF-SCLC
OPVs Mobility (cm?/V.s) Mobility (cm?/V.s)
VTP 424 x 107 5.00x 107
PC71BM - 1.20x 10
1:1 (VTP:PC71BM) 2.02x 107 7.06 x 107
1:2 1.07 x 10 7.55x 107
1:4 2.38x 10 7.63x 107

5.4.6 Current-Voltage (I-V) performance of VI P-based optical devices

Figure 5.15 shows the I-V performance in dark and under light settings for
ITO/PEDOT:PSS/VTP:PC71BM/Al  photovoltaic  device.  The  photovoltaic

characteristics, such as Jsc, Voc, FF, and PCE (1), are portrayed in Figure 5.15.

Figure 5.15: The J-V characteristics of ITO/PEDOT:PSS/VTP:PC71BM/Al
photovoltaic device under 100 mWcm™ illumination
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The efficiency displayed by the device is attributable to the increased charge
generation that relies on the broader absorption range. Another factor that contributed to
the efficiency in performance is the dissociation of excitons in VTP:PC71BM device due
to the BHJ system. This condition limits the single layer and bilayer solar cells,
primarily because the typical travel path of carriers is below 20 nm prior to
recombination (Cai et al., 2010). This particular blend system yielded efficiency up to
~0.06 %. This is perhaps due to low absorption intensity (see Figure 5.5) within the
visible range spectrum, which is insufficient to enhance charge separation, thus
contributing to the low conversion from light energy to electrical energy. This
corresponds to the low charge carrier mobility displayed by the device. In studying the
potential use of VTP in optical device, the VTP:PC7BM was extended and this resulted
in the OPD device. The presence of extended ligands in the macrocycle of VTP was

expected to improve the sensitivity of the photodetector to yield a good device.

Figure 5.16: Photocurrent density-voltage characteristics of ITO/PEDOT:PSS/VTP:
PC71BM/Al photodetector device
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The electrical performance of ITO/PEDOT:PSS/VTP:PC71BM/Al photodetectors
was characterized using varied light intensities. Figure 5.16 discloses that the
photocurrent density in dark condition (/4x) Was relatively low, while more pronounced
with increasing simulated light illumination (Zign). Increment in photocurrent appeared
to be concomitant to the increasing change in photon density at varied light intensities.
Meanwhile, the dark current was governed by the charge injection from the contacts
into photoactive layer, as well as thermally-generate charge carriers in D/A interface
(Wang et al., 2014). Based on Figure 5.16, the photocurrent value (lign) under 90
mW/cm? at -3 V was -20.72 mA/cm?, while the dark current (Jux) was 1.08 X
10~"mA/cm?. Hence, the Jiigh/ Liark parameter was calculated as 1.91 x 10°. The -3 V
was selected to compare the value of lign / Ll with past studies, whereby
VTP:PC71BM has been proven to possess higher ljign: / Liark value than the rest (Zafar et
al., 2015; Zafar et al., 2015). As depicted in Section 2.4.2 (see Chapter Two) in the
characteristics of organic photodetector, higher value of photo to dark current ratio is

required for better noise rejection ability.

Figure 5.17 illustrates the alterations of photocurrent for varied voltages in
VTP:PC71BM-based photodetectors. The reverse biased photocurrent density displayed
a distinct upsurge in the negative direction along y-axis, which increased the short
circuit current under illumination. The photocurrent-illumination correlation portrayed a
good linearity for each applied voltage. The alteration in photocurrent relies on the

illumination, which is expressed as follows:

Ligne = AF“ (5.7)
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where, Ij;gp; refers to photocurrent, F' denotes light intensity, 4 represents constant, and
a is an exponent. The « value can be retrieved from the slope of photocurrent against
light intensity graph. The expression of the change in photocurrent depends on light
illumination: /] & F* where Jign: signifies current density under illumination, F denotes
light intensity, and « is an exponent, as determined from the slope of log photocurrent
versus log of light intensity curves. For instance, the exponent value at 0.5 shows that
the photocurrent increases in a sublinear manner to indicate bimolecular recombination
of independent and oppositely charged carriers. When the exponent is 1, the correlation
between photocurrent and light intensity is linear; reflecting monomolecular
recombination (Zafar et al., 2015). The detector may exert exceptional sensitivity at
higher voltage bias due to two possible reasons; i) the extended absorption bandwidth
held by composite blend thin film improves the charge generation, and ii) the external
field offers efficient charge transport to the respective electrodes prior to recombination

(Zafar et al., 2016).

Figure 5.17: Photocurrent vs. illumination intensity under various applied voltage for
ITO/PEDOT:PSS/VTP:PC71BM/AI photodetector device
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Figure 5.17 displays improvement in photon absorption and dissociation of exciton
due to the BHJ blend system. The migration of separated charge carriers to the
respective electrode relies on the external force. This external force serves as a transport
to drive the charges via interpenetrating D/A networks. Figure 5.17 portrays enhanced
photoresponse due to the efficiency of charge carriers at higher order potential bias. The
mobile charge carries, at lower potential bias, undergo recombination or get trapped,

instead of being collected at the electrodes.

The present case of OPD at unbiased condition showed that the exponent value was
1.18, which reduced to 0.77 and 0.55 at 2 and 4 V, respectively (see Figure 5.18). The
decrease in the exponent value portrays enhanced hole/electron mobility at higher

degree of bias, as depicted by (Hamwi et al., 2011).

Figure 5.18: Estimation of ‘a’ exponent by logarithmic photocurrent density vs log
scale optical power density at varied forward biased conditions

Figure 5.19 illustrates the photoresponse behavior of the photodetector when the
light was controlled to be periodically turned in ‘ON’ and ‘OFF’ states. Characterization
was performed by recording the changes in photocurrent as a function of time with the

presence (ON) and absence (OFF) of light at 100 mW/cm? under 1V bias voltage. A
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four-cycle plot was recorded under ON/OFF illumination to reveal that the sensor
exhibited exceptional photoresponsitivity with consistent response, good repeatability,
and rapid change of states. The photoresponsivity of the sensor was calculated by using

the following equation:
R = ot (5.8)

where R denotes responsivity, J,p, is photocurrent density at -3 V' (see Figure 5.16), and

P reflects the power of incident light intensity. The sensor responsivity value was

2.07 x 107t A/W.

The rise time, ¢- (time for which device response rises from 10 to 90%) and fall time,
tr (time for which device response decreases from 90 to 10%) at ~350 ms and ~400 ms,

respectively, appeared similar for all six tested devices.

Figure 5.19: The change of photocurrent response under light (ON) and in the dark
(OFF)
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To date, the EQE values of OPDs have been reported to be lower than unit, which
adheres to the photovoltaic working mechanism. Hence, the potential application of
photodiode type photodetector is restricted by low EQE. Figure 5.20 portrays EQE
versus wavelength, which reveals the wavelength-dependent gain of the device (An et
al.,, 2009; Li et al., 2015). This was measured by adopting the IPCE system. This
characterization coincides with the absorption profile of the composite film. This can be
cross-referenced, as the EQE spectrum of VTP:PC71BM OPD covers detection ranging
from 300 nm to 600 nm; making it a promising candidate for photodetector application,

in comparison to its VTP counterpart.

Figure  5.20: The  external quantum  efficiency (EQE) of the
ITO/PEDOT:PSS/VTP:PC71BM/Al photodetector

Table 5.5 presents the comparison of key photosensing parameters of the fabricated
OPD with those reported in the literature. The fabricated OPD device displayed more
significant performance than those reported in prior works. The outcomes are attributed
to the extended ligands on the molecular structure of VTP that may enhance the

sensitivity of photodetector.
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Table 5.5: Comparison of the sensor parameters at -3 } biasing

Type of organic . . Response
photodetector Lon / Liark Responsivity and recovery Reference
. 5x107* (Zafar et
MEH-PPV:VoPcPhO 1.08 mA/W ~4 s both al., 2014)
PFO- 200 and (Zafar,
DBT:MEHPPV: 3.5 x 10* 3.9 mA/W Ahmad, et
~500 ms
PC-.BM al., 2015)
1.91 2.30 X ~350 and Current
VTP:PC7;1BM X 105 10_1A/W ~400 ms work
5.5 Summary

A new composite blend of VTP:PC71BM is proposed in this study to assess the
potential application of optical devices; OPV and OPD. Nevertheless, considering its
achievement in light of efficiency (0.06%), the device failed to meet the sufficient
power conversion amount for real energy harvesting application as a commercial solar
cell. The organic photodetector device displayed enhanced sensing performance, which
is attributable to the suitable selection of donor and acceptor components, represented
by VTP and PC71BM, respectively. In addition, this significant performance might be
due to the extended ligands that presence on the VTP molecular structure which makes
it has high photosensitivity. The result showed photoresponsivity of 2.30 X 10"1A/W
and fast response time of 350 ms, which appear practical for light sensing application.
The study outcomes are expected to pave the path for the use of VTP in photo-sensing
application below 650 nm. Nonetheless, further enhancement is demanded on the

architecture of the detector in light of practical use in vast applications.
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CHAPTER 6: VTP BASED ORGANIC HUMIDITY SENSOR DEVICES

6.1 Introduction

This chapter presents the effects of various active layer thicknesses (66 + 5 nm, 80 £
5 nm, and 90 £ 5 nm) on the electrical properties of VITP-based capacitive humidity
sensor. In doing so, characterization of structural and film wettability was executed to
ascertain that the mechanism of humidity sensing properties in the sensor is well
understood, as well as to establish a controlled production situation. Lastly, by
employing the solution processed spin coating, the sensor devices were fabricated in the
planar geometry of Al/VTP/Al, with capacitance as a function of relative humidity
levels of 1V input to determine the key performance of the organic humidity sensor (viz.

sensitivity, hysteresis plot, and response & recovery).

6.2 General review on organic semiconductor-based humidity sensors

At present, much emphasis has been given on the application of organic
semiconductors in electronic devices. This is due to the promising benefits of their cost
efficiency, lightweight, simple fabrication (via spin coating and drop casting), and non-
toxic nature. These advantages have urged researchers to investigate a wide range of
potential applications in place of the ubiquitous conventional inorganic semiconductors
in electronic devices, such as OLEDs, OPVs, OFETs, junction diodes, and sensors
(Azmer et al., 2016; Raza et al., 2016; Rittersma et al., 2002; Roslan et al., 2018; Wang

etal., 2013; Zhou et al., 2013).
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Based on the extensive evaluation depicted in the literature, humidity sensors hold an
imperative role in a plethora of domains. Studies pertaining to potential organic
humidity sensor applications have been undertaken by several groups to offer indication
of moisture levels and air temperature in the environment. A range of aspects have been
studied; detecting and monitoring the applied humidity in medical equipment,
agriculture stations, and meteorology stations to report and predict the weather. The
excessive amount of water vapor or humidity in the surrounding can affect a number of
chemical, biological, and physical processes in industries or in one’s daily life.
Therefore, humidity sensor is pivotal to monitor the environment and for industrial
purposes, due to its impact on production cost, health, and personnel safety. Useful
capabilities of humidity sensors to work efficiently in a wide range of applications have
been noted and have opened a new spectrum, depending on certain alluring factors, such
as low fabrication cost, fast response and recovery time, good humidity sensing range,
good durability over a long lifespan period, chemical and physical stability, as well as
resistance against contamination. Low power utilization in humidity sensor

enhances efficiency and performance (Ahmad et al., 2008; Lee et al., 2004).

Humidity sensor can be broadly classified based on the parameters applied in
measuring humidity. For instance, one may employ capacitive sensing principle, while
another may use resistive effects. The capacitive-based humidity sensors are most
widely used, when compared to resistance-based sensors. This is mainly due to low
power consumption (Rittersma, 2002), better linearity, and good stability at higher
humidity and temperature (Ahmad et al., 2008) exerted by the capacitive-based
humidity sensors. As such, this study fabricated capacitive-based humidity sensors
made of organic materials to serve as the active layer. The sensors adhered to the

principle that the thin organic film was sandwiched between a pair of metallic

116



electrodes to generate a small capacitor.

Of the vast types of organic materials, particularly for humidity sensor application,
MPcs with a range of macro-ring substituents and derivatives have been extensively
studied (Aziz et al., 2010; Ho et al., 2001; Roslan et al., 2018). The MPcs have been
recorded to possess good thermal and chemical stability, as well as being non-toxic. The
sensing performance of MPc-based humidity sensors relies on a number of conditions,
namely sensing film thickness, film synthesis method, film morphology, sensing film
temperature, and film annealing (Lee et al., 2004). A well-known MPc derivative refers
to VOPcPhO, which is a p-type organic semiconducting material, in which its electrical
properties can alter in a humid setting. The conductivity of such organic materials can
be influenced by the generation of hole carriers induced by the formation of charge
transfer complexes at Pc surfaces (Karimov et al., 2017). Aziz et al., (2010) proposed
the VOPcPhO thin film for humidity sensors application and successfully fabricated
Ag/VOPcPhO/Ag capacitive humidity sensors. The study reported the effects of various
sensing film thicknesses on the device performance, wherein the sensitivity of the

device performance depended on the thickness of the VOPcPhO film.

This present study builds on prior experience, as depicted above, to assess the use of
another type vanadium derivative, namely VTP, in capacitive-based humidity sensor.
The novelty of this present study lies in investigating the varied substituents in the
macro-ring of the main Pc body, in comparison to that of VOPcPhO. The identified
thickness of the VTP as the active layer of film is a significant feature by fabricating
and analysing its properties. That being mentioned, an exploratory investigation was

executed in light of humidity sensor application.
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6.3 Experimental procedures

Commercial VTP powder (empirical formula: Cs¢HssN120OV) was purchased from
Sigma Aldrich (St. Louis, CA, USA). Figure 6.1 illustrates the variances between the
molecular structures of (a) VTP with extended ligands on the macro cycle ring, in

comparison to that of (b) VOPcPhO.

Figure 6.1: Variation in the molecular structures of (a) VTP (Roslan et al., 2018), and
(b) VOPcPhO (Abdullah et al., 2012)

Prior to the fabrication process, 25 X 25 mm glass substrates were thoroughly
cleaned in acetone, ethanol, and deionized water (15 min for each step) via sonication.
After the cleaning process, the glass substrates were dried in a dust-free environment by
passing nitrogen gas. The VTP solution (10 mg/mL) was prepared by dissolving 10 mg
of VTP powder in 1 mL of chloroform. Prior to deposition of VTP thin film, a 100 nm
Al electrode distanced by 40 um gap was thermally-deposited onto a glass substrate in
an Edward AUTO 306 thermal evaporator. The pressure within the vacuum chamber
was retained at 10~ mbar during the evaporation process. The VTP thin film was spin
coated at three spin speeds (500, 1000, and 2000 rpm) for 30 s on the prepared Al thin

film to assess the impact of thicknesses on the structure and performance of the sensors.
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Figure 6.2 illustrates the cross-section of the fabricated capacitive-based humidity

Sensors.

Figure 6.2: A cross-sectional view of the thin-film humidity sensor

The elemental composition of VTP thin film was assessed with XPS (PHI Quantera
II) system, along with PES beamline BL3.2 in SLRI located at Thailand. A Thermo VG
Scientific CLAM2 electron spectrometer was equipped with PES system and operated
at a maximum photon energy of 600 e} with an energy step of 0.1 el setting. The
binding energy spectra were calibrated against Cls peak at 284.6 eV, which is
attributable to the adventitious carbon that displays unavoidable presence in all

air-exposed materials.

The structural properties of VTP thin film were examined using Raman spectroscopy
(RENISHAW Raman Microscope) instrument with 514 nm laser source wavelength.
Additional to and isolated from this investigation, the wetting behavior of VTP thin
films was evaluated at ambient temperature using contact angle (Ca) measurement
system in the air, where 1 pL of water droplets were carefully dropped onto the surface
of the thin film. The average Ca value was retrieved at three positions on the same

sample using SCA20U software program.

Next, the performance of the device was examined using a custom-made humidity

chamber with controlled RH value. A commercially available Testo 625
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thermohygrometer and Rossmax NB80 humidifier were employed to measure the RH
levels and the water vapor content in the chamber, respectively. The sensing output was
determined by using an LCR meter (GW Insterk LCR-829). The humidifier introduced
humidity in the chamber, which was later removed by passing nitrogen gas to provide a
dry environment in the chamber. Electrical characterization of the humidity sensors was
carried out under a constant frequency of 0.5 kHz with a constant voltage bias of 1 V.
All measurements were recorded at room temperature (27 °C). Figure 6.3 illustrates the
set-up of custom-made humidity chamber. The thicknesses of all films were measured
using a KLA Tencor Surface Profilometer (model P-6 Stylus Profiler). Both surface
roughness and grain size of the samples were characterized using Atomic Force

Microscopy Hitachi AFM5100N (SI-DF3 cantilever) with 3 X 3 um scan rate.

Figure 6.3: The set-up of custom-made humidity sensor
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6.4 Results and Discussion

6.4.1 Elemental study of VTP molecular arrangement

Figure 6.4 illustrates the schematic diagram of a VTP molecule, where the C sites are
marked as C; to Cs; three C sites represent benzene ring, while one C site reflects the
inner pyrrole ring. The XPS was applied to assess the elemental composition of the
electronic structure of the VTP thin film (see Figure 6.4). Figure 6.5(a) displays the
wide-scan spectra of the VTP thin film, which detected the expected elements, namely
vanadium (V), nitrogen (N), oxygen (O), and carbon (C). Figures 6.5(b-d) portray a
typical narrow-scan spectrum with its respective deconvoluted elements. The C 1s
element was deconvoluted into four components found at 284.3 e} and 285.6 eV, and
two small peaks at 286.2 e} and 288.3 eV. The highest intensity of C 1s at 284.3 eV
denotes the 24-ring C sites (C1, Cz, and Cs), while the peak at 285.6 el signifies eight
pyrrole C sites (Cs). The two low binding energy peaks noted at 286.2 e} and 288.3 el
reflect the m — " shake-up satellite peaks, as reported for other Pc molecules (Park et

al., 2003; Zhang et al., 2007).

Figure 6.5(c) showcases the electronic structure of vanadyl species in VTP, as well
as the core-level spectra for O 1s and V 2p states that contain V 2ps/; core level, V 2p1.,
and O 1s at 513.8 eV, 521.2 eV, and 528.9 eV, respectively. The main feature observed

at 399 eV is attributable to N 1s state, which is present in the VTP molecular structure.
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Figure 6.4: Schematic drawing of a VTP molecule with carbon sites labelled as Ci, Co,
Cs, and C4

Figure 6.5: (a) Wide-scan XPS spectra of VTP structure. High-resolution XPS spectra
of (b) C 1s (¢) O 1s, V 2p, and (d) N 1s spectra of VTP thin film
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6.4.2 Structural properties of VTP varied in spin speed

The structure of VTP thin films at three spin speed (500, 1000 and 2000 rpm) was
assessed using micro-Raman spectroscopy. Figure 6.6 illustrates the Raman spectra of
VTP thin films. The spectra signified that the VTP thin films did not experience any
significant Raman shift, but exhibited varying intensities. The band observed at 1608
cm! is linked with carbon-carbon stretching in benzene ring, while the absorption peaks
attributed to ring stretching were located at 1398 and 1516 cm™'. Peaks noted at 550,
760, and 1137, along with 1181 and 1339 cm™!, are attributable to ring deformation, ring
vibration, C-H bending, and pyrrole stretching, respectively (Ahmad Makinudin &
Supangat, 2016). The VTP thin films that displayed intense peaks revealed efficient
moisture adsorption at spin speed below 2000 rpm, which seems to be in line with other
findings (Abdullah et al., 2012). Table 6.1 tabulates the Raman shift and the respective

assignments as the spin coating rotations speed had been varied.

Figure 6.6: Raman spectra of VTP thin film

1x
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Table 6.1: Raman shift and assignments of VTP thin film

Raman shift (cm™)

500 rpm 1000 rpm 2000 rpm Assignments
551 548 545 Ring deformation
761 763 760 Ring vibration
1138 1138 1137

CH bending
1186 1188 1186
1340 1337 1337 CH deformation
1399 1398 1403
Ring stretching
1516 1514 1516
1608 1608 1608 C=C stretching

6.4.3 Wettability test of VTP thin films

In order to determine the behavior of VTP thin films based on the presence of
hydrophilic or hydrophobic surfaces, a wettability test via contact-angle measurement
was conducted. Hydrophilic surface generated an angle of 6, < 90°, while the
hydrophobic surface resulted in an angle of 6, > 90° (Ahmad Kamal et al., 2015).
Figure 6.7 displays the water contact angle (Ca) with a static water droplet image. No
huge impact was noted on the surface behavior of VTP thin films, even with increased
rate of spin coating, thus verifying that the VTP thin films exerted hydrophilic surface
behavior with Ca ~ 82.5°. With increment in the spin coating rate, the water Ca slightly
decreased to ~ 80° and 77° for 1000 rpm and 2000 rpm, respectively. The wetting
behavior of VTP thin films remained unchanged, and the hydrophilic surfaces were
maintained. The wettability test is correlated with the sensitivity of Al/VTP/Al-based
capacitive sensor device. Despite the slight variance noted in Ca, an impact was
observed on the performance of the sensor device.
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Figure 6.7: Water contact angle of the VTP thin film with a different spin coating rates
of (a) 500 rpm, (b) 1000 rpm, and (c) 2000 rpm

6.4.4 Characterization of VI'P-based humidity sensor devices

Figure 6.8(a) illustrates the normalized capacitance measurement outcomes of the
Al/VTP/Al-based capacitive humidity sensors as a reference to delineate the correlation
between the capacitance as a function of %RH at varying operating frequencies. The
capacitance response of the sensor was normalized by the reference when the %RH was
at its minimum as a function of %RH to uniform offset vertically for clarity (Islam et
al., 2014). At lower operating frequency (500 Hz), the capacitance output increased
significantly with increment in relative humidity; while at higher operating frequencies
(1 kHz and 10 kHz), a small change was noted in the capacitance range and it is almost
flat with the increasing relative humidity. As for the electrical characterization of the
humidity sensors, it has been suggested to avoid using a frequency of <100 Hz, as this is
bound to introduce the interface-trapped charge carrier that generates excess capacitance
due to the polarization phenomenon. This greatly affects the stability and repeatability
performance, despite being exceptionally sensitive (Al-Sehemi et al., 2016; Azmer et
al., 2017). Zhang et al., (2014) applied an AC operational bias frequency at 40 Hz and
discovered an unsteady humidity response. Therefore, this study employed an
operational frequency of 500 Hz to determine the sensing parameters of the humidity

SENSors.
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Figure 6.8: (a) Capacitance-relative humidity correlation of the Al/VTP/Al humidity
sensor at 0.5 kHz, 1 kHz, and 10 kHz operational frequencies, (b) capacitance-
frequency correlation at different values of relative humidity

Based on Figure 6.8(b), frequency clearly has a significant function in light of
capacitive response, whereby the capacitance changed with logarithmic change for
frequencies ranging between 0.5 kHz and 10 kHz. Figure 6.8 (b) illustrates the sharp
decrease in capacitance with increment in frequency, although the decrease in
capacitance is smaller at lower humidity, when compared to that of higher humidity.
Increment of capacitance response at higher humidity is attributed to the adsorption of
water molecules on the film surface, which promotes capillary condensation inside the

pores of the film (Islam & Rahman., 2016).

The expression for capacitance of the device sensor (see Equation 6.1) reflects the
relative dielectric permeability of the sensing film, the area of parallel electrodes (A4),

and the distance between the electrodes (d).

(6.1)
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Figure 6.8 (a) shows that the capacitive sensor is highly sensitive to RH variations.
The presence of water uptake is highly sought to increase the net dielectric permeability
of the sensing film due to the huge variance of dielectric permittivity between water and
organic semiconductors. Increment of RH levels enhanced the permeability of sensing
film, which further improved the electrical capacitance of the device. The expression

between dielectric constant and capacitance is given as follows:
Cs Ew\n
— = (— 6.2
Co (Ed) ’ ( )

where, €, and g, refer to dielectric permittivity constant of the sensing film at wet
and dry states, respectively, while n denotes the factor linked to the morphology of
dielectric. The %RH was measured in the range of 20-95%, which was gradually
increased by 5%. The capacitive humidity sensors exhibited non-linear response as a
function of %RH. At lower %RH, the curves were almost flat; signifying that the
capacitance is independent of humidity at low %RH (see Figure 6.10(a-c)). The
coverage of the absorbed humidity on the sensing layer was discontinuous and
constricted the immobile monolayer at %RH <20%. At this phase, water adhesion on
the sensing film is characterized by weak Van Der Waals forces between water vapor

and sensing film molecules (Matsuguchi et al., 1998).

Based on Equation 6.2, water displays high relative permittivity at ~ 80, and organic
material exerts low dielectric at ~ 5. The capacitance is enhanced when more water
molecules are absorbed by the active layer with increasing %RH. Therefore, the VTP-
based capacitive sensor has the ability to detect the variations in humidity due to the
enormous difference between relative permittivity and VTP layer (Karimov et al.,

2011).
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Figure 6.9: Schematic diagram of the humidity sensing mechanism of VTP thin film at
varied humidity levels

Adsorption of water molecules onto a solid surface is attributable to chemisorption
and physisorption, as shown in Figure 6.9. At low %RH, a molecule layer is generated
due to chemisorption. Upon increment in adsorption, the first physisorption immobile
layer transforms the mobile multilayers. The first two layers of water molecules are
immobile due to the presence of double bonds. The other physisorption layers have
single bonds, hence the ability to easily move and polarize. At this stage, the
monotonically increasing capacitance reflects the changes in capacitance, which

correlate with the amount of adsorbed water molecules (Aziz et al., 2010).
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The sensitivity of humidity sensor can be calculated using the following equation:

Py . _ (Cmax— Cmin) 0
Sensitivity,S = Rimas—RHois) X 100% (6.3)

Cnax & Cpin and RH,, 4, & RH,,;, represent maximum & minimum capacitance and
relative humidity values, respectively. The sensitivities were estimated within 20% and

95% bandwidths at 500 Hz operational frequency.

Figures 6.10 (a—c) display the capacitance-relative humidity correlation of
AI/VTP/Al humidity sensor in three spin speeds; 500, 1000, and 2000 rpm, respectively.
The thinnest VTP film sensor, which was deposited by 2000 rpm. had a capacitance of
17.5 pF and a sensitivity of ~ 9.2 pF/%RH. In comparison, the thickest VTP film sensor,
which was produced at 500 rpm, exerted a capacitance of 9.39 pF and a sensitivity of
2.55 pF/%RH. This is attributable to the effect of the spin coating rates that can
influence both the thickness and the contact-angle properties. Upon applying a higher
spin coating rate, the centrifugal force generated by the spin coater spins off more
particles from the substrate, hence the formation of a thinner film (Jayamurugan et al.,
2015). Reducing the thickness and contact angle enables more chemisorption of the
water molecules. Reduction in sensitivity due to increasing sensing film thickness in the
range studied seems to be in line with past reported results (Aziz et al., 2010; Harrey et

al., 2002).
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Figure 6.10: Capacitive-relative humidity correlation of device at a) 500 rpm, b) 1000
rpm, and ¢) 2000 rpm at 500 Hz operational frequency

Hysteresis is a common issue that occurs in humidity sensors due to pore size, pores
geometry, and dielectric sensing layer thickness (Islam et al., 2014). A good sensor
should possess exceptional reversibility or hysteresis with small deviation error. The
hysteresis effect refers to the percentage of deviation in the measured capacitance
during the absorption cycle from that during the desorption cycle. Hysteresis can be
determined by observing the capacitive response of the sensor at a fixed frequency for
full scale in increasing and decreasing of RH values. Hysteresis can be calculated by

using the following equation:

. Caq ion— Cad i
Hysteresis, H = average |-=022n ¢ S"””“on] x 100% (6.4)
Cadsorption
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Figure 6.11: Hysteresis curve of device at a) 500 rpm, b) 1000 rpm, and c¢) 2000 rpm

The graphs displayed in Figures 6.11 (a—c) reveal the minor occurrence of hysteresis
in response to the increasing and decreasing of RH steps analyzed at 0.5 kHz under 1 V.
The smallest hysteresis signifies the efficient adsorption and desorption processes.
Meanwhile, Figure 6.11 (a—c) exhibits that hysteresis is bound to grow bigger with
increasing spin speed. The device with 2000 rpm spin speed recorded a recovery time of
15 s with slightly higher hysteresis (1.26%), when compared to the devices exposed to
500 rpm (0.70%) and 1000 rpm (1.16%). Perhaps, this is due to the presence of a
thinner film that has less pores than those in thicker film. Figure 6.14 portrays the
presence of pores in the VTP thin film. A small hysteresis gap determines the presence

of abundant nanopores in the active layer (Qi et al., 2009).
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Figure 6.12: Capacitive response-recovery curves of device at a) 500 rpm, b) 1000 rpm,
and ¢) 2000 rpm

While assessing the performance of humidity sensors, the response and recovery
time have an imminent function. Both these values can be measured by changing the
alternate humidity between 60 and 95%RH. The response or recovery time refers to the
time taken by a sensor to achieve 90% of the total change in capacitance (Tripathy et al.,
2014). Response time can be determined during the increasing adsorption from 60 to
95%RH, while recovery time is determined during desorption when relative humidity
quickly drops from 95 to 60%RH. Figures 6.12 (a-c) illustrate the response and
recovery graphs of varied spin speeds of VTP thin film. The thinnest device sensor with
2000 rpm (66 £ 5 nm) exhibited 15-s response and recovery time, which seemed similar
to that for 1000 rpm, when compared to 500 rpm device sensor. This signifies the effect
of spin coating rate that eases desorption, mainly because the contact between water

molecules and sensing film becomes less than that observed in the other two device
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sensors. Table 6.2 tabulates the sensing parameters of the three sensors at varied spin

speeds for the similar 20-95% RH range.

Table 6.2: Sensing parameters of VTP-based capacitive sensors

Humidity Thickness | Sensitivity, S | Hysteresis, H | Response | Recovery
sensor (mm)+5nm | (pF/%RH) (%) Time (s) | Time (s)
500 rpm 90 2.55 0.70 15 20

1000 rpm 80 7.70 1.16 15 15

2000 rpm 66 9.20 1.26 15 15

It is vital to study the drift for the sensor output due to temperature and aging (Islam et
al., 2015). Figure 6.13(a) portrays the impact of temperature on output characteristics of
the humidity sensor. The capacitance value of the device was recorded at 500 Hz
frequency with increment of temperature from 27 °C to 100 °C. Figure 6.13(a) illustrates
that the output capacitance displayed exceptional stability as the temperature rose until
~60 °C. Further increment of temperature (60 °C — 100 °C) showed that the output
sensor displayed increased value on the capacitance response. The capacitance response
increased by ~1.2-fold from the initial value when temperature was elevated from 60
°C — 100 °C. The increased capacitance response with temperature is attributable to the
polarization mechanism. It is common to have trap states at the interface of metal
semiconductor (Chiu, 2014). With increased temperature, sufficient energy is provided
to the trapped charge carriers to overcome the energy barriers of the trap states, thus
increasing the space charge polarization. This phenomenon escalates the dielectric
constant of the semiconductor film, which consequently enhances the capacitance of the
device at elevated temperature (Al-Sehemi et al., 2016; Dokme et al., 2010; Islam et al.,

2012). In fact, these reported outcomes correlate well with other studies, in which the
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device sensors exhibited significant thermal drift at elevated temperature. It is
noteworthy to highlight that thermal drift is negligible with operating temperature below
60 °C (Azmer et al., 2016; Raza et al., 2016). Figure 6.13(b) displays the stability over
time at varying humidity levels. The same device was tested over five-day interval,
whereby the capacitance response was nearly constant even at the highest humidity.

This finding signified no significant drift on the aging effect.

Figure 6.13: Drift in sensor output with (a) variation of working temperature at 60%
RH, (b) variation of relative humidity at different working time (hours)
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Figure 6.14: (a) 2D AFM micrograph (b) 3D AFM micrograph (c) cross-section
analysis and (d) surface morphology data of VTP thin film with a spin speed of 2000

Irpm

The VTP thin film on glass substrate with 2000 rpm spin coating rate was further
characterized via AFM (3x3 um scan rate) to assess its surface morphology and
roughness. The AFM images, which were acquired from tapping mode, had been
analyzed using the Gwyddion 2.48 data visualization and analysis tool software. Figures
6.14(a) and (b) display the 2D and 3D AFM micrographs of VTP thin film with 2000
rpm spin coating rate. The diameter and the depth of the pores were approximately
estimated from the cross-sectional analysis of the thin film (see Figure 6.14(c)). Figure
6.14(d) shows the tabulated key data in relation to their morphological surfaces, as
processed using the Gwyddion software package. The AFM images reveal the presence
of non-uniform and rough surfaces with peaks. The RMS roughness value was ~ 0.33
nm. The film topography hinted the formation of interpenetrating networks, which
suggests that the VTP thin film is indeed a potential material for humidity sensing (Aziz

etal., 2010).
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Table 6.3 presents the comparison of key sensing parameters of the proposed VTP-
based humidity sensor with humidity sensors reported in the literature. The sensing
performance of the VTP-based humidity sensor seems to outperform the rest with
higher frequency and better stability. It obviously shown that the sensing performance
of the VTP based humidity sensor is much higher with higher in frequency and better

stability.

Table 6.3: Comparison table of performances of humidity sensors reported in the
literature

Type of organic | Sensitivity at . Response and
humidity sensor 100 Hz Hysteresis recovery Reference
MEH-PPV:PVP | 114 fF/ %RH ~2% 18sandgs | (Azmeret
al., 2016)
PBObZT: 5 pF/ %RH 2.76% 10sand 4 s (Razzglif)al"
) 0.325 pF/ (Fatima et
VoPcPhO:AlQs o, RH - 4sand 3 s al., 2017)
(Tarikul
ALO; 2.24 pF/ppm 0.33% 47sand 118 s | Islametal.,
2012)
~9.2 pH/%RH o Current
VTP (500 Hz) 1.26% I5sand 15s work
6.5 Summary

This study determined the thickness of VTP-based capacitive sensors by employing a
simple and cost-efficient method. The optimization of capacitive humidity sensor design
relied heavily on the fabrication method applied and on accurate characterization of the
sensitivity of VTP active layer film thicknesses. The sensor performance has been

proven to depend on the sensing film thickness. The thinnest film (66 £ 5 nm) device
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sensor exhibited greater sensitivity than that of thicker (80 = 5 nm and 90 = 5 nm) film
devices. This is attributed to the enhanced chemisorption of water in light of thickness
and contact angle. The AFM images portrayed that the VTP thin film had rough surface,
which indicated the existence of an inter-penetrating VTP molecular network. These
results enhance one’s understanding regarding the influence of the thickness variation
on VTP-based sensor, as well as the crucial parameters that control the device
performance of the media under investigation in meeting the potentiality to function as

viable humidity sensors.
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CHAPTER 7: CONCLUSIONS AND FUTURE WORKS

7.1 Conclusions

Organic electronic devices place an escalating demand in the current market. That
being mentioned, the urge to seek a new organic material that ascertains the progression
of organic electronic applications and improvement of the device performance is one
that is undeniable. In pursuing such an aim, this present study is geared towards this
objective. In this final chapter, summary of the study findings can be categorized into
three major sections. A number of experimental shortcomings that were encountered are

also discussed, and finally, suggestions for future work are outlined.

Initially, investigations pertaining to the VTP as the active layer for fabrication of
electrical devices are discussed. Prior to the fabrication process, the VTP thin film was
characterized to determine the values of HOMO/LUMO and energy band gap. The
HOMO and LUMO energy levels of VTP were determined from CV, which resulted in
-5.10 eV and -3.90 eV, respectively. The energy band gap, which was evaluated by
using absorption spectra and Tauc plot methods, resulted in 1.39 el and 1.42 eV,
respectively. Two types of OFET arrangements, lateral and vertical, were fabricated and
their performances were assessed. As a result, the VOFET displayed better performance
in terms of output current, threshold voltage, and turn on/off ratio with values of 37
mA/cm?, 7 V, and 10°, in comparison to LOFET that recorded 2.5 x 10*mA/cm?, 10 7,
and 107, respectively. The primary reason for this scenario is attributed to the reduction
in the channel length between S-D electrodes, which has improved the transport of the
current drift between the electrodes. The optimization of the active layer thickness was

performed, in which 2000 rpm had successfully displayed an optimized performance, in
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comparison to other spinning speeds. The main shortcoming in this section was
confronted during the characterization of LOFET, whereby the saturation region could
not be achieved due to the limitation in SMU power supply that occurred at the
laboratory. This study investigated the performance of VTP in lateral and vertical

OFET, apart from optimizing the active layer thickness in VOFET devices.

In the second section of the experimental work, the performance of VTP was further
studied by fabricating organic optical devices. Initially, both VTP and VTP:PC71BM
blended thin films were optimized for the best photovoltaic effect performance. Next,
the VTP was utilized as a single component in the fabrication of semiconductor diode to
determine several electrical parameters. This investigation looked into the nature of
charge transport in VTP applied in real device. It is evident from the outcomes that the
diode parameters, such as barrier height, ideality height, series and shunt resistance, as
well as mobility, are indeed comparable with other reckoned organic materials. This
makes the VTP a promising candidate to be used in optoelectronic applications. Next,
the best ratio concentration was selected and applied as the active layer to assess the
photovoltaic effect of the blended film. As a result, the device failed to satisfy sufficient
power conversion for the conventional energy harvest. The photovoltaic response of the
VTP:PC71BM only yielded efficiency up to 0.06%, which could be due to low
absorption intensity in the visible range, as well as relatively low effective mobility at
7.63 x 10° cm?/V.s. The outcomes were inadequate to increase the charge separation,
which resulted in extremely low energy conversion from light energy to electrical
energy. The VTP:PC71BM was employed in OPD and surprisingly, the device displayed
exceptional photoresponsivity towards variations in light intensity; 2.30 X 1071A/W.
This is attributed to the extended ligands that belong to the VTP, which are responsible

for enhancing the sensing layer of the OPD device. Overall, in this particular work, the
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VTP was integrated with PC71BM to form a BHJ system in order to study photovoltaic
response and OPD performance. Nevertheless, the VTP:PC71BM blend gave low

photovoltaic response, despite acquiring good photoresponsivity in OPD.

In the final section, the VTP was employed as the active layer for the fabrication of
organic humidity sensor. Prior to that, the physical properties of VTP thin films were
studied and characterized to ensure that the correlation between film thickness and
device performance is well understood. As a result, the VTP seemed suitable for
application in humidity sensor due to its porous surface and its hydrophilic feature. The
device with the thinnest film displayed better performance in capacitance response at
9.2 pF/%RH, when compared to thicker films in 1000 rpm and 500 rpm with 7.7 and
2.2 pF/%RH, respectively. This refers to an optimized thickness, as it is unfeasible to
further increase the spin speed. Otherwise, all the solutions would splash off and no

solution would remain on the gap of the electrode.

Overall, this study focused into VTP-based organic semiconductor devices, which
covered OFET, OPV, OPD, and organic humidity sensor. The first mentioned refers to
VTP-based OFET that displayed a noticeable upsurge in its current output, threshold
voltage, and turn on/off ratio when the VOFET arrangement was applied instead of the
LOFET arrangement. Next, the VTP was applied in the photovoltaic device and OPD
by mixing with PC71BM to form the BHJ system. As a result, the VTP:PC7:BM
exhibited low photovoltaic response, but very high photoresponsivity in OPD. The last
mentioned is the study of VTP-based organic humidity sensor by varying the
thicknesses for the active layer. The results revealed significant improvement in device
performance, especially when thinner active layer VTP is applied, instead of thicker

ones.
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7.2 Future works

The VTP seems to display promising properties as a small molecule material and
suitable to be employed as an active layer in the fabrication of organic devices.
Nevertheless, a number of challenges need to be addressed to accomplish this present
work, wherein the following endeavors were not possible within the stipulated time

frame of this study.

1. The characterization and optimization of the dielectric and source electrode layers
should be further assessed in-depth, especially the fabrication of VOFET. Several
essential points that should be addressed pertaining to device stability and current

leakage.

2. The use of transition metal oxides (TMOs), such as vanadium pentaoxide (V205),
as HTL in the fabrication of OPD may be investigated. This will probably
enhance the photoresponse of the present performance and contribute to a device

with better stability.

3. The utilization of metal oxide nanoparticles, such as TiO2, in the fabrication of
Al/VTP:TiO2/Al organic-inorganic hybrid humidity sensor may be assessed. This
will, in turn, enhance the humidity sensing film, particularly towards enhancing

the film morphology by devising a highly desirable nano-porous structure.
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