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Preface

In the recent decades, the organic optoelectronic devices have achieved amazing
significance over the inorganic optoelectronic devices for the commercial usage due to their
long-lasting durability, higher efficiency, and other significant device performances. Mainly
these are flexible and can be made on the large area. It is possible that the properties of organic
semiconductors can be tuneable by modifying their structures. So, one can get the appropriate
properties by simply recasting the chemical structure. There are some limitations for the
commercial usage of these devices such as fabrication cost, poor stability, and lifetime. The
organic light emitting diodes show the high brightness, high resolution, and large viewing
angles representing the additional features in comparison with normal LEDs. Solar cell
technology is the one developing area of research in the field of organic photovoltaics. It has
various advantages, including its large surface area, light weight, rollable, low cost, and
robustness. The main drawbacks of these organic photovoltaics are low efficiency, low ambient
and thermal stability, and low strength. It is essential to surmount of these obstructions for the
commercial usage of these devices. The research has been established a new concept of hybrid
structures for further improvement of device performances. These hybrid structures consist of
organic and inorganic parts and exhibit the properties of respective individual compounds. This
thesis work explores the hybrid materials and their properties in-depth. It also explores the
applications of these hybrid materials in various optoelectronic devices. The quality of the anode
material is one of the several factors which directly affects the device efficiency. The indium
tin oxide (ITO) is the most promising anode material used in several optoelectronic devices.
This research work also describes the strategy to improve the quality of ITO film for the
improved device performances of OLEDs, OSCs, and UV-photodetectors. This study finally
concludes the improved optoelectronic device performances by utilising the significant features

of hybrid materials and ITO anode quality.
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The research work presented in this thesis is divided into nine chapters and the outline
of each chapter is briefly given below,
Chapter I: This chapter consists of introduction to the hybrid structured materials and their
importance in the optoelectronic devices. It also elaborates the effect of annealed ITO anode on
the optoelectronic devices performance. The brief literature review on hybrid structured
materials for the solution processed hybrid thin film-based devices is presented. It presents the
introduction to ZnO, preparation methods and its application in optoelectronic devices. The
importance of Tris-(8- hydroxyquinoline) aluminum (Algqs) in the application of optoelectronic
devices are introduced. This chapter briefs different type of organic semiconductors in
organic/ZnO hybrid structure and their applications. This chapter also introduces shift heavy
ion (SHI) irradiation and its effect on thin film properties. This chapter concludes with the

motivation and objectives of the research work.

Chapter 2: This chapter depicts the principle behind various experimental methods and
analytical instruments used in this research work. This chapter explains preparation of hybrid
thin films by sol-gel derived spin-coating method. The preparation of precursors such as ZnO
sol-gel, Alqs, solutions with different Alqs/ZnO molar ratios for pristine ZnO and Alqs/ZnO
hybrid thin films is given in details. The molar ratio of Algs to ZnO (Alq3/ZnO) in solutions is
maintained at 0.5 x 10> for [ZnO (80 vol.%) (0.4 M) + Algs (20 vol.%) (2 x 107* M)], 1.3 x
1073 for [ZnO (60 vol.%) (0.3 M) + Algs (40 vol. %) (4 x 10°* M)]; and 3 x 107 for [ZnO (40
vol.%) (0.2 M) + Algs (60 vol.%) (6 x 107 M)]. This chapter contains experimental steps for
the fabrication of various devices such as, hole-only devices, electron-only devices, organic

light emitting diodes, organic solar cells, and UV Photodetectors.
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Chapter 3: This chapter presents the optical, structural and morphological analysis of solution
processed Alqz/ZnO hybrid thin films. The hybrid thin films exhibit the good transmittance of
more than 80% slightly less than that of pristine ZnO thin film. This slight decrease in transmittance
is due to the adsorption of Alqs molecules on the ZnO grain boundaries which creates Alqs capped ZnO
nanoparticles in the hybrid film. The X-ray diffraction studies reveal the textured crystalline property of
the films with decreased crystallite size upon increasing Alqgs content. FTIR studies confirm the
increasing content of luminescent quencher (carbonyl group) formed in Algs molecule for increasing
Alqs in the films. The PL study shows a fourfold enhancement in the band-edge emission (387 nm) of
ZnO upon increasing Alqs content in the hybrid films, attributing the energy transfer from Algs

molecule to ZnO when excited by 324 nm wavelength.

Chapter 4: This chapter gives the detailed analysis on structural properties of Alqsz/ZnO hybrid
thin films using Raman and XPS studies. Raman studies reveal the hexagonal wurtzite structure
of ZnO thin films. The XPS confirms the incorporation of Alqgs in the hybrid thin films and
corroborates that the Algqs molecules adsorbed onto the surface of ZnO nanoparticles
(chemisorption), showing the existence of chemical interaction between Alqgs and ZnO in the
hybrid films. These studies show that the excited state energy of adsorbed Algs molecule may
be non-radiatively transferred to ZnO via luminescence quencher, enhancing a fourfold UV
emission (387 nm) of ZnO in the hybrid thin films. The UV photodetector based on Alqs3/ZnO
hybrid thin films exhibit the improved device performances compared to the pristine ZnO thin

film-based devices.

Chapter 5: This chapter presents structural, optical, morphological properties, and UV
photodetector properties of Ni’* shift heavy ion (SHI) irradiated Alqs/ZnO hybrid thin films.
The Algs/ZnO hybrid thin films with the molar ratio of 0.5x107* [ZnO (0.4 M) and Alqs (2x10°

4 M)] were irradiated with Ni’* SHI with the ion fluences of 5x10', 1x10'2, and 5x10'
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ions/cm?. The SHI irradiation induces the defects such as oxygen vacancies and Zinc interstitials
in the films. The optical properties show that the transmittance of the hybrid films decreases
from 87% to 77% at 550 nm with increasing ion fluences, showing the scattering of light by
SHI induced defects. The crystallite size is increased (17.7 nm for pristine, 19.34 nm for 510!
ions/cm?, and 22.19 nm for 1x10'? ions/cm?) due to the stress released in the film and it is
decreased for the higher ion fluence of 5x10'? ions/cm? (14.07 nm). The gradual increase of
surface roughness from 24 nm to 65 nm at 20 um scan range ascertains the decreased
transmittance for increasing ion fluences. The PL emission shows the decrease in band edge
emission along with increased defective emissions (related to the oxygen vacancies and Zn
interstitials), exhibiting the increased defects upon SHI irradiation. The sheet resistance
decreased from 253 MQ/(] (pristine film) to 69 MQ/] (1x10'? ions/cm?) and then increased to
207 MQ/ | for the highest fluence of 5x10'? ions/cm?. The effect of Ni SHI irradiation on UV
photodetection performance of Algs/ZnO thin films was studied and observed that the device

with the ion fluence of 1x10'? ions/cm? exhibits the improved performance.

Chapter 6: This chapter emphasizes the improved hole injection into N,N'-Bis(3-
methylphenyl)-N,N’-diphenylbenzidine (TPD) hole transport layer (HTL) by thermal annealing
of ITO anode in hole-only devices (HODs). ITO anode was patterned and annealed at different
temperatures (200, 300, and 400 °C) under the normal ambient. The drastic decrease of Hall
carrier concentration, mobility and increase in resistivity after 300 °C is attributed to the
trapping of free carriers and scattering from the chemisorbed oxygen at grain boundaries. XRD
analysis shows the increasing crystallite size as annealing temperature increases. SEM images
show that ITO thin film annealed at 400 °C exhibits the wrinkle kind of morphological
structures. AFM studies also supported the significant changes with an increase in the surface

roughness of [TO film annealed after 300 °C. The fabricated HOD (ITO/TPD/Al) based on ITO
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anode annealed at 300 °C exhibited the improved hole injection than that of pristine, 200 °C,
and 400 °C annealed ITO based devices. The OLEDs (ITO/TPD/Alqs/LiF/Al) based on 300 °C
also exhibit improved electroluminescence. These results show that annealing of ITO anode at
300 °C under the normal ambient improves the hole injection into TPD HTL in HODs and

OLED:s.

Chapter 7: This chapter deals with the poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS) spin-coated on annealed indium tin oxide (ITO) (ITO/PEDOT:PSS)
bilayer structure and its effect on the performance of OSCs. The ITO thin films show the
improved film quality with decreased dislocation density and lattice strain as annealing
temperature increases. The spin-coated PEDOT:PSS film smoothens the wrinkle kind of surface
morphology of the ITO film annealed at 400 °C. The annealed ITO (400 °C) with PEDOT:PSS
interlayer improves the hole-current density in the hole-only devices (HODs) having the device
structure of ITO/PEDOT:PSS/TPD/AIL. It enhances the efficiency of OSC [ITO
(annealed)/PEDOT:PSS/P3HT:PCBM (active layer)/LiF/Al] by three times higher (1.69%)
when compared to that (0.48%) of pristine ITO based device. These results show that the
annealing of ITO film at the high temperature of 400 °C under the normal ambient improves
the film quality and lowers the potential energy barrier at ITO/PEDOT:PSS interface for

effective hole extraction process, resulting in the enhanced device electrical performances.

Chapter 8: This chapter contains the electrical properties of Alqs/ZnO hybrid thin films and
characteristics of UV photodetectors based on pure ZnO and Alqs/ZnO hybrid thin films using
pristine and annealed ITOs. The hall effect measurements reveal the increased carrier
concentration and mobility with decreased resistivity for increasing Alqs/ZnO molar ratio. The

electron-only devices (EODs) were fabricated using the device structures ITO (pristine)/ZnO
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or Algs:ZnO/Al. The EODs based on Alq3/ZnO hybrid films exhibit the increased charge
injection at lower voltages when compared to pure ZnO film-based device. The UV
photodetectors were fabricated using the structure of ITO (pristine or 300 °C)/ZnO or
Alqg3:ZnO/Al. In this structure ITO is used to improve the charge transport in hybrid films and
Al electrodes made on the film are used for ohmic contacts. The UV photodetectors based on
Alqs/ZnO hybrid films exhibit higher device performance. The UVPDs using annealed ITOs

exhibit the better performances than the devices using pristine [TOs.

Chapter 9: The final chapter presents the summary and conclusions drawn from the
investigations carried out on optical, structural, morphological and electrical properties of
Alq3/ZnO hybrid thin films and the various optoelectronic devices. The strategy of annealing of
ITO anode at elevated temperature under the normal ambient to further improve the UV
photodetector performance is also summarized in this chapter. The suggestions and directions

for the future research are sketched.
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Chapter: 1

Chapter: 1

Introduction

In recent years, the organic semiconductors become most predominant materials over
inorganic semiconductors for the optoelectronic device applications because of their
characteristic features such as non-toxic, environment friendly, flexibility, large-area, light-
weight, good optical properties, flexibility in color tuning, and wide color gamut [1,2]. The
optoelectronic devices based on organic semiconductors manifest superior improvement in
device efficiency, flexibility, large area, lightness, durability, eco-friendly, and biodegradable.
The required high quality of organic materials and fabrication process make the devices more
expensive. The modern technology aim to reduce the environmental pollution so as to minimise
the global-warming, mainly by using the organic materials which are eco-friendly and
biodegradable. Thus, the aim of research in the area of organic electronics is to fabricate the
organic optoelectronic devices to minimise the environmental pollution. The major drawbacks
of organic semiconductors are photooxidation, environmental sensitivity, degradation under the
normal ambient, aging, and less charge mobility or poor electrical properties [3—6]. The
inorganic semiconductors overcome all these drawbacks of organic semiconductors with better
stability and electrical properties. The combination of organic and inorganic compounds offers
new properties such as mechanical strength, environmental stability, good optical and electrical
properties [7,8]. The organic/inorganic hybrid structures play a key role for the improvement of
optical and electrical properties and stability of optoelectronic devices. During the recent years,
the extensive research is focused on the area of hybrid structures for optoelectronic device
applications. Many research groups focus on various synthesis methods of hybrid structures for
the cost-effective device fabrication with higher efficiency. The solution processed method is

simple and easy technique for cost-effective device fabrication.
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Chapter: 1

1.1. Inorganic semiconductors

Semiconductors exhibit the conductivity between conductors and insulators. Based on
the carbon element, generally semiconductors are of two types inorganic and organic
semiconductors. The inorganic semiconductors are of non-carbon based materials such as
germanium (Ge), silicon (si), and tin (Sn) in [V(A) group, selenium (Se) and tellurium (Te) in
group VI (A) of the periodic table. However, there are compound semiconductors such as
Gallium arsenide (GaAs), mercury indium telluride (HgIn,Tes), aluminum gallium arsenide
(AlGaAs), etc. During the 1950s germanium was the crucial semiconducting material used in
many applications. The large leakage currents even at moderate temperature caused the failure
of this semiconductor. Later from the 1960s silicon has become a widely used semiconductor
for a large number of applications in electronics. This semiconductor exhibited the features of
very less leakage currents and revealed excellent electrical properties. The silicon technology
has found a very vast improvement in eclectronic devices and more than 95% of devices
comprised of silicon. The silicon atom in the intrinsic crystalline semiconductor forms the four
covalent bonds with the four neighbouring atoms. The interaction between the atoms causes the
discrete energy levels which spread out into energy bands known as conduction band (CB), and
valance band (VB). At absolute zero temperature the occupied energy band called valance band
and the other unoccupied energy band is called conduction band. The energy gap between these
two bands is called as optical bandgap and it is the region which stipulates the energies that
electrons cannot possess. At higher temperatures which is capable of breaking covalent bond,
the electrons jump into the CB becoming free (free electrons) and leaving the vacancy in the
VB, called as hole (positive charge). Under the external electric field both electron and holes
move in opposite directions and produce electric current. Generally, the semiconductors are
dopped with impurities (typically one atom for million host atoms) to increase the conductivity.
If one silicon atom is replaced with pentavalent impurities (arsenic-donor), the semiconductor

becomes n-type containing majority of electrons and minority carriers of holes and if it is
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replaced with trivalent impurity (boron-accepter), the semiconductor becomes p-type with
majority charge carriers of holes and minority of electrons. By proper doping of donor and
acceptor impurities one can make the pn junction diode which is the basic device in the field of
inorganic electronics. Further this electronics has been vastly developed with many of the
electronic devices like various types diodes, transistors, controllers, counters, microchips,
integrated circuits (ICs), etc. The inorganic semiconductors have been substantially utilised in
electronics for enormous applications. The inorganic semiconductors exhibit high electrical
mobility (up to 1000 cm?/Vs) at room temperature and higher stability. These materials are less
appropriate for low cost and large area devices. In addition, the silicon is the indirect
semiconducting material which is not quietly suitable for optoelectronic device applications like
light emitting diodes, photodiodes, and solar cells. In addition to this in the beginning of the
21" century a new revolution has been caused in the electronics with the use of electronic
devices based on the new semiconducting materials known as organic semiconductors. The
organic semiconductors are showing potential features such as mechanical flexibility,

lightweight, large area coating, and fabrication of cost effective printed electronic circuits.

1.2. Organic semiconductors

The conventional semiconductors are the dominant electronic materials in the 20™
century. The invention of new type of semiconducting materials was started in the early of 20"
century. At the end of this century the microelectronics have led to the omnipresence of solid-
state devices. At the very first in 1862, Henry Letheby observed partial conductivity from
aniline by anodic oxidation in sulfuric acid. The conductivity and florescence properties of the
organic materials was first started at the beginning of the 20" century [9,10]. The
photoconductivity was first observed from the anthracene by Pochettino in 1906 and Volmer in
1913 [11] . In the late 1950s and 1960s the organic materials were potentially used in

photoreceptors for imaging systems [12]. In the early 1960s methylene blue has discovered as
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first dye exhibits photovoltaic (PV) effect, later the PV effect was also observed in biological
molecules such as chlorophylls, porphyrins and carotenes [11]. The electroluminescence was
observed from the organic compounds of cellulose doped with acridine orange by Bernanose in
1953 [13]. The electroluminescence was observed from the anthracene crystals by Pope in 1963
and by Helfrich and Scheider in 1965 [14,15]. The molecular crystals of the anthracene held
together by weak Vander wall forces and the compound is brittle, hence it is required that the
material has to be a certain minimum thickness of about few micrometres. If it is so, the material
needed high electric field of about 100 V for the charge transport processes and
electroluminescence. So, it was conformed that this organic material is not useful for the
applications. Further this idea was transferred to the vacuum deposited amorphous molecules
and spin-coated polymers of about 100 nm film thickness which requires less operating voltage
[16,17]. In the mid of 1970s Xerox and Kodak companies investigated the materials of
molecularly doped polymers (MDPs) for their use in xerography and electrophotography. They
invented that the polycarbonate doped with 30 wt% of optically active molecule such as
triphenylamine exhibits the very low dark current and a reasonable photocurrent. In the late
1970s the high conductivity n-conjugated polymers were researched by Heeger, MacDiarmid,
and Shirakawa and they awarded with Noble prize in chemistry during the year 2000. The =-
conjugated polymers are hydrocarbon chains with alternative single and double bonds. In 1987,
Tang and Van Slyke reported an amorphous organic molecule named as Tris(8-
hydroxyquinolinato)aluminium (Alqs) based OLED with the film thickness of 100 nm [17]. The
device external quantum efficiency is about 1%, luminescence 1.5 Im/W, and brightness >1000
cd/m? were achieved at driving voltage below 10 V. This discovery brought a research interest
for the development of new organic materials, and a lot of research has been done on the
conjugated organic semiconductors during the last two decades [18]. In 2002 Philips company
brought the first OLED display technology into the market through their product (Sensotec

Philishave shown in Fig. 1.1(i)) and subsequently in 2003 Kodak has introduced Kodak Easy
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Share LS633 digital zoom camera with an award-winning OLED display technology (Fig.
1.1(i1)). Sony introduced the first OLED TV (XEL-1) in 2007 into the market which was the
world’s first thinnest television of 3 mm thickness shown in Fig. 1.1(iii). It has a screen size of
11 inches with a native resolution of 960x540 and the contrast ratio is 1,000,000:1. Then till
now so many companies like Samsung, LG, Apple, Motorola, etc. produced the TVs, phones,

lightnings, and other electronic gadgets with OLED technology.

Fig. 1.1. Images of (i) first organic display in Philips trimmer, (ii) OLED display in Kodak
digital camera (LS633), (iii) world’s first OLED TV (XEL-1) by Sony, and (iv) first flexible

OSC by Konarka Technologies.

Coming to the organic solar cells (OSCs) these are not extensively produced for the
commercial use due to their low efficiency, degradation, and poor stability of the organic
material under Sun light. In 2008 Konarka Technologies have started to produce fullerene based
flexible OSCs (Fig. 1.1(iv)) but due to the low efficiency this was not continued for many years.
During the period of 2015 — 2018 the researchers achieved 10-18% of efficiency with tandem
structures of OSCs [19,20]. Still a lot of research has to be done in the area of organic electronics
for the commercial use of OSCs, organic thin film transistors (OTFTs), organic photodetectors

(OPDs), and other organic electronic devices.
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1.2.1. Basics of organic semiconductors

Organic semiconductors are n-conjugated molecules or polymers made up of
hydrocarbons and heteroatoms such as nitrogen, sulfur, and oxygen. These materials can exist
in the form of molecular crystals or amorphous in nature. The optical and electrical properties
of organic semiconductors can be tailored by modifying single moiety in the structure. One can
synthesis the organic compounds for their desirable properties such as absorption, emission,
conductivity, mechanical flexibility, and band gaps [9]. The band gap of organic
semiconductors is defined as gap between the highest occupied molecular orbitals (HOMO) and
lowest unoccupied molecular orbitals (LUMO) which are correspond to the valance band and
conduction band in the conventional semiconductors. The organic materials are in the form of
monomers, oligomers, and polymers. Monomer is the basic structure of the organic compounds
consists single molecule. Oligomer is the molecule repeated with the three or four monomers.
Polymer is the repeatable unit of monomers generally more than ten thousand which has the
high molecular weight. The monomers and oligomers have evaporation or sublimation points
where as polymers cannot be evaporated. The molecules and polymers can exist in crystalline
and amorphous nature. The molecular crystals perform high charge mobility but not easily
soluble e.g., acene based family like anthracene and tetracene [21]. The amorphous molecules
such as Algs, Ceo, phenyl-Csi-butyric acid methyl ester (PCBM), carbazoles, and
phthalocyanine have good optical properties but low charge mobility [22]. The polymer crystals
exhibit rigidity, high melting points but these are very brittle cannot be easily soluble (e.g.,
polyethylene, Polypropylene, Polystyrene, etc.) where amorphous polymers are soluble and
have low melting points (e.g., Polyvinyl chloride, Polycarbonate, Poly-methyl methacrylate,
etc.) [22,23]. The polymer crystals are the regular arrangement of large polymer chains in the
form of lamellar (plate-like) crystals with the thickness of 10-20 nm. The organic molecules are
bounded with the weak van-der-Waals intermolecular forces in contrast to the strong covalent

bonds in inorganic crystals. These weak intermolecular forces reduce the hardness of organic
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compounds and make them flexible but cause the weaker dislocations of electronic wave
functions from one molecule to another which reduce the charge mobility [24]. In recent
decades the organic semiconductors are playing a key role in the electronics and have been used
in many applications such as Organic light-emitting diodes (OLEDs), organic solar cells

(OSCs), and organic thin film transistors (OTFTs), organic photodetectors, and so on.

1.2.2. Optical and Electrical properties of Organic Semiconductors

The optical and electrical properties of the organic semiconductors are the crucial
parameters for the optoelectronic device applications. The organic semiconductor requires the
better optical and electrical properties for improved the device performances. Research has been
focused on various aspects such as synthesis of new compounds or molecular moiety
modifications, synthetic methods, growth mechanism, polymerization, film formation methods,
organic doping or incorporation, etc., for the commercial applications.

Optical Properties:

Mainly the optical properties are composed of optical absorption, transmittance, optical
band gap, photoluminescence (PL), PL decay, fluorescence quantum yield, and life time
characteristics of the organic materials. One should achieve these properties in better way for
the desirable outcome of the devices. The Jablonski diagram gives the basic mechanism of
absorption and emission process using molecular energy level diagram of molecules [25]. This
diagram was developed by the Polish physicist Aleksander Jablonski, for this invention in
molecular florescence he is called as father of fluorescence spectroscopy. The other scientists
namely Jean Baptiste Perrin and Francis Perrin (son of Jean Perrin) also contributed to Jablonski
diagram by their theories. Figure 1.2 shows the schematic representation of Jablonski diagram.
The horizontal black lines represent the energy levels of the molecule and bold lines represent
the lowest vibrational levels of respective electronic states. Based on the spin angular

momentum the electronic states are divided as singlet (So - ground and Si- first excited states
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where net spin angular momentum is zero) and triplet states (To - ground and T; - first excited
states where net spin angular momentum is one). In the diagram the coloured arrows represent
the various transitions. Here the radiative transitions are due to the emission of photons
represented by straight arrows, non-radiative transitions are due to vibrational relaxations,
internal conversion, and intersystem crossing of the molecules represented by undulating arrows
[25-27]. The molecule gets excited from the ground state to the higher energy states by
absorbing the photon represented by the blue arrows, it is the fast radiative transition occurs in
the order of 107'° seconds. At the first the excited molecule dissipates the energy through
vibrational relaxation (yellow arrows) with in the intramolecular or intermolecular vibrational
levels. This non-radiative transition occurs in the time scale of 107'2-10'° seconds. The
molecules also undergo non-radiatively via internal conversion (IC) (with in the same spin
multiplicity; Sz to S1— purple colour) and intersystem crossing (ISC) (different spin multiplicity;
S1 to T1 — aqua colour) in the time scale of 107!' - 10"® s [26,27]. The intersystem conversion is
the proportional dependent of spin-orbit coupling, after intersystem crossing molecule
immediately undergo to the ground vibrational level of T; through vibrational relaxation. The

two useful radiative transitions are fluorescence (Si to So - green colour) and phosphorescence
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Fig. 1.2. A typical Jablonski diagram showing the possible radiative and non-radiative

transitions in organic molecule.
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(T1 to So - red colour) which occur in the time scale of 1071 =107 s and 10° — 10 s respectively
[25,26,28,29]. The fluorescence occurs between two electronic states of same spin multiplicity
after the vibrational relaxation and internal conversion processes. The phosphorescence occurs
in different spin multiplicity after the vibrational relaxation and intersystem crossing. According
to the Kasha’s rule the luminescence (fluorescence or phosphorescence) only occurs from the
lowest excited state of a given multiplicity with considerable yield. The fluorescence occurs at
a longer wavelength than the absorption which is responsible for the Stokes-Shift [28,29].
Fluorescence quantum yield (FQY) and lifetime are the important properties of the fluorescent
organic compounds for the OLED and OSC applications. The FQY is defines as the ratio of
photons emitted by the molecule through fluorescence to photons absorbed. In other way it is
the ratio of rate constant of radiative relaxation (fluorescence) to the rate constants for non-
radiative relaxations.

_ K,

I K ALK, L1
Where Kris the rate constant for radiative relaxation XK, is the sum of the rate constants for
non-radiative relaxations. Here the non-radiative relaxations are internal conversion,
intersystem crossing, external conversion, and Forster resonance energy transfer. The relative

quantum yield of the sample can be determined by comparing the absorption and PL emission

spectra of the sample with the standard ones and using the following formula [30]
_ Grad, n,’
(DX (Grad ) ( - )

where @y and®y; are the quantum yield of test and standard sample. Gradx and Grads are the

(1.2)

slopes of the straight lines obtained by drawing the graph between absorption and integrated PL
intensity of test and standard samples. nx and ns are the refractive index of the solvents used for

test and standard samples respectively.
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Life time of the molecule is defined as time taken by excited molecule to come to the
ground state. Time resolved photoluminescence (TRPL) is the tool to determine lifetime of the
fluorescent or phosphorescent molecules. This fluorescence lifetime can be affected by the
solvent, luminescent quenchers, temperature, molecular rotation, solvation dynamics and
interactions with other molecules. Therefore, the change in the lifetime can provide information
about the local chemical environment, luminescent quenchers, degradation, and stability of the
molecules. TRPL measurements carried out by using a method generally known as Time-
Correlated Single Photon Counting (TCSPC). It works by measuring the time gap between
sample excitation by a laser pulse and the arrival of the emitted photon at the detector.
Electrical Properties:

Charge conductivity, resistivity, carrier concentration, hole or electron mobility, and
charge transfer mechanism are the important parameters to analyse the electrical properties of
an organic semiconducting material. These properties directly affect the device performances
by charge accumulations at the interfaces, charge imbalance, enhancing the barrier potentials,
etc [31,32]. The charge transport mechanism in the organic semiconductors is of two types such
as band- and hopping- transports. Band transport is typically observed in organic crystals (not
at high temperatures) where degree of order of the charge transport is high compared to the
amorphous organics. In the organic structures molecules are held together by weak van der
Waals forces. These weak interactions between the molecules prevents the charge transport in
delocalized HOMO and LUMO states. The disordering of organic solids creates the locally
varying polarization energies, leading to a Gaussian distribution of density states for the charge
transport [24]. Figure 1.3 shows the Energy levels of an isolated molecule, a molecular crystal,
and an amorphous solid. Charge carriers move through hopping process among the adjacent
molecules or sites in the m-conjugated polymers with statistically variable (Gaussian

distribution) energies [31]. The hopping distances can also vary statistically (positional
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disorder). As a consequence of the energetic broadening of the density of states (DOS)

distribution, the charge mobility depends on both temperature and electric field dependent. The
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Fig. 1.3. Energy levels of an isolated molecule, a molecular crystal and an amorphous solid.

room temperature mobility of the organic crystals is in the range of 1 — 10 cm?/Vs and it varies

with the temperature following the power law as:

p=T" withn=1...3... (1.3)

Since the electronic delocalization is weak in organic semiconductors the mobility is less

compared to the inorganic semiconductors. The hopping transport in the delocalised states leads

to the very low mobility around 10~ cm?/Vs in amorphous organic solids. Instead of power law

in organic crystals, the mobility depends on activation energy and applied electric field with

temperature as follows [24]

w(F,T) oc exp(-AE/KT).exp(BVF/KT) (1.4)
Space charege, trapping effects, and charge injection are some of the other facters

which effect the conductivity of organic semiconductors [32]. For a intresic semiconducting

system the carrier density can be defined as

n; =No . exp(-E¢/2kT) (1.5)

where Ny - effective density of states, E; — energy gap.
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Considering the typical values for pure organic semiconductor, the Eg=2.5 eV and No= 1021
cm™ lead to a subpositional carrier density of nj= 1 cm™ at room temperature. By comparision
with Si (Eg=1.12 eV, No= 1019 cm™, nj= 1010 cm™), the n; is higher orders of magnitude,
which indicates that organic semiconductors have significantly low conductivity even if they
are pure enough. Electro-chemical doping, photo-generation of carriers, field-effect doping,
effective carrier injection from contacts, and hybridation are of the methods to improve the low
mobility and carrier concentration of organic semiconductors. Based on the charge carrier
mobility, the organic semiconductors are differentiated as hole transporting, electron
transporting, emissive, acceptor, and donor materials. Some of the organic molecules are shown

in the figure 1.4.
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Fig. 1.4. Molecular structures of (i) Tris-(8-hydroxyquinoline)aluminum (Algs3), (i) N,N'-
Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD), (iii) Bathophenanthroline (Bphen), (iv)
Poly(3-hexylthiophene-2,5-diyl) (P3HT), (v) Phenyl-C61-butyric acid methyl ester (PCBM),

and (vi) Poly(3,4-ethylenedioxythiophene)-poly(styrenesulfonate) (PEDOT:PSS).
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1.3. Organic/inorganic hybrid structures

The research on hybrid materials provides lot of opportunities and at the same time
challenges. Hybrid materials exhibit superior properties compared to the individual elements.
The inorganic semiconductors provide better thermal stability, high conductivity, higher
refractive index, higher density, strength, and hardness, whereas the organic materials exhibit
good optical properties, mechanical flexibility, connectivity networks, tuncable
hydrophilic/hydrophobic nature, biochemical reactivity, biodegradable, lower refractive index,
lower density, lower mobility and stability [33]. In the hybrid composite the organic material
provide the mechanical flexibility and film formation ability whereas the inorganic elements
contribute the thermal stability, and mobility [34]. The inorganic/organic interface, nature of
bonding, surface energy, unstable bonds, and energy transfer between the individual elements
play a key role on the optical, structural, electrical, and morphological properties of the hybrid
composites [35]. The degree of linking or interaction of the organic and inorganic networks
influence the mechanical and chemical properties of the hybrid material [36]. Based on the
interaction or bonding between the organic and inorganic elements the hybrid functional
materials are two types. In the class I, the organic and inorganic parts interact with weak Vander
Waals forces, electrostatic forces or hydrogen bonds whereas in class II, the elements interact
with covalent or ionic-covalent chemical bonds [35,37]. The materials which have the both
strong and weak interface interactions are considered to be class II materials due to the
significant strong chemical bonding in the final hybrid material. From these categories, the class
I materials are easy to synthesis, avoid the hetero-functional metal-organic precursor, create
functional architectures by self-assembly. Owing to the presence of covalent bonds, the class I1
materials exhibit more advantages such as deprecation of phase separation, control on the
interface interactions, hydrophilic/hydrophobic balancing, better understanding of organic-
inorganic interface, and stability of the organic components in the inorganic matrices. Figure.

1.5 represents the schematics of class I [(a) formation of blends due to the weak interactions,
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(b) interpenetration of networks] and class II [(c) covalently connected building blocks of

organic and inorganic materials, (d) interpenetration of building blocks] [38].

Class I

Formation of blends Interpenetration of networks

Class 11

Covalently connected building blocks Interpenetration of building blocks

Fig. 1.5. Schematic representation of organic-inorganic interactions in hybrid materials

(adopted from the book of Hybrid Materials, ISBN 978-3-527-31299-3).

The main challenge is of synthesis of hybrid structures with enhanced properties without
altering the individual counterparts [35]. Most importantly the synthesis method should form
the organic-inorganic nano level composites. Simply crushing and mixing of the materials
consequently produce only submicron order composites [34]. The synthetic methods such as
sol-gel process, hydrothermal, and solvothermal methods form nanoscale hybrids. The hybrid
materials are synthesised by the in-situ formation of the components in three different methods
[38]. In the first method, inorganic materials are formed in the organic materials. In this process
the inorganic precursor sol-gel is prepared first and is mixed with the organic material. In the
second method, the inorganic materials are treated with surfactants for enhancing the
functionalization of organic materials or to compatible with the organic monomers. The third

method presents the preparation of both inorganic precursor sol-gel and polymerization of

National Institute of Technology, Warangal — 506004, Telangana, India Page|14



Chapter: 1

organic material simultaneously. This simultaneous preparation leads to the formation of
interpenetrating networks with most homogeneity. These in-situ formations in-general are
classified in to two categories (Fig. 1.6), (i) organic-in-inorganics: functionalization of
inorganic materials (includes colloidal particles like nano-wires, tubes, rods) by organic
molecules/polymers, and (ii) inorganics-in-organics: incorporation of inorganic components
into organic matrices [38]. The sol-gel process is most advantageous method for the preparation
of hybrid materials. Preparation of hybrid materials through this method includes sol-gel
processing of inorganic material in presence of organic molecule (typically polymeric). In the
sol-gel processing, first the particles are formed as colloids defining a sol., second the particles
undergo crosslinking reactions and form the gel [39]. During the crosslinking, the particles
make bonding with the functional groups of organics, leading to the growth of inorganic phase
in organic matrix. The typical methods include in hybridization of materials are hydrolysis, and
condensation [40,41]. The advantages of sol-gel process are formation of nanocomposites, high
purity, uniformity in film formation, low temperature process, strong interactions, less porosity,
structural control, pH adjustable, subtly control on morphological growth, control on the
reaction parameters, and cost effective [39,41]. The type of synthesis method, amount of organic
or inorganic precursor, catalyst type, time of stirring the mixture are some of the factors which
affect the properties of hybrid composites [36]. Owing to the mechanical flexibility, high
mobility, and thermal stability, these hybrid materials replace the organic and inorganic
materials in many of the applications. These materials can be used in electronic and
optoelectronic applications including light emitting diodes, solar cells, photodiodes, gas
sensors, fire sensors, and field effect transistors. Hybrid materials used in coating applications
such as decorative coatings, antistatic/antireflection coatings, scratch-resistive coatings, and
corrosion protection coatings [33,42]. The hybrid composite also serves as electrolyte materials

used in solid state lithium-ion batteries, supercapacitors, and fuel cells.
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Fig. 1.6. Schematic of (i) (a) Organics-in-inorganics structure, (b) organics-in-inorganics
Colloids, and (ii) inorganics-in-organics molecules/polymers. Adopted from Saveleva et al.

[33].

1.4. Zinc Oxide

ZnO is an n-type degenerate inorganic semiconductor belongs to II-VI group. It is a
direct and wide band-gap (3.37 eV at room temperature) semiconductor, most widely used for
the photonic and optoelectronic devices. ZnO exhibits large excitation binding energy of 60
meV, which provides efficient excitonic emission in ZnO, is useful for the applications of
ultraviolet light emitting diodes, and laser diodes [43]. ZnO allows easier light extraction from
the optical devices due to its low refractive index of 2.05 [44]. ZnO thin films are processed
using various methods such as atomic layer deposition (ALD), pulsed laser deposition (PLD),
chemical vapours deposition (CVD), RF magnetron sputtering, self-assembly, epitaxial growth,
sputtering technique, electrodeposition, co-precipitation, spray pyrolysis, and sol-gel method.

The sol-gel method has some unique advantages from aforementioned methods such as [45].

. simple and cost-effective process.

. Better homogeneity and purity.

° low temperatures process.

o Effective control over the particle size and shape, physical and

chemical properties, and chemical stoichiometry.

° uniform thin film formation.
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Sol-gel method is the most useful process for synthesis of various hybrid materials. ZnO
exhibits two crystalline structures, hexagonal wurtzite and cubic zincblende (Fig. 1.7). The first
is the most common and stable structure at moderate temperature and pressure. At high
pressures ZnO exhibits cubic structure with indirect band gap of 2.7 eV [43]. Each Zn atoms
are tetrahedrally coordinate with the four oxygen atoms. The two structures exhibit perfect polar
symmetry along the hexagonal axis of the ZnO. ZnO structures has no inversion symmetry
results in piezoelectricity and pyroelectricity of the structures which can be applicable for
piezoelectric sensors and mechanical actuators [46]. The hexagonal structure belongs to the
point group of Cey, and the space group of P63mc or Ce*. The lattice constants are a = b = 3.25
A and ¢ = 5.2 A; their ratio c¢/a ~ 1.60 is close to the ideal value for hexagonal cell ¢/a = 1.633
[43]. The ZnO exhibits the increased crystallite size by annealing at higher temperatures in

normal ambient due to the effective substitution of Oz atoms in Zn sites. The crystallite size
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Wurtzite Zinc blende

Fig. 1.7. Schematic representation of ZnO crystalline structures.

affects the mobility of the charge carriers and hence conductivity of the ZnO thin films. To
enhance the electrical or optical properties, materials are doped with the suitable dopants. ZnO
is intrinsically n-type materials due to the oxygen vacancies, exhibits the n-type conductivity
with high mobility of 100 cm?/Vs [44,47]. So, making the ZnO as p-type is the difficult task.
There are several p-type dopant materials such as Li, Na, K, N, P, As, Cu, and Ag. Limitations

of p-dopants are they hindrance the optical and electrical properties of ZnO [48]. The n-type
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conductivity can be increased with doping of elements like In, Ga, B, Al, etc. These materials
significantly increase the conductivity with increasing the carrier concentration [47]. Mostly,
the Al is used as a dopant in ZnO for many of the applications due to the nontoxic, inexpensive,
high conductance and higher transparency. ZnO nano structures exhibit superior properties than
the bulk. The nano structures are in the form of nanoparticles, nanowires, nanorods, nanotubes,
nanosheets, nanofibers, nanoflowers, nanocolumns, nanobelts, nanohelixes, nanocombs,
nanorings, nanopropellers, nanosprings, and nanoshells [44]. All these structures are
synthesised by various synthesis methods and growth mechanisms. ZnO exhibits the most
interesting photonic properties in UV and visible region. The typical PL emission of ZnO

reveals the two types of emissions: (i) the near-band emission (NBE) in the UV region and (ii)

A —— e e e E—

” £
= £
1=
c £ c 3
o < e ~
T3] o o ‘
i 8 1
~ E o &
™ = T s
P (o] e — —
3 '
" - o 1 E
e
w = c
o
2
V—f‘
——— Vo

VB

Fig. 1.8. Schematic of the radiative transitions associated with intrinsic defect states in ZnO.

the defective of deep level emissions (DLE) in the visible region. The defective emissions are
due to presence of zinc vacancy (Vza), oxygen vacancy (Vo), zinc interstitial (Zni), oxygen
interstitial (O;), and other extrinsic contamination [43]. The ratio of intensity of these two
emissions (Inge/IpLE) indicates the optical quality of ZnO. The corresponding emissions of ZnO
are shown in Fig. 1.8. Owing to its excellent optical, electrical, and mechanical properties, ZnO

is used in enormous applications as mentioned in the figure 1.9.
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Fig. 1.9. Various applications of ZnO in different fields.

1.5. Tris(8-hydroxyquinolinato)aluminium (Alq3)

Tris(8-hydroxyquinolinato)aluminium (Alqs) is an organic fluorescent semiconductor
frequently used in OLEDs as electron transporting as well as emissive layer. C. W. Tang and S.
A. VanSlyke first reported an efficient Alqs based OLED with the efficiency of 1% at 5.5 V,
output power of 0.1 mW/cm?, and PCE is 0.46% [17]. Some of superior properties of Algs such
as cost effectiveness, easy to synthesis, highly fluorescent, tuneable properties, and non-toxic,
make its commercial usage in many optoelectronic device applications. The chemical formula
of Alqs is Co7Hi18AIN3Os. It is made by the coordination of metal complex of aluminum(III) and
the anion of 8-hydroxyquinoline (8-HQ). The nitrogen and oxygen atoms of 8-HQ are
coordinated with the aluminum atom so that the complex takes an octahedral configuration. The
HOMO and LUMO level are 5.8 eV and 3.1 eV respectively and the band gap is 2.7 eV. Alqs;
is used as an active emissive layer in green luminescent OLEDs and as electron transporting
layer in other coloured OLEDs. Alqgs has two isomers, meridional and facial as shown in Fig.
1.10 [49]. Each isomer forms multiple crystalline phases. In general, Alqs is amorphous in
nature and is a green fluorescent material. But it exhibits different crystalline phases in various

conditions. Three crystalline phases of oc, 3, and y were identified by Brinkmann and co-workers
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[50]. M. Colle and co-workers invented the 6-phase phase of Alqs by sublimation in a horizontal
glass tube and they also observed the blue luminescent of Alqgs from this phase [51]. The
photoluminescence of Algs can be tunable by embedding in polymer (PMMA: polymethyl
methacrylate) matrix [52]. Alqs is efficiently used in hybrid composites and achieved improved
luminescence properties with the ZnO [53,54]. The major drawback of Alqs is it exhibits poor
stability by degradation of its optical properties. Thangaraju et al. reported the luminescence
quenching of Alqgs during the light exposure and under shift heavy ion (SHI) irradiation due to
the formation of carbonyl group (C=0) which acts as a luminescent quencher [55,56]. Algs also
exhibits the low thermal stability, annealing at higher temperatures (T>150 °C) in normal

ambient, causing the luminescent quenching [57].

N | il =
\l / X ()\| /N =
/AI\ A
0 o N l >
/N ()\
N / -
Alqg;, meridional facial

Fig. 1.10. Molecular structure of Alqs and its isomers (meridional and facial).

1.6. Optoelectronic devices

Optoelectronic devices are primarily transducers i.e., they can convert optical energy to
electrical energy and vice versa. These devices belong to the field of optoelectronics and that
use optical or electrical signal in their operation. Optoelectronics deal with the quantum
mechanical effects of light on electronic materials such as semiconductors (organic or
inorganic). The optoelectronic devices are light emitting diodes (LEDs), photovoltaics (solar
cells, photo diodes, phototransistors, photomultipliers, and opto-isolators), photoresistors, laser
diodes, etc. Coming to the organic electronics the OLEDs, OSCs, and organic photodiodes also

come under optoelectronic devices which deals with the optical and electrical mechanisms.
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1.6.1. Organic light emitting diodes (OLEDs)

It is a light emitting diode (LED) made by placing the series of organic thin layers in
between two electrodes. The organic layers can be emissive layer (EML), electron transporting
layer (ETL), hole transporting layer (HTL), electron blocking layer (EBL), hole blocking layer
(HBL), electron injection layer (EIL), hole injection layer (HIL), and electron injection layer
(EIL) [58]. These layers can be used and/or optimized in the optoelectronic devices for charge
balancing, decreasing the barrier potentials between the layers, reducing the charge
accumulation at the interfaces, the proper interface contacts, and improved the device
efficiency. In 1955 Andre Bernanose and co-workers have first reported the electroluminescent
from acridine derivatives (gonacrin and brilliant acridine orange E) at 2000 V AC [59]. In 1963
Martin Pope et al. has first observed the direct current electroluminescence at 400 V from
anthracene crystals under vacuum [15]. In 1983 Roger Partridge reported the PLED using
(poly(N-vinylcarbazole)) polymer films of 2.2 pm thickness [60]. The first efficient OLED
based on Alqgs at 2.5 V was reported by C. W. Tang and S. A. VanSlyke in 1987 [17]. Further
the OLED was developed and commercialised by various companies like Kodak, Sony, LG,
Samsung, etc. The basic device structure and charge transfer mechanism or emission process

shown in Fig. 1.11. The device structure is consisting of sequential layers of anode, hole
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Fig. 1.11. Schematic of (i) Basic device structure of OLED and (ii) light emission process.
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transporting layer, emissive layer, electron injection layer, and cathode one over the other. The
anode injects the holes and cathode inject the electrons into the organic layers. HTL facilitates
the injected charge carriers (holes) by the anode move towards the emissive layer (facilitates
the removal of electron from the EML), EIL facilitates the charge carries (electrons) injected
into the emissive layer [58]. The charge carriers move by the hoping process through the organic
layers. The injected holes and electrons form the electron-hole pairs (excitons) in the emissive
layer [58]. The excitons de-excite means recombine and emit the visible light. To recombine,
electrons have to make transition from LUMO energy level to HOMO level of the emissive
layer. In the recent years the OLEDs (display and lightning) are well commercialised and
available in the market but these are expensive compared to the inorganic counterparts. High
purity of organic materials, expensive fabrication process and encapsulation increase the cost
of the OLEDs for commercial usage. Advantages of OLEDs over conventional LCDs and
inorganic LEDs are thinner, flexible, brighter, higher contrast, faster refresh rates, and highly
efficient. OLED based prototype display and lighting devices are shown in the figure 1.12.

OLED have self-lit pixels, which turn off to achieve perfect black and high contrast whereas

Fig. 1.12. Images of (i) LG 77” OLED TV - 2020, (ii) LG 55 Transparent OLED TV - 2021,
(i11)) LG 47” Window Display — 2015 (iv) Sony OTFT-driven OLED Rollable Screen — 2010

(v) Sansung OLED Curved Screen Phone - 2013, and (vi) OLED Window and Roof Lightning.
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inorganic LEDs use back light so pixels are not self-emission by which perfect black cannot
achieve. The self-lit pixels create the perfect black and avoid the halo effect or light bleed of

the image (as shown in Fig. 1.13).

Fig. 1.13. The difference in picture quality of LED and OLED displays (Image from LG

website).

1.6.2. Organic solar cells (OSCs)

Organic solar cell (OSC) is a photovoltaic device which converts electromagnetic
radiation into electrical charges. It consists of a series of organic layers sandwiched between the
electrodes. The organic layers are of hole transporting layer (HTL), active layers (donor and
accepter), electron injection layer (EIL) [61]. When the device is exposed to the light with
sufficient energy (greater than bandgap), the excitons are generated in the active layer and get
dissociated by the energy difference. The acceptor transfers the donated electrons by the donor
to the cathode through EIL. On the other side removal of electron (hole transfer) takes place
through HTL by the anode. The conducting layers (HTL and EIL) decrease the barrier potentials
at the interfaces and facilitate the diffusion of charge carriers into the electrodes without
recombination [61].The charge transfer or conduction is due to the delocalisation of n-electrons

by the hoping process through the conjugated organic structures [62]. The basic device structure

National Institute of Technology, Warangal — 506004, Telangana, India Page|23



Chapter: 1

and working mechanism of the OSC is shown in Fig. 1.14. The key advantages of OSCs over

conventional Si-based solar cells are of low-cost processing, higher solubility of materials
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Fig. 1.14. Schematgs)of (1) Basic device structure of OSC and (ii) (11tls) working principle.
enabling roll to roll processing of device, earth abundance of organic materials, mechanical
flexibility of device permitting a wide variety of uses, light weight, thin and large area
deposition. There are drawbacks of OSCs such as low efficiency, short lifetime, lower
environmental tolerance, and poor thermal stability. Atmosphere moisture, humidity, oxygen,
and sunlight exposure cause a more negative effect on organics when compared to inorganic
crystalline cells [63]. The low efficiency is related to the short exciton diffusion lengths and low
carrier mobilities. Continuous exposure to Sunlight causes the thermal degradation of organic
compounds in the device, leading to short lifetime. Current research is focusing on improving
the absorber materials, developing the device architecture, improving the encapsulation,
utilization of heat sinkers, and searching for alternative organic and contact materials to increase
the device efficiency and lifetime [61,62]. The organic photovoltaic researchers have so far
achieved the maximum efficiency of 18-20% [64,65]. The flexibility of OSCs offers to keep
these devices in many applications like windows, curtains, dresses, carry bags, smart glasses,

etc (example images of commercial OSCs are shown in Fig. 1.15) [66].
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Fig. 1.15. Images of (i) flexible OSCs (ii) solar Window (iii) transparent OSC (iv) building-
integrated with OSCs by Belectric company, Germany - 2014, (v) powerbrella by Konarka and
Sky Shades - 2009, (vi) solar Bags by Konarka Technologies Massachusetts - 2010, and (vii)

prototype of a winter outdoor jacket by Maier Sports and Institut fiir Physikalische Elektronik.

1.6.3. Ultra-violet (UV) Photodetectors (UVPDs)

Ultraviolet (UV) photodetectors (UVPDs) belong to a category of photosensors. A
photosensor is an electronic device that detects the presence of visible light, infrared rays (IR),
and ultraviolet (UV) rays. The photodetectors consist of photosensitive materials which respond
to the photons and generate photocurrent conduction. A standard UV photodetector detects the
UV light in the range of 195 — 370 nm and most commonly 254 nm. Based on the device
structure and working mechanism, the UVPDs are classified as (i) metal-semiconductor-metal,
(i) Schottky junction, (iii) Homojunction/heterojunction-based devices [67,68]. These
structure-based devices can be self-biased and/or external biased. The basic mechanism of UV
photodetection includes (i) generation of excitons upon UV light illumination (energy greater
than the bandgap of the semiconductor), (ii) separation of electron-hole pairs in the active layer,
and (iii) collection of electrons and holes via conducting layers in the form of photocurrent by

applying the external bias voltage (built-in electric field also generates the photocurrent without
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external bias which are called as self-biased devices) [68]. UVPDs have been receiving large
importance for the applications of environmental monitoring, forest-fire prevention,
astronomical research, civilian and military fields, missile approach warning, medical analysis,
etc [68,69]. In the present global warming circumstances, it is very much essential to develop
the UVPDs towards large-array, fast-response, high UV sensitivity, lightweight, and low-cost
production. ZnO is the highly efficient photo conducting material providing easy fabrication,
high UV sensitivity, and low-cost production than the other photosensitive materials [67,70]. It
works based on the oxygen adsorption and de-adsorption at the surface which plays a key role

in the photoconduction.
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Fig. 1.16. Schematic illustrations of UV light detection process of UV photodetector.
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The UV detection process (shown in Fig. 1.16) includes four steps as follows:

(1) Under the dark condition, oxygen from the atmosphere gets adsorbed onto the ZnO
surface.

(i1))  The adsorbed oxygen molecules captures the free electrons and forms the negatively
charged depletion layer at the surface, resulting in less current.

02 (gas) + e (surface) — Oy (adsorption)

(iii))  When UV light is illuminated the electron-hole pairs (excitons) are generated in the
film.
hv (UV) - e + h* (exciton)

(iv)  holes migrate to the surface from the bulk and neutralize the negatively charged surface
(decrease the depletion layer width or make the surface conductive) by desorbing the
oxygen from the surface, simultaneously unpaired free electrons and available holes
contribute to the photoconduction [71].
h™+ O, (adsorption) — O (gas)

The characteristic parameters of UVPD which decide the device performance are photocurrent,
gain, sensitivity, responsivity, detectivity, and electronic quantum efficiency [71,72]. There are
certain limitations to overcome in ZnO-based devices for better performance. ZnO consists of
its characteristics native defects which create the charge traps in the film, resulting in slow
charge carrier generation and recombination. In the homojunction or heterojunction-based
devices, the lattice mismatch between the junctions creates the charge traps in the devices which
reduces the device performance. Self-biased UV photodiodes exhibit the fast responses and high
sensitivity but low photo current and responsivity. Built-in electric fields are insufficient to
overcome the barriers at the interfaces/junctions resulting in less photocurrent and responsivity.
Surface roughness of ZnO affects the efficient light absorption by creating the light trappings

centres. Research is going on in order to overcome the native defects, homo-/hetero- junction
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lattice mismatch, charge traps, light trapping effects, low mobility, and low built-in electric

fields for the efficient utility of ZnO in UVPDs [67,68].

1.7. Importance of hybrid structures in optoelectronic devices

The key roles in the performance of optoelectronic devices are charge injection/extraction
between electrodes and organic layers, light absorption/emission, interface interactions between
the adjacent layers, charge balance, charge mobility in the conducting layers, adhesiveness and
lattice mismatching between the layers, encapsulation, ambient conditions, moisture,
temperature, etc. The inorganic semiconductor-based devices have high production costs
especially for large-area fabrication, high processing temperature, and are not biodegradable or
biocompatible. These devices offer high device efficiency, thermal stability, chemical stability,
ambient stability, and high durability. Whereas organic devices possess poor stability, photo-
oxidation, degradation, and short lifetime. The organic devices have the excellent features such
as large-area fabrication, flexibility, improved device performances, low temperature
processing, and simple fabrication method which make them as alternative to conventional
inorganic devices. It is also essential to understand a new class of composite materials (hybrid)
that combines the essential features of organic and inorganic, and minimise the drawbacks of
respective individual based devices. The optoelectronic devices based on hybrid composites
present good stability and better device performances when compared to the respective organic-
or inorganic- based devices. The incorporation of inorganic nanostructures increases the
stability of organic components. These nanostructures create the conducting pathways in the
composites and also modulate the optical properties for optoelectronic applications [73]. Prasad
et al. have reported the increased charge mobility of Polyvinylcarbazole (PVK) by incorporating
the CdSe nanoparticles [74]. The enhanced photocharge generation was also observed from this
hybrid nanocomposite compared to the Cso doped PVK. C.J. Wang et al. reported that the

Poly(p-phenylene vinylene) (PPV)/silica composite glass exhibits very low optical loss when
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compared to the pure PPV [75]. This composite glass presents high surface quality, easily
polishable ends for end-fire coupling of light waveguides, high mechanical strength for
holographic grating applications, and is capable of producing the photorefractive medium. In
hybrid nanocomposites, most of the nanoparticles are in contact with the adjacent layers which
increases the contact area, resulting in the efficient charge injection [73]. The hybrid compounds
exhibit less film thickness compared to individual elements which induce more electric field in
the device, resulting in higher current density. The LED efficiency depends upon the
recombination in the active layer. The charge balance in the device increases the recombination
rate which depends upon the mobility of the charge carriers (electrons/holes) in the organic
materials. Mostly the organic semiconductors exhibit higher hole mobility than that of electrons
whereas the inorganic semiconductors exhibit higher electron mobility [73]. The proper
combination (hybrid) of these organic and inorganic counterparts enhances the charge balancing
and hence improves efficiency of the devices. The highly efficient white hybrid LEDs
(ITO/PEDOT:PSS (or) poly-TPD/CBP:QDs /Alqs/Ca/Al) were reported by incorporating the
CdSe/ZnS QDs in CBP and achieved the maximum electroluminescence of 1500 — 1800 cd/m?
with the efficiency of 0.96% [76,77]. Wendy U. Huynh et al. has demonstrated the hybrid solar
cell using P3HT:CdSe blend and reported the PCE of 1.7% [78]. The OSCs based on
P3HT:TiO2 and P3HT:ZnO blends also show efficient charge separation yield [73,79]. Research
has been extensively carried out using ZnO as accepter or cathode buffer layer (CBL) in hybrid
solar cells and achieved the better PCE with improved exciton dissociation and mobility of the
charge carriers [79]. ZnO is a high photoconduction material and it is used in the applications
of photodetectors [71]. ZnO in pure and doped form are widely used in UV-photodetectors as
active material and achieved excellent device performance [70,71]. Owing to superior
properties like thermal and chemical stability, tuneable optical properties, and balanced
conductivity, hybrid materials are being used in many applications such as sensors, lasers,

optical fibres, fuel cells, photodetectors, solar cells, LEDs, etc.
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1.8. Scope and objective of the research work

The scope of this research work is mainly to focus on preparation and characterization of
solution processed organic/inorganic hybrid thin films and fabrication of efficient
optoelectronic devices. The organic compounds exhibit the good absorption and emissive
properties, mechanical stability, flexibility, biocompatibility, nontoxic, and cost effective but
whereas they show the poor mobility and ambient stability. The inorganic materials exhibit the
good thermal, electrical properties and good chemical stability. Thus, hybrid(organic/inorganic)
composite materials exhibit high thermal stability, chemical resistance, mechanical strength,
good optical and electrical properties over organic and inorganic materials. The optoelectronic
devices based on organic/inorganic hybrid structured materials can exhibit the better device
performances with improved stability. The charge injection/extraction from the anode material
is also one of the several factors which affect the optoelectronic device performances. The
hybrid structure-based devices with improved film quality of ITO anode can also exhibit the
higher electrical properties with efficient charge collection/extraction.

The objective of this thesis work is

(1) To deposit and optimize the sol-gel derived Alqs/ZnO hybrid thin films by cost-effective
spin-coating process for the different molar ratios of Alqs/ZnO in the film and characterize
the structural, morphological, optical and electrical properties for their solution processed
optoelectronic device applications such as UV photodetectors.

(i1) To study the effect of Ni Swift heavy ions (SHI) on the structural, morphological, optical
and electrical properties for their applications in solution processed Alq3/ZnO hybrid thin
film-based UV photodetectors with improved performances.

(i) To improve the metal electrode/organic interface properties for the improved device
performances, ITO coated glass substrates are to be annealed at different temperatures
under the normal ambient and studied their optical and electrical properties for the efficient

device performances and to understand the strategy of annealing of ITO anode at higher

National Institute of Technology, Warangal — 506004, Telangana, India Page|30



Chapter: 1

temperature under the normal ambient in order to improve the hole injection/hole extraction
in the OLEDs and OPVs for the efficient device performances.
(iv) The strategy of annealing of ITO anode at higher temperature under the normal ambient is

to be utilized to improve the performances of Alqs/ZnO hybrid-based UV photodetectors.
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Preparation and instrumentations for characterization of Alq:/ZnO hybrid

thin films and devices

This chapter describes the preparation of Alq3/ZnO composite thin films by solution process
and basis of thin film formation using spin coating technique. It also briefs the fabrication
process of various optoelectronic devices such as Hole-only devices (HODs), Electron-only
devices (EODs), OLEDs, OPVs, UV photodetectors. This chapter further discusses the
instrumentation details of various characterization techniques used for the study of Alqs/ZnO

hybrid thin films and devices.

2.1. Precursor preparation for Alqs3/ZnO hybrid thin films

The precursor for Alqs/ZnO composite thin film was prepared by incorporating Alqs;
solution into ZnO precursor with different volume percentages. The sol-gel method allows
powder less processing of thin films, ceramics, and glasses directly from the solution at the low
processing temperature [80]. The parameters in sol-gel preparation that influence the thin film
formation are the nature of precursor, solvents, additives, processing temperature,
concentration, aging time, and solution filtration [80]. Various precursors have been used, such
asnitrates, chloride, perchlorate, alkoxides, and acetylacetonate. Most often used precursors are
nitrates and acetate. The main drawback of nitrates is contaminations or anionic species in the
final product, whereas in the zinc acetate case, the contaminations are decomposed during the
annealing process [81]. The zinc perchlorate instead of zinc acetate creates the coagulation of
the particles rather than colloidal solution formation [80]. The ZnO thin film prepared from the
zinc acetate precursor exhibits a strong c-axis orientation than the Zinc n-propoxide based films
[82]. Zinc acetate dihydrate (ZAD) based ZnO thin film with a molar concentration in between

0.3 — 0.7 M presents more than 85% of transmittance, highly c-axis oriented (002) peak, and
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efficient band edge emission with less defective states [83,84]. The aging time of solution
influences the crystal structure of deposited film: longer aging time of 24 hrs presents the
polycrystalline, and for 2 hrs, amorphous nature [85]. The low boiling point solvents will not
give preferential orientation. ZAD with 2-propanol and diethanolamine (DEA) leads to the
imperfect orientation, in contrary to ZAD-2-methoxyethanol (2ME)-monoethanolamine
(MEA) having high boiling points, providing the strong orientation [82]. The additives also
affect the film quality of ZnO, the film with MEA gives the highly crystalline and oriented films
than DEA [82]. By proper selection of precursor, solvent, additive, and aging time,
concentration of solution, the good quality of thin film can be achieved.

ZnO sol-gel was prepared using Zinc acetate dihydrate [Zn(CH3COO),.2H;0] as the
precursor, 2-methoxyethanol (C3HgO») as the solvent, and monoethanolamine (MEA: CoH7NO)
as the stabilizer. The ZAD was dissolved in 2-ME by adding MEA dropwise. The solution was
stirred at 450 rpm for 2 hrs at 60 °C using magnetic stirrer with hot plate. The solution was
prepared with the molar concentration of 0.5 M and MEA was added in 1:1 molar ratio with
ZAD. In ZnO sol-gel process, at first, the Znic acetate dihydrate [Zn(C2H302).2H,0O] undergoes
dehydration process and transforms to mono-acetate [Zn(C2H302).2H>0] in presence of 2-ME

as per the reaction given below [86]:

H,O
O o
I | 2-ME | | T" f - + —
CH,-C-0-Zn-0-C—CH, ZME5 [CH,-C-0-Zn + O- (I:I —CH, +2H +2(OH)
] , | -
o o

H 2‘0
In this process, the hydrolysis and condensation of Zn (II) cation are relatively slow due to the
low quantity of H,O molecules for the formation of ZnO. The adding of additive or stabilizer
(MEA: C2H7NO) hinders the condensation; however, it increases the pH of the solutions and
promotes the formation of ZnO following as [86]:
o o
[CH3-|C| -0 -ZnJ++ HO - CH,- CH,— NH, —>H, -lc‘fo -H +Zn -0 -CH,-CH, - NH,
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Simultaneously, Algs solution of 10 M was prepared by dissolving the Alqs in 2-ME by
stirring at 450 rpm for 2 hours under the normal ambient. Both solutions of ZnO and Alqs were
filtered using 0.2 pm syringe filter. Alqs was incorporated into ZnO with different volume
percentages such as 20%, 40%, and 60%. The molar ratio of Alqs to ZnO (Alq3/ZnO) in the
three solutions were maintained at 0.5 x 10> for [ZnO (80 vol.%) (0.4 M) + Algs (20 vol.%) (2
x 107 M)], 1.3 x 107 for [ZnO (60 vol.%) (0.3 M) + Alqs(40 vol.%)(4 x 107* M)]; and 3 x
1073 for [ZnO (40 vol.%) (0.2 M) + Algs (60 vol.%) (6 x 10™* M)]. These solutions were aged
for 24 hrs for gel formation. During the gel formation the ZnO molecules interact with the Alqs

molecules and may covalently bond.

2.2. Substrate Cleaning

The substrate cleaning is one of the important factors for quality thin film formation.
The cleaning process is done to remove oil, grease, or any other chemical contaminations
(which may have formed while manufacturing) on the surface of substrate. The substrates (glass
or ITO) were cut into required (2x2 cm?) size. At first the substrates were rinsed and sonicated
for 10 min in soap solution for the initial cleaning of the substrate, followed by rinsing and
sonication in DI water for 10 min to remove the soap particles on the surface and dried for 10
min on hot plate at 100 °C under the normal ambient. This same process was continued in
acetone, IPA and DI water respectively. Further, the substrates were high plasma cleaned for
10 min using plasma cleaner (make: Harrick plasma, model: PDC- 002) to remove the ionic
contamination present on the substrates. The substrates were then exposed to the UV light for
10 min using UV light curing system (Kaivo) in order to enhance the adhesiveness and work
function of ITO. The cleaned substrates were used for thin film coatings by spin coater and/or

followed by thermal evaporation vacuum coating unit.
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2.3. Thin film deposition methods

The thin film deposition methods are classified based on the working principle into two
major categories such as physical and chemical deposition methods. Fig. 2.1 shows the various
chemical and physical deposition methods, and these two methods are further sub-classified
into the liquid phase, gas phase, evaporation, and sputtering [87]. In the chemical deposition
method (CDM) the oxidation and reduction process will play a crucial role in film formation.
In case of physical deposition method (PDM), physical phenomenon such as evaporation,
gjection, condensation, and sputtering play a crucial role. However, both the methods have their
own advantages and disadvantages. The high vacuum deposition methods are much useful to
fabricate films for commercial devices, In the present research work, the cost-effective chemical
spin-coating process and thermal evaporation methods are used for deposition of various
organic and hybrid thin films for the fabrication of devices.

Thin film deposition methods

[ 1

Chemica_lj&ositlon methods Physical deposition methods
Fia I N
Liquid phase Gas phase Evaporation [ sputtering 1
Laser chemical vapor Va
—  Spray pyrolysis dasciition = cuum Magnetron _|
{ g evaporation sputtering
. Photochemical vapor Electron beam
[+ Seincoating deposition = — evaporation AEsputtering; ==
Chemical vapor — Laser
— " L —
Sol-gel deposition evaporation Rcsputiaring
Plasma enhanced lon b
— Electro chemical vapor — =~ Arc evaporation s::":;:
deposition deposition g
Chemical Bath Metal organic chemical | Flash
deposition vapor deposition — evaporation
(Dip coating)

Fig. 2.1. Classification of thin film deposition methods.

2.4. Thin film formation by Spin-coating technique
It is a simple and low-cost thin-film coating technique when compared to other coating
techniques. When the solution is spun on the substrate at high speed, the centrifugal force and

surface tension together form the even covering of solution, and then the annealing process will
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evaporate the solvent. One can form a good quality thin film by appropriately optimizing the
solution preparation, spinning parameters, and pre-annealing conditions. Factors affecting the
uniform film formation are solution concentration, viscosity, precursor dissolving or dispersion,
spinning rpm (rotations per minute), spinning time, acceleration time, substrate cleaning,
substrate type, pouring the solution onto the substrate, coating conditions, pre-annealing
temperature, and annealing temperature [88,89]. There are four basic steps involved in the thin
film formation using spin-coating method as followed (schematic shown in Fig 2.2) [88,90,91].
(i) Dispense: It is a stage of deposition of solution onto the substrate. This is of two types,
static deposition and dynamic deposition. In the former case, the solution is deposited when the
substrate is at static position, In the latter case, the fluid is deposited at the low spinning speed
of the substrate commonly at 500 rpm. The static deposition requires more fluid to wet the total
substrate area, it is of wasting material but it can avoid the voids in film formation and useful
for poor wetting substrates.

(ii) Substrate acceleration or spin up: The substrate is given a speed from 0 to level of about
2000 rpm within 3-10 s. During spin up the solution and substrate are to rotate with different
speeds. These two rotation speeds match up when flued drag force balances with the rotational
acceleration force and forming the thin layer of fluid. The fast spin up rate may dissipate the
solution out and spin up rate form the agglomeration of particle leads to the ununiform
distribution of particles or solution.

(iii) Constant rotation: At this stage the viscous force become dominated one and solution
turns into the thin film formation. Typically, this constant rotation is about 1000-6000 rpm. The
thinning of film with proper atomic arrangements occurs at a constant spinning speed. Higher
the spinning speed, lower the thickness of film and vice versa for a particular solution. For high
viscous solution the spinning speed should be high to overcome the viscous force for uniform
distribution of solution and for low viscous solution, it should be less to avoid the spilling or

non-uniform distribution of solution.
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(iv) Solvent evaporation: It is the process to evaporate the solvent from the spinning layer. It
is of two types, first, the solvent is evaporated while spinning with constant speed at room
temperature. Second, the solvent is evaporated at particular temperature (depending on the
solvent) under ambient or vacuum. After the solvent evaporation the substrate is remain intact
with the film. Immediate evaporation requires thorough spinning otherwise solution becomes
more concentrated and viscous. In annealing case, the sudden rise in temperature will leave the
cracks or agglomeration of particles. The moderate annealing is required for uniform film
formation.

Thin film formation using spin-coating process has following advantages and disadvantages
[88,89,92].
Advantages:

e Simple and easy process.

e Requires very less time for thin film formation.

e Able to coat less thickness even as less as 10 nm.

e  Low temperature processing (Under normal ambient)

e  Less material quantity.

e No need of vacuum conditions.

e  Cost-effective coating.

¢ Fine controlling on material content and film thickness.

e  Less porous and uniform film formation.
Disadvantages:

e Not suitable for large area coating and flexible substrates.

e High optimization required on solution preparation and spin-coating parameters.

e  Wastage of solution during spinning, only 10% is utilised for actual film.

e Fast drying times leads to the formation of cracks in the films.
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i e o V)

(i) Dispense (ii) spin up (iii) Constant Rotation (iv) Evaporation .
() (ii)

Fig. 2.2. (i) Schematic representation of thin film formation using spin-coating technique and

(i1) image of spin coater.

Instrument Specifications:
Make: Apex Instruments; Model: SpinNXG-P2; Speed Range: 100-10,000 R.P.M; Acceleration:

40-5,000 R.P.M./sec.

2.5. Thin film Deposition by thermal evaporation method

It works on the following steps: (i) thermal evaporation of a solid material under high
vacuum, (ii) the evaporated atoms/molecules hit the substrate, and (iii) the film deposition by
condensing. Thermal evaporation coating unit is mainly consisting of vacuum deposition
chamber and vacuum system (diffusion and rotary pumps) [93,94]. The chamber is circulated
with the cooling system. Inside the chamber is consisting of electrode system at the bottom,
substrate holder at the top, shutter in the middle, crystal oscillator relatively parallel to the
substrate holder, and vacuum pipe at the bottom. The schematic view of chamber is shown in
Fig. 2.3(i). At first the chamber is evacuated with the high vacuum ranging from 107 — 10~
mbar using rotary and diffusion pumps [94]. The electrode system is used to sublimate the
material by heating the filament or boat (evaporators: molybdenum, tungsten or tantalum)
following the joule heating effect [Q = I’Rt; I — current (10 - 100 A), R — resistance, t — time]
[95]. The atoms sublimated from the source directly travel in all directions, hit the substrate and

condense to form a film onto the substrate. Magnitude of the vacuum highly affects the

uniformity of film (Fig. 2.3(ii)). At low vacuum (< 10~ mbar), the air molecules scatter the
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Fig. 2.3. Schematic representation of (i) deposition chamber of thermal evap
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vapour atoms/particles (having less mean free path) leading to ununiform distribution of

particles/atoms on the substrate. Under the high vacuum (> 10"* mbar), the mean free path for

particles/atoms is about 60 m, so under high vacuum the particles directly hit the substrate with

same velocity and form the uniform film. The high vacuum avoids collisions of the particles

with the foreign atoms and increases the purity of the film. The vapour particles of the material

simultaneously hit the crystal oscillator, which is fixed nearly parallel to the substrate. The

mechanical shocks and vibrations of the particles causes the frequency shifts of the crystal

oscillator. The thickness monitor measures the thickness and rate of deposit

ion in corelation

with these frequency shifts [96]. Figure 2.4 shows (i) the schematic of thermal evaporation

system and (ii) image of vacuum coating unit.
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Fig. 2.4 (i) Schematic view of vacuum creating system and (ii) image of thermal evaporation

vacuum coating unit with chiller system.
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Thin film coating unit exhibits the following advantages and disadvantages [94,95];
Advantages:
e Control on thickness, uniformity, and adhesion strength.
e Due to the low kinetic energy of the material atoms, the substrate is protected from
defect nucleation and damage.
e FEasy and short time coating process (typically 1- 2 hrs).
o Cost-effective process.
Disadvantages:
e Possibility of contamination from the hot boat or filament which influences the
stoichiometry of the coating material.
e Wastage of some source material which coated all around the inside walls of chamber.
e Possibility of contamination from the previous evaporated material.
e Not suitable for materials with high melting point like metal oxides.
e Limited area of coating.
Instrument Specifications:
Make: VR Technologies; Maximum Vacuum level: 1.0x10¢ mbar; Film Thickness: 1nm to

hundreds or thousands of nm thick.

2.6. Thin Film Characterization Techniques
2.6.1. UV-Visible Spectrometer

The UV visible spectroscopy is a powerful tool to measure the optical properties
(transmittance, absorption, reflectance, etc.) of samples [97]. If a material possesses higher
transmittance in the visible region it clearly indicates lower absorption and reflectance. If the
sample does not absorb the incident light for a given wavelength range and the incident
lightintensity (I) and transmitted light intensity (Io) are equal (I = lo). However, in practice all

the materials do not possess complete transmittance, lo is always lower than I (Io<I). The
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relation between absorption (A), and transmittance (T) is given according to Beer-Lambert’s
law, and the absorption of the material is expressed as follows, (A = -log (T) = - log Io/I) [98].
The absorption of the material also depends on the film thickness and absorption coefficient of
the material (oc). The absorption coefficient is intrinsic property of a material. The optical band
gap is estimated using the transmittance and thickness of the sample. In the semiconducting
system, electrons can be excited from the valence band to conduction band during the
absorption of incident light energy. In the semiconducting system, there are two types of optical
transitions that can occur; direct and indirect transitions. Both transitions arise because of the
interaction of the electromagnetic radiation with the crystal lattice. The estimation of direct and
in direct bandgap of the samples by Tauc relation [99]. The schematic diagram of the UV-Vis-
NIR spectrophotometer is shown in Fig. 2.5. In present research work, the optical properties
were analysed as a function of incident wavelength using Agilent Technologies UV-Vis
spectrometer.

Instrument Specifications

Model: Cary 5000 UV-Vis-NIR spectrometer; Lamp: deuterium; Detectors: photomultiplier

tube for UV—Vis, In GaAs for (NIR); Wavelength range: 175-3300 nm for transmission.

EM radiation

Sample

Detector 2

Reference m Detector 1
» = Source
Exit slit —|_. Nonradiative
- ’_ . Transition Monochromator
\

Amplifier

0 .t i
Gr:llmgs Exct atlo'n Transition spectrometer
I Y . Bandgap
- - Detector
q — 7
— A P : Iy
I - N, — " Monitor =3% Valence
& Power source m Band - .
Lens  Entranceslit ~ Xenon light N Sample Shele grasheg
ectrons compartment ~ emission

. T—

Light
photon Double grating

Radiative Excitation

Fig. 2.5. Schematic of working mechanism Fig. 2.6. Schematic of possible transitions in

of UV-visible spectrophotometer.

Photoluminescence emission process.
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2.6.2. Photoluminescence spectroscopy

The photoluminescence (PL) spectroscopy is an effective technique to understand
various electronic transitions in materials. The luminescence study is useful to identify the
excitation and emission process, band gap, and impurity defect levels of materials, based on the
emission spectra [100]. The PL is emission of light when the incident photon energy is equal
or higher than the band gap energy. The electrons will be excited from valence band to
conduction band during the absorption of light energy. The excited state is not a stable state;
hence the electrons return to ground state by radiating energy as illustrated in Fig. 2.6. It is also
possible for non-radioactive transition from excited state to ground state. The
photoluminescence of a material is obtained because of core shall electron, valence electron,
free electron, localized impurity states or defect state of the system. The electronic transitions
of materials are classified into two types, i) radiative transition and ii) non-radiative transition.
The radiative transition happens due to the intrinsic states formed by the impurities. There are
different types of radiative transitions arise in materials such as band-to-band transition, free
exciton transition, and free-to-bound transition. Non-radiative transition happens before or after
the radiative transition and during the non-radiative process, no emission will be delivered
[101]. In the present research work the Horiba scientific PL instrument is used for studies.
Instrument Specifications
Model: Fluorolog3-2; Lightsource:450 W CW Ozone-free xenon arc lamp (250 to 2500nm);
Monochromators: Czerny-Turner design with plane gratings for optimized focus at all
wavelengths and minimum stray light; Sample detector: PhotomultiplierR928P,

spectralcoverage200 to 870nm; Reference detector: UV enhanced silicon photodiode.

2.6.3. X-Ray diffraction
The crystalline structure, phase purity, lattice parameter, degree of crystallinity, and

composition of the sample are analyzed by X-ray Diffraction (XRD) technique. It is also useful
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to estimate quantitative parameters of the samples such as grain size (crystallite size), texture
coefficient, and stress analysis/lattice strain of the films. For X-ray to be diffracted, the spacing
in the lattice grating should be of the same order as that of the wavelength. In crystals, the
typical interatomic distance is ~ 2-3 A which is suitable for X-rays to be diffracted. X-ray
diffraction is based on interference of diffracted X-rays by crystalline sample [102]. The X ray
diffraction condition is also known as Bragg’s condition at 2dysin0 = nA, dyq is the inter-planar
spacing of the respective hkl plane, 0 is the Bragg’s angle, n is the order of diffraction, and A is
the wavelength of the incident X-ray radiation. The diffracted peak pattern has non-zero width
due to several factors including instrumental effect, grain size, lattice stain, etc. [103]. The
Bragg’s equation indicates the inter-planar distance in a given material which can be estimated
from the diffracted angle and the known wavelength. Figure. 2.7 shows the schematic
representation of X-ray diffraction process, and also the extended view of Bragg’s plane in the
inset of Fig.2.7.

Instrument Specifications

Model: XPERT-PRO equipped with Cu-Karadiation (wavelength 1.5406 A), Goniometer

configuration: Horizontal goniometer (6-6); Detector: PIXcel3D Detector; Scan range: 3 °to

136 % Scanning angle rate: 0.01°; Count time: /s/step.
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Fig. 2.7. Schematic of X-ray diffractometer Fig. 2.8. Schematic of X-ray photo electron

and the inset is Bragg’s law representation. spectroscopy (XPS).
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2.6.4. X-ray photoelectron spectroscopy (XPS)

The X-ray photoelectron spectroscopy (XPS) is a sophisticated technique to analyze the
binding energy and surface oxidation of the elemental constituents of samples [104]. When the
X-ray is focused on the sample, electrons absorb the X-ray energy and escape from the orbital
with maximum kinetic energy of E, = hv—Egz—e®, where Eg is electron binding energy, vis the
photon frequency, and @ is work function, which is the minimum energy essential to remove
an electron from the surface of the material [105]. The X-ray radiation is continuously incident
on the sample’s surface, and the photoelectrons are ejected from the sample surface. The ejected
photoelectron is a function of its binding energy and is characteristic of the element from which
it is emitted. The energy of this conversion is adjusted by the emission of an Auger electron or
a characteristic x-ray spectrum. Investigation of Auger electrons can be used in XPS
measurement. The XPS is a surface sensitive technique because only those electrons generated
near the surface escape and are detected. The photoelectrons of interest have relatively low
kinetic energy. Due to inelastic collisions within the sample's atomic structure, photoelectrons
originating more than 20 to 50 A below the surface cannot escape with sufficient energy to be
detected. The XPS instrument consists of three major parts such as photoelectron production
unit, a detector unit and analyser unit as shown in Fig.2.8.

Instrument Specifications

Make: Thermo Scientific; Model: The tapro be angle-resolved X-ray photo electron
spectrometer (ARXPS)system; AnalyzerType:180°double focusing hemispherical analyzer with
PARXPS detector; X-Ray source type: monochromatic, micro-focused AIK-Alpha, X-Ray; Spot

size:15—400um; Sampling area: maximum?70x70 mm.

2.6.5. Scanning Electron Microscopy
The scanning electron microscope (SEM) is the most extensively used technique to

study the surface morphology of samples with high resolution and depth of focus [106]. The
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highly accelerated electron beam interacts with sample surface in two ways; elastic and inelastic
interaction. Elastic interaction results from the deflection of the incident electron beam by the
sample by outer shell electrons of similar energy. Incident electrons that are elastically scattered
through an angle of more than 90° are called backscattered electrons (BSE). Inelastic scattering
take place over an interaction between the incident electrons and the sample, which results in
the primary beam electron transferring substantial energy to that atom. As a result, the excitation
of the specimen electrons during the ionization of specimen atoms leads to the generation of
secondary electrons (SE). These two types of the electrons are used to image the surface
morphology of the samples. The figure 2.9 shows the schematic of the SEM instrument. The
electron beam is produced by an electron gun by field emission. The produced electron is
accelerated around 300V-30kV using anode grid towards the sample surface. The accelerated
electron beam is focused on the sample surface using various electromagnetic lenses and
apertures. When the electron beam is scanned over the sample surface, different types of signals
are obtained from the sample’s surface. The emitted signal can be collected by several detectors
for a particular application. The X-ray Energy Dispersive Spectroscopy (EDS) method is useful
to identify the quantitative information of chemical composition of the samples, from the energy
of the emitted X-ray radiation. For the present research work, surface morphology and chemical
composition of the films was analysed by using a TESCAN SEM instrument with specifications
given below.

Instrument Specifications

Make: TESCAN; Model: VEGA-3 LMU attached with Oxford Scanning Electron Microscope;
Electron Source: pre-centered tungsten hair pin type; Accelerating voltage: 300V to 30 kV;
Resolution: 3.0nm; Magnification: 5 X to 300,000 X; Secondary electron detector: Everhart-

Thornley; Backscattered electron detector: Thin five-segment solid-state detector.
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2.6.6. Atomic force microscopy

The atomic force microscopy (AFM) is a very high-resolution surface scanning
microscopy with established resolution of the order of nanometre. The force of attraction or
repulsion between the tip and sample’s surface make the cantilever to bend or deflect from the
sample surface. The cantilever deflection arises due to the electrostatic force between the tip
and sample and also the Vander Waals force of attraction between the inter-atomic species
[107]. A detector measures the cantilever movement as a function of tips canning on the sample
surface. The deflection of the cantilever monitors the surface topography. Based on the
interaction between tip and sample surface, the AFM instrument work in three different modes:
contact mode, non- contact mode, and tapping mode. The schematics of working principle of
the AFM instrument is shown in Fig. 2.10, and it consists of three parts; laser source, cantilever
part, and a detector part. When the tip is brought close to the sample surface, forces between
the tip and the sample lead to a deflection of the cantilever according to Hooke's law [108]. The
reflected laser light is detected by a photodiode with the respective motion of cantilever.
Further, the detected light signal and the reference signal are sent to the feedback amplifier to
analyse and record the surface variations on the sample. For the present research work, surface

topology of the films was analysed by Park Scientific Instrument.
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Instrument Specifications
Model: Park NX10; Scanner Type: XY Scanner Single module flexure with closed-loop control
of 50 um =50 um; Resolution: 0.05 nm; XY stage travel range: 20 x20 mm; Sample size: Open

space up to 20x20 mm?, thickness up to 20 mm?in contact mode.

2.6.7. Hall-Effect

The estimation of electrical transport properties of TCE thin film is more important from
applications point of view. Investigations of the electrical transport properties of thin film
indicate that it depends on thickness, structural and surface properties of the thin films. The
electrical transport properties were estimated by Hall-Effect method using standard Van der
pauw geometry. Hall-Effect method is a widely used techniques to distinguish the type of
conduction (n-type or p-type), and to estimate the carrier concentration, mobility, conductivity
of semiconducting sample accurately. The basic principle of hall-effect is, when a current (Iyy)
Carrying conductor is placed in a uniform perpendicular magnetic field (B), a voltage is
developed in opposite to these two-plane direction which is called as Hall voltage (Vu) [109]
as schematically represented in Fig. 2. 11. In present research work the Hall Effect studies were
performed by using Ecopia instrument.
Instrument Specifications
Model: HMS 3000; Sample holder: Spring clipboard is for use with the 0.51 Tesla magnet kit
(20x20 mm?); Resistivity range: 107 to 10’ Q cm; Magnet: Permanent magnet; Magnet

fluxdensity:0.51 Tesla nominal +/-1% of market value; Hall voltagerange: [uV to 2V.

2.6.8. Four-probe measurement setup
The four-probe setup is the commonly used technique to determine the sheet resistance
and resistivity of the thin film as a function of temperature or at room temperature. In four-

probe method, the probes are connected in equal distance, and placed over the surface of the
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sample. The sheet resistance is estimated by using equation Rg = F (V/I) Q/0, where F = 4.532
is the correction factor, t is the thickness of the sample, V is the voltage drop across any two
probes and I is the current applied between the any two probes. The temperature dependent
resistivity and the sheet resistance of the films were calculated by home-made four-probe
instrument equipped with power source (range 0.1 mA to 2 mA), Keithly multimeter, and
controlled heater whose temperature is maintained accurately within =1 K with the use of an
NC2438 precision temperature controller. A chromelalumel thermo couple served as a
temperature sensor. Temperature of the film was also externally measured by a K-type thermo
couple and a DC 1010 digital volt meter. Photograph of home-made four probe unit is shown

in Fig. 2.12.

Fig. 2.11. Schematic of Hall-Effect Fig. 2.12. Image of four probe resistivity

principle measurement setup.

2.6.9. Raman spectroscopy

Raman spectroscopy first proposed by C. V. Raman in 1928, it is a non-destructive
analytical method to identify functional groups present in a variety of samples [110]. Raman
effect arises due to inelastic scattering of incident light by the atoms/molecules. When
atoms/molecules are absorbing the light energy, it is possible to radiate or re-emit the energy
through vibration or rotational motion. The energy transition by rotational/vibrational mode

depends on the excited energy level. The rotational energy is lesser than the vibrational energy.
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The atoms/molecules re-emit the same energy as that of incident light energy, indicating no
Raman active mode to be present in the system (v, = v), and this type of transition is called as
Rayleigh’s elastic scattering. The re-emitted photon energy lower than the incident energy
indicate active Raman mode, this mode is generally called as stokes mode (vo> v). When
reemitted photon energy is higher than the incident photon energys, this also indicates the active
Raman mode, this mode is called as anti-stokes mode (vo<v) [111]. The pictorial representation
of Raman modes is shown in Fig. 2.13(i). The Raman spectroscopic instrument consists of four
major components, a laser source, sample illuminator, filter, and detector as shown in

Fig.2.13(ii). The mono chromatic laser light source converged with a focal lens is sent via
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Fig. 2.13. (i) Schematics of Raman scattering effect and (ii) instrumentation of Raman

spectroscopy.

interference filter to obtain the Raman spectrum. Nowadays, Raman spectrometer has more
advancement in its instrumentation, in optics, laser, and other features. Raman confocal
microscopy is used to investigate the surface homogeneity and uniformity of the sample. In the
present research work,

Instrument Specifications

Make: HORIBA Jobin Yvon, France; Model: LabRAM HR model; Laser options: Integrated

internally—532nm CLS high brightness lasers; Spectral range: 400 — 2200 nm; Detector:
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1024 %256 TE air-cooled scientific CCD, USB control, 16 bit and up to 1.48 MHz readout
speed; Confocal sampling: Rugged confocal spatial filtering, offering maximuml x1um lateral
resolution for micron-scale Raman analysis and imaging; Computer software: Lab Spec6

spectral software.

2.7. Fabrication of optoelectronic devices

The various devices such as OLEDs, OSCs, and UV photodetectors (UVPDs) are layer-
by-layer structured devices, these layers are coated using spin coating and/or thermal
evaporation vacuum coating techniques. The basic OLED structure consist of anode/HTL/EML
and ETL/EIL/cathode. Here the ITO coated glass substrate is used as anode for the hole
injection and Al as cathode for electron injection into the device. The ITO is also used for
charge extraction purpose in OSCs. All the layers of OLEDs were coated using thermal
evaporation vacuum coating unit. The ITO was cut into 2x2 cm? area using glass cutter and
were patterned using zinc dust and HCI. In the patterning process the Kapton tape of strip width
of 4 mm is pasted over the ITO as equidistant strips. This was placed in the petri-dish and HCI
was added so as to immerse ITO. Immediately the zinc dust was dispersed onto the immersed
ITO surface. Due to the chemical reaction between the zinc dust, HCI, and ITO, the exposed
ITO is etched [112]. Then, the patterned ITO strips were thoroughly cleaned by following above
cleaning process steps and then loaded in to the vacuum chamber of thermal evaporation unit.
The HTL, EML/EML, EIL, and Al were coated using this technique at high vacuum and the
devices were characterized using Keithely source meter (Source-Measurement-unit (SMU))
(Fig. 2.14) and Ocean Optics spectroradiometer (Fig. 2.15). In the OSCs fabrication process the
ITO substrates were patterned and cleaned as described above. The device structure consists of
ITO/HTL/Active layer (donor and acceptor)/EIL/Al. Here the HTL and active layers were
coated using respective solutions by spin-coating technique and the EIL, and Al were deposited

using thermal evaporation coating unit. The OSCs were characterized using SMU and solar
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simulator. The UVPDs were fabricated using the structure of ITO/ZnO or Alqs3:ZnO /Al. Here,
the ITO is used to enhance the charge transport where Al used for ohmic contacts. ZnO or
Alqs/ZnO composite thin films were deposited using spin coating method. The UVPDs were
also fabricated (without ITO) on a glass substrate. The devices were characterized under UV
light and dark using SMU. Apart from this the hole-only devices (HODs), electron-only devices
(EODs) were fabricated using HTLs (TPD and PEDOT:PSS) and ETLs (ZnO and Alqs/ZnO)
respectively to study the charge transporting properties. The detailed fabrication process and

their electrical characterizations of the devices will be discussed in the respective chapters.

Source-Measuring unit (SMU):
Make: Keithley; Model: 2450; Voltage Ranges: 20 mV — 200 V; Current Ranges: 10 ndA — 1 4,
Accuracy: 0.012%; Wideband Noise: 2 mV,ms Type; Sweep Types: Linear, Log, Dual Linear,

Dual Log, Custom.

)
| meter
C\D ( é ) V meter
? O
(i) (ii)

Fig. 2.14. (i) Instrument topology of SMU and (ii) photograph of Keithley 2450 SMU.

Spectroradiometer:

Make: Ocean Optics; Model: USB2000+RAD; Detector: Sony ILX511B linear silicon CCD
array; Spectrometer Type: Modular, Portable; Wavelength Range: 200 - 850 nm; Optical
resolution: ~2.0 FWHM,; Signal-to-noise ratio: 250:1 (at full signal); A/D resolution: 16 bit;

Output Focal length: 68 mm; Supply Voltage: 4.5 to 5.5 V; Entrance Slit: 50 um;
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(i)
Fig. 2.15. (i) Schematic of light measurement process (adopted from Ocean Optics Operating

Manual [113]) and (ii) photograph of spectroradiometer.

UV spot light Source:

Make: Hamamatsu; Model: LCS8; Emission Wavelength: 365 nm; Spectral width: ~6nm; Light
Source: 200 W super-quiet mercury-xenon lamp; Maximum UV irradiance: 4500 mW/cm?;
Life Time: 4000 h; Operating temperature range: +5 °C to +35 °C; Power consumption: 280

VA; Weight: ~ 6.4 kg.

Fig. 2.16. (i) Measurer(rﬂznt setup of UV Photodetectors (ii) UV spot lggll)lt Source.
2.8. Conclusion
The precursor preparation, thin-film deposition methods for Alqs/ZnO composite thin films
and the basis of thin film formation using spin coating technique were elaborated in this chapter.
The fabrication procedure and device structure of various devices such as Hole-Only devices
(HODs), Electron-Only devices (EODs), OLEDs, OPVs, UV photodetectors are given in detail.
This chapter further discussed the instrumentation details and basic theory of various

characterization techniques used for the study of Alqs3/ZnO hybrid thin films and devices.
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Enhanced UV emission of solution processed highly transparent Alqs/ZnO

hybrid thin films

This chapter describes the enhanced PL emission of Alqs/ZnO hybrid thin films. The UV
emission is observed to be enhanced with the incorporation of Alqs; in ZnO. The ZnO sol-gel
and Alqs solution were prepared simultaneously and the Alqs with different volume percentages
were added to ZnO sol-gel and spin-coated onto the glass substrates. The spin-coated Alqz/ZnO
thin films were characterized using various spectroscopic studies. We have achieved the high
quality Alq3/ZnO hybrid thin films. This chapter mainly focused on the optical properties of the

hybrid films including with the crystalline and morphological studies.

3.1. Introduction

In the recent decades Zinc oxide (ZnO) is an extensively investigated promising
semiconductor material due to their excellent optical and electrical properties for their potential
applications in ultraviolet (UV)- lasers and photodetectors, light emitting diodes (LEDs),
piezoelectric devices, etc. [69,114]. The ZnO is an n-type metal oxide semiconductor (due to
the formation of various donor defects such as oxygen vacancies and/or Zinc interstitials)
having a direct wide band gap of ~3.37 eV at room temperature, large exciton binding energy
(60 meV), high electron mobility, higher thermal conductivity, high optical transmittance, and
mechanical stability. It has been used as transparent electrode in solar cells and flat panel
displays [114,115]. High quality crystalline ZnO thin films have been deposited using various
thin film preparation methods such as laser-molecular beam epitaxy, pulsed laser deposition,
metal-organic chemical vapor deposition, atomic layer deposition (ALD), ion beam deposition,
electrodeposition, and radio frequency (RF)- magnetron sputtering techniques [116]. It has also

been realized that the high quality crystalline ZnO thin films could be prepared by sol-gel
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coating process which is the least expensive technique when compared to aforementioned
methods and this cost-effective sol-gel derived ZnO thin films have the potential to be used in
various solution processed optoelectronic devices [41,116,117]. In the recent years, the
conjugated organic semiconductors have become an alternate material class for their utility in
the electroluminescent devices because of their characteristic features such as good optical and
electrical properties, high luminous efficiency, cost effective, nontoxic and environment
friendly, biodegradable, flexibility, flexibility in color tuning, and wide color gamut [1,2]. The
organic light emitting diodes (OLEDs) have been extensively investigated in the recent past to
improve the device efficiency for their potential use in the next-generation flat-panel displays
and solid state lighting by employing various technologies such as (i) highly efficient
fluorescence by effective harvesting of singlet excitons, (ii) phosphorescence emission by
harvesting both singlet- and triplet- excitons with 100% internal quantum efficiency using
heavy metal complexes as emission materials, and (iii)) thermally activated delayed
fluorescence via converting the triplets to emissive singlet state [118—120]. Among the various
organic semiconductors used in the devices, the highly transparent and fluorescent tris-(8-
hydroxyquinoline)aluminum (Alqs) is the most widely used electron transporting as well as
green light emitting- material in the OLEDs. In general, the vacuum deposited organic
molecular films show the amorphous nature due to its molecular structure and/or arrangement
of molecules. The Algs thin film has been deposited by sublimation process under high vacuum
which leads to high device fabrication cost and influences their viability for commercial
applications [4,121]. Alqs also exhibits poor film quality by solution process due to its low
solubility and/or low gelation of the solution. The solution processed devices are much more
viable for the low-cost commercial applications and large-scale production via roll-to-roll
process and screen printing [122]. Tailoring the outstanding properties of both inorganic and
organic conjugate molecules by making organic/inorganic hybrid composites has become a

thrust area of research which reveals the extremely promising desirable characteristics for their
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potential applications [123,124]. In the recent reports by combining the individual organic and
inorganic desirable characteristics, the functional conjugate organic ligand anchored
mesoporous silica based composite materials have been extensively studied on their efficient
functionality at nanoscale due to large surface area, large pore volume, tuneable porosity, and
higher stability. These sustainable composite materials are widely utilized to sense and treat the
ultra-trace level of various toxic ions such as copper(Il), nitrite (NO2"), cobalt (II), mercury(Il),
nickel(Il), lead(II), and Arsenic(V) in the contaminated water for clean water production
[125,126]. The enhanced electron transfer processes at the organic/inorganic interfaces have
been studied and exploited in the hybrid electroluminescent device which exhibited the higher
luminance of ~2000 cd/m? [127,128]. Since the study of electronic interaction and charge
transfer between organic/inorganic semiconductor heterojunction at the nanoscale in the hybrid
composite thin film prepared by mixing the individual components without any direct chemical
interaction is highly challenging and promising, the functional organic/inorganic hybrid thin
film-based solution processed organic electroluminescent devices have been of high research
interest in the recent years.

In this study, an attempt is made to deposit the high quality Algs incorporated ZnO
(Algs/ZnO) hybrid thin films by cost effective sol-gel derived spin-coating process. The
structural, optical, and surface morphological properties of the deposited hybrid thin films were
investigated using various studies such as X-ray diffraction (XRD), UV-visible transmittance,
photoluminescence (PL), scanning electron microscopy (SEM) with the energy dispersive
analysis of X-rays (EDAX), atomic force microscope (AFM), and Fourier transform infrared

(FTIR) spectroscopic techniques.
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3.2. Experimental details
3.2.1. Materials and Precursor Preparation

The sol-gel derived spin-coated pristine ZnO and Alqs/ZnO hybrid thin films were
deposited at room temperature using the precursor solutions prepared as described below. The
synthesis of ZnO precursor solution is adopted from the previous reports published elsewhere
[80,129,130]. The 5.487 g (0.5 M) of zinc acetate dihydrate [Zn(CH3COO)2.2H20: 98.5%;
SRL] as a source of Zn was firstly dissolved into 50 mL of 2-methoxyethanol (C3HgO2: 99%;
SRL) solvent and stirred at 450 rpm for 2 hrs at a temperature of 60 °C. The 1.512 mL of
monoethanolamine (MEA: 99%; SRL) stabilizer was then drop wise added to the above
solution while stirring to get the ZnO precursor solution (A) with a 1:1 molar ratio of MEA to
zinc acetate. This prepared solution (A) was kept under the normal ambient for 24 hrs for the
gelation. Tris-(8-hydroxyquinoline)aluminum (Alqgs) precursor solution (B) was prepared by
dissolving 11.48 mg (10M) of Alqs (C27HisAIN303: 99.995%; Sigma Aldrich) into 25 mL of
2-methoxyethanol solvent and stirred at 450 rpm for 2 hrs under the normal ambient. The ZnO
gel precursor (A) and Algs solution (B) were filtered using 0.2 pm syringe filter separately.
Then, the three kinds (5 mL each) of Alqs incorporated ZnO precursor solutions were prepared
by mixing 1 mL (20 vol.%), 2 mL (40 vol.%), and 3 mL (60 vol.%) of Alqs solution (B) into 4
mL (80 vol.%), 3 mL (60 vol.%), 2 mL (40 vol.%) of ZnO sol-gel precursor (A) respectively
with continues stirring. The nominal molar ratio of Alqs to ZnO (Alq3/ZnO) in the three
solutions were maintained at 0.5x107 for [ZnO (80 vol.%) (0.4 M) + Algs (20 vol.%) (2x10°
*M)], 1.3x107 for [ZnO (60 vol.%) (0.3 M) + Alqs(40 vol.%)(4x10*M)]; and 3x107 for [ZnO

(40 vol.%) (0.2 M) + Algs (60 vol.%) (6x10*M)].

3.2.2. Alq3/Zn0O hybrid thin film deposition procedure
The respective ZnO sol-gel precursor (A) for the film (a) and the three Alqs/ZnO sols

with the Alqs/ZnO molar ratio of 0.5x107*for the film (b), 1.3x107 for the film (c), and 3x107
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for the film (d), were spin-coated using programmable Spin coater (Apex Instruments,
spinNXG-P2 model) on the glass substrates under the normal ambient. Prior to the coating, the
glass substrates (2x2 cm? area) were ultrasonically cleaned for 10 min in acetone followed by
isopropyl alcohol(isopropanol) and double deionized water, dried in each step at 100 °C in
vacuum oven for 10 min to remove the solvent used, finger prints and other contaminations
onto the glass surface. The substrates were also finally cleaned with high power plasma using
plasma cleaner (Harrick Plasma, PDC-002) at 800-micron vacuum to etch out the oxide
contamination on the surface. The thin film coating process was followed by (i) the precursor
sol was spin-coated on the glass substrate at 2000 rpm for 30 s, (ii) dried after each coating at
200 °C on a hot plate under the normal ambient by covering with a glass lid, and (iii) the coating
was repeated for 5 times to obtain optimal thickness of around 200 nm. The four spin-coated
pristine ZnO (a) and Alq3/ZnO hybrid thin films (b - d) were annealed (post) at 300 °C for 2

hrs under the normal ambient to evaporate the solvents and increase the film quality.

3.2.3. Instrumentations

The thickness measurements of solution processed pristine ZnO (a) and Alqs/ZnO
hybrid thin films (b - d) were carried out using Stylus Profilometer (Bruker's DektakXT stylus)
by making film step height during the spin-coating process. The UV-visible transmission
spectra of the pristine (a) and hybrid thin films (b - d) were recorded using Agilent Carry 5000
UV-Vis-NIR Spectrophotometer. The PL spectra were recorded using Horiba Jobin-Yvon,
Fluorolog3. The surface morphology and the elemental analysis were studied using scanning
electron microscope (SEM) (TESCAN, VEGA3 LMU model) coupled with the EDAX (Oxford
Instruments, INCAx-act model) with resolution at 5.9 keV: 130 eV. The SEM images of the
films (a - d) were recorded at an operating voltage of 30 kV with the scan magnifications of
10000x (scale bar: 2 um) and 50000% (scale bar: 500 nm), respectively. The EDAX analysis

and elemental mapping of the films (a - d) were carried out at the operating voltage of 30 kV.
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The surface topographic studies were carried out with the atomic force microscope (AFM; Park,
XE-100). The X-Ray diffraction (XRD) measurements were carried out at room temperature
by using X-ray diffractometer (PAN analytical Netherlands, XPERT-PRO model) with Cu K-
alpha (X-ray source) radiation (wavelength (1) of 1.5406 A) operated at the voltage of 45 kV
and current of 30 mA. XRD patterns of the films (a - b) were obtained using a vertical
goniometer (theta - theta configuration) in the scan range of 20° - 80° with the scan step size of
0.008° and analysed analysed using X'Pert High score Plus software. FTIR spectroscopy
(JASCO Co. Japan, FT/IR-6600 model) was used to the study the functional groups and its

molecular bonding in the spin-coated films (a - d).

3.3. Results and discussion
3.3.1. Optical properties of Alqs/ZnO hybrid thin films

The Alqs/ZnO hybrid thin films were prepared by sol-gel spin-coating process. The
optical transmittance spectra of the pristine ZnO (a) and Alqs/ZnO hybrid thin films (b - d) are
shown in Fig. 3.1(i). These films show the average transmittance (Tav) higher than 87% in the
visible region which will be very much useful for the optoelectronic device applications. The
hybrid thin film (b) with the Alqs/ZnO molar ratio of 0.5x107 exhibits higher transparency of
90% at 550 nm which is slightly lower than that (92%) of the pristine ZnO thin film (a). The
transparency (at 550 nm) of hybrid thin films slightly decreases (84% for film (¢) with the
Alq3/ZnO molar ratio of 1.3x107, and 83% for film (d) with 3x107%) for the slight increasing of
Alqgs content. This may be attributed to the fact that the incorporated Alqs molecules are
adsorbed at the ZnO grain boundaries and acting as light scattering centers to decrease the
transparency [80,131]. It is also observed that the pristine ZnO thin film (a) has a sharp
absorption band edge in the UV region which is more and more shifted to the shorter

wavelength region (blue shift) for the films (b) to (d). This is due to the shifting of Fermi level
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into the conduction band as the ZnO crystallite size decreases with increasing of Alq3/ZnO
molar ratio in the hybrid films [132].

The Figure. 3.1(ii) shows the optical band gap (E,) of the pristine ZnO (a) and Alqs/ZnO
hybrid thin films (b - d) determined by using the following Tauc relationship relation
(ahv)?> = A (hv — Ey) (3.1
Where hv is the photon energy (eV), a is the optical absorption coefficient of the film, and A is
the constant. The plot of (chv)? as a function of the photon energy distinctly exhibits the
decrease in the UV absorption upon increasing Alqs/ZnO molar ratio in the hybrid thin films.
The E, can be obtained by extrapolation of linear portion of (ahv)? against the photon energy
(hv) plot to the point where a = 0. The direct optical band gap energy of the pristine ZnO thin

film is determined to be 3.22 eV, which is consistent with the earlier reports [129,132]. It has
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Fig. 3.1. (i) The UV-visible transmittance spectra of sol-gel derived spin-coated pristine ZnO
(a) and Alq3/ZnO hybrid thin films (b - d) with the Alqs/ZnO molar ratio of 0.5x107 (b),
1.3x10° (¢), and 3x107 (d) and (ii) the optical band gap of the films (a - d) estimated from
the dependence of absorption coefficient on the photon energy (Tauc plot).

also been observed from the Tauc plot that the optical band-gap energy does not change
significantly but slightly increases with increasing Alq3/ZnO molar ratio in the hybrid films
(3.28 eV for d), which is attributed to the quantum confinement effect due to the decrease in
crystallite size [133]. The obtained optical and electrical properties of the pristine ZnO and

Alq3/Zn0O hybrid thin films are shown in Table 3.1.
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3.3.2. The XRD studies

The crystalline properties and orientation of sol-gel derived spin-coated pristine ZnO
(a) and Alq3/ZnO hybrid thin films (b - d) are studied using XRD measurements as shown in
the figures 3.2 and 3.3. The texture coefficient (TC) values of the films (a - d) are calculated

using the relation

T/ o
TChia = 1 (3.2)

Nz Ihkl/IOhkl

where Ink is the measured intensity of the hkl plane, Ionk is the standard intensity of the hkl
plane from JCPDS file card No.: 89-1397, and N is the total number of reflections observed in
the XRD pattern of the respective thin film. The pristine ZnO film (a) exhibits good crystalline
properties with the XRD peaks at angle 20 (corresponding ‘hkl’ plane) of 31.80° (100), 34.27°
(002), 36.08° (101), and 56.66° (110) having the highly textured peak centered at 34.27° (002),
which is consistent with reported data (JCPDS file: 89-1397) characterizing the hexagonal
wurtzite structure [116,134]. The highly textured orientation along (002) plane of ZnO thin
films prepared by various techniques such as electrodeposition, RF magnetron sputtering, ALD,
and chemical vapor deposition, has widely been observed and it is attributed to the higher micro
strain induced in the ZnO film enhances the growth of (002) planes [129,130]. It is also
observed that the hybrid thin films (b - d) are showing the decreased diffraction peak intensities

without any change in the peak positions for increasing Alqs/ZnO molar ratio of 0.5x107 in
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Fig. 3.2. The XRD patterns of sol-gel derived spin-coated pristine ZnO (a) and Alqz/ZnO hybrid

thin films (b - d) with the Alq3/ZnO molar ratio of 0.5x10 (b), 1.3x107 (¢), and 3x107 (d).
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film (b), 1.3x1073 in film (¢), and 3x107 in film (d) when compared to the pristine ZnO thin
film (a). This result shows that the incorporated Alqs has not entered into the ZnO matrix. The
highly textured peak shifted to 31.80° (100) for the films (¢) and (d) (Fig. 3.3(1)), attributing the
fact that the incorporated Alqs molecules may preferably be adsorbed at the grain boundaries
of ZnO crystallites along the plane (002) orientation having the higher surface energy [135].
The calculated average crystallite size of pristine ZnO (a) and hybrid films (b - d) are shown in
Fig. 3.3(i1). The crystallite size of the thin films has been calculated using Debye-Scherrer’s
formula

D =Kk\/P cosb (3.3)
where D is the crystallite size, A is X-ray wavelength (1.5406 A), k (= 0.94) is the correction
factor, B is the full width half maxima of the diffraction peak, and 0 is the diffraction angle of
the diffraction peak. The presence of incorporated Algs; molecules in the film (b) with Alqs/ZnO
molar ratio of 0.5x10may have caused the slight increase in the crystallite size. It is also
observed that the calculated crystallite size is decreasing for further increasing of Alqs/ZnO
molar ratio in the hybrid films. This reveals that the incorporated Alqs molecules may
preferably get adsorbed at the higher surface energy sites of ZnO crystallites and cap the ZnO

crystallites to control its size as the Alqs/ZnO molar ratio increases.
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Fig. 3.3. (i) The texture coefficients of various diffraction (hkl) planes, (ii) the average
crystallite size determined from the diffraction peaks of sol-gel derived spin-coated pristine

ZnO (a) and Alqs/ZnO hybrid thin films (b - d).
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3.3.3. Morphological and elemental analysis

The surface morphological features of the sol-gel derived spin-coated pristine ZnO (a)
and Alqs/ZnO hybrid thin films (b - d) were examined by using analysed from SEM images as
shown in Fig. 3.4. From the figure 3.4(a), it is observed that the pristine ZnO thin film exhibits
a systematic root-like wrinkled surface morphology throughout the region. This is attributed to
the fact that the film undergoes a large amount of stress due to substantial loss of precursor
solvent during annealing and gives rise not only to the bending of the film but also to the
contraction of the skeletal network, resulting in such a wrinkled surface morphology [136,137].
The incorporation of Algs in the hybrid film (b) with Alqs/ZnO molar ratio of 0.5x10reduces
the thickness of root-like structure [Fig. 3.4(b)] and the same trend is also evident in the film
(¢) with increased molar ratio of 1.3x107. The SEM image of the film (¢) exhibits very thin
root-like wrinkled structure along with particulates which are distinctly visible between the
root-like stripes as shown in the inset of Fig. 3.4(c). For the further increasing of Alq3/ZnO
molar ratio to 3x107 in the film (d), the wrinkled morphology is diminished and the flower-like

particulates [Fig. 3.4(d)] are predominantly observed with uniform distribution over the entire

L2 pm L /2 pm

Fig. 3.4. SEM morphological images sol-gel derived spin-coated pristine ZnO (a) and
Alqs/ZnO hybrid thin films (b - d).
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surface, which is consistent with the formation of flower-like structure by pure Alqs reported
elsewhere [138]. The observed particle morphology in the hybrid thin film ascertains the
adsorption of Alqgs molecules at the grain boundaries of ZnO and formation of Alq; complex
molecules capped ZnO nanoparticles. The change in the morphological features of hybrid thin
films with increasing Alq3/ZnO molar ratio is in support of decreasing crystallite size in the
XRD studies.

The EDAX measurements for surface elemental analysis of the films (a - d) were carried
out to confirm the incorporation of Alqsz molecules in the hybrid thin films and the results are
shown in Fig. 3.5. The pristine ZnO thin film shows the atomic concentrations (atomic
percentage; at.%) of main constituent elements Zn (18 at.%) and O (56 at.%) with the presence
of Si (18 at.%) originated from the glass substrate and C (8 at.%) due to handing under the
normal ambient. The hybrid thin film (b) with Alqs/ZnO molar ratio of 0.5x107 exhibits the
increased atomic concentration of C (19 at.%) with the presence of N (4 at.%) along with Zn
(17 at.%), O (57 at.%) and Si (3 at.%). The change in the atomic percentage ratio of C atoms
(major constituent element of Alqs molecule (C27Hi18AIN3O3)) with respect to Zn atoms is

calculated as a measure to study the incorporation of Alqs molecules in the hybrid thin films.

Element | Weight % Atomic %

Element | Weight % Atomic %

CK 10 19
NK 2 4
OK 38 57
SiK 3 3

Zn L
Total

Weight % Atomic % Weight % Atomic %
CK 12 23
NK 2 4
OK 34 50
SiK 9 8

43

Energy (KeV)
Fig. 3.5. EDAX analysis of sol-gel derived spin-coated pristine ZnO (a) and Alq3/ZnO

hybrid thin films (b - d).
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The ratio (C/Zn = 1.12) is significantly increased in the film (b) when compared to that (C/Zn
= (0.44) of film (a). This ratio is also increased (1.44 for the film (¢) with Alqs/ZnO molar ratio

of 1.3x1073 and 1.53 for the film (d) with molar ratio of 3x10°*) upon further increase of Alqs

content, which ascertains the incorporation of Alqs molecules in the hybrid thin films.

Fig. 3.6. The EDAX elemental mapping of constituent elements (Zn, O, C, Al, and N) of sol-
gel derived spin-coated pristine ZnO (a) and Alqs/ZnO hybrid thin films (b - d).
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The EDAX elemental mapping of the films (a - d) exhibits the uniform dispersion of constituent
elements (Zn, O, C, Al, and N) over the entire surface area as shown in Fig. 3.6. The decreasing
density with uniform distribution of Zn element and increasing density of the other elements
(O, C, Al, and N) for increasing Alqs content evident the incorporation and uniform distribution

of Alqs molecules in the Alq3/ZnO hybrid thin films.

Table 3.1. The optical and electrical properties of pristine ZnO and Alqs/ZnO hybrid thin films.

Optical
C The nominal Surface Roughness
ontent transmittance Eq
molar (ers)
Films (410> Algs) at wavelength (nm)
ratio of at 5 nm? area
™) 350 400 550 (eV)
Alqs to ZnO (nm)
(%)
a (0.5, 0) 0 (Pristine) 1826 62.28 9237 3.22 286
b (0.4, 2x10%) 0.5x103 22.78 6691 90.13 3.24 15.6
c (0.3, 4x10%) 1.3x1073 30.72 73.26 83.89 3.26 2.9
d (0.2, 6x10%) 3x10°* 37.99 70.15 83.12 3.28 2.4

3.3.4. Topographic studies

The surface topography of pristine ZnO film (a) and Alqs/ZnO composite films (b-d)
was recorded using AFM, over the scanning area of 5 um? as shown in Fig.3.7. The pristine
ZnO film shows the wrinkle or root-like pattern. The evaporation of the solvent in sol-gel
derived ZnO thin films in the annealing process create compressive stress in the film due to the
difference in thermal expansion coefficient between ZnO thin film and substrate. This
compressive stress induces the volumetric strain leading to the nucleation of grains, resulting
in the wrinkled kind morphological of ZnO thin film [136,137]. The incorporated Alqs

molecules significantly changed the surface morphology of Alq3/ZnO composite films. The
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Alqgs molecules converted the wrinkle pattern into densely packed well defined ZnO crystalline
grains, which are grown perpendicular to the substrate surface with uniform distribution. The
dopant element modifies the wrinkle kind morphology of ZnO thin film with uniform
distribution of pointed type grains perpendicular to the substrate surface [139]. The conversion
of wrinkles into the uniform grain-like structure improves the film quality with good crystalline
properties [140]. The film (b) exhibits the more or less uniform distribution of pointed like
grains with completely disappearing wrinkles, which indicates that the Alqs molecules are
predominantly present on the surface. The film (¢) partially exhibits the wrinkle kind structure
with the presence of grains with less growth. This may be due to the more amount of Alqs3
molecules entered into the grain boundaries of the ZnO crystal lattice. The high-density uniform
distribution of grains with even less growth for the film d shows that the Algs molecules
effectively adsorbed into the grain boundaries of ZnO. From the AFM images of Alqs/ZnO
composite films, it is observed that ZnO grain size and growth are reduced with the
incorporation of Alqgs which ascertains the decreased crystallite size from XRD [141]. The
surface roughness of the Alqs/ZnO hybrid films (b-d) is observed to be drastically decreased
with the incorporation of Alqs in ZnO compared to the pristine ZnO film (a) (shown in Table
3.1). A few amount of incorporated Alqs molecules make disappearance of the wrinkle gaps of
ZnO in film b with the molar ration of 0.5x107 and exhibit the decreased roughness of 15.57
nm compared to the pristine ZnO film (a) roughness of 28.67 nm. The roughness is also
observed to be decreased to 2.88 nm for the film ¢ with the molar ratio of 1.3x10 due to the
adsorption of Alqs molecules onto the grain boundaries of ZnO. The film d with the molar ratio
of 3.0x1073 still shows the reduced roughness of 2.44 nm due to the effective adsorption of Alqs
molecules onto the grain boundaries of ZnO thin film. The dopant element entered into the grain
boundaries of ZnO and apply the compressive stress along the c-axis of the ZnO crystalline
plane resulting in controlling the grain size and growth or crystallite size with reduced

roughness [130,141,142]. The impurity-doped ZnO thin film exhibits more smoothness with
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uniform distribution of grain-like structure than the wrinkle like structured pure ZnO thin film
[137,140]. The smooth surface of the Alqs/ZnO films gives the proper interface contact to the
adjacent layers, which can avoid the accumulation of charge carriers at the interface and

enhance the charge transporting property in the optoelectronic devices [131].

a b

Fig. 3.7. The AFM images of sol-gel derived spin-coated pristine ZnO (a) and Alqs/ZnO hybrid

thin films (b - d).

3.3.5. The structural analysis

The figure 3.8 shows the FT-IR spectra of the pristine ZnO (a) and hybrid thin films (b
- d) in the range 400 to 3500 cm™'. From the figure 3.8, the characteristic broad infrared
absorption band around 400 - 600 cm'corresponding to Zn-O stretching vibration is observed
in the pristine ZnO thin film (a). The small absorption band around 1216 cm™ is assigned to C-
O stretching, 1366 cm™ to C-H stretching, and 1736 ¢cm™ to the carbonyl group (C=O
stretching) residue formed from the precursor solutions [138,143]. The incorporation of Algs in
the hybrid films is confirmed by presence of the aromatic stretching (1650 - 1400 cm™) and

aromatic amine resonances (1370 - 1200 cm™!) with increasing IR absorption intensity for
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increasing Alqs/ZnO molar ratio in the hybrid films (b - d) [4,144]. The carbonyl group (C=0)
stretching vibrational band intensity near 1736 cm™' increases as the Alqs/ZnO molar ratio
increases in the hybrid films, confirming the formation of substantial number of carbonyl
groups (C=0) in Algsz molecules. It has been reported that among the three 8-hydroxyquinoline
(HQ) units in Algs molecule, one HQ unit undergoes structural changes/chemical modifications
during the light exposure under the normal ambient and forms the carbonyl group (C=0) in the
affected unit. It has also been found that the number of carbonyl units is limited to a few and

acting as luminescence quencher [4,121].
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Fig. 3.8. The FT-IR transmittance spectra of sol-gel derived spin-coated pristine ZnO (a) and

Algs/ZnO hybrid thin films (b - d).

3.3.6. Photoluminescence (PL) studies

The figure 3.9 shows the room temperature PL spectra of pristine ZnO (a) and Alqs/ZnO
hybrid thin films (b - d). These films are excited at the characteristic ZnO excitation wavelength
(Aex) of 324 nm [145], the Algs excitation wavelength of 380 nm [4], and common excitation
wavelength of 360 nm. The pristine ZnO film (a) when excited under 324 nm wavelength has

emitted a strong characteristic ultraviolet emission (UV-PL) around 387 nm (band edge
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excitonic emission) with an additional weak defect-related emission in the visible region (Fig.
3.9(1)) [146,147]. The broad defect emission in the visible region is commonly observed in
ZnO. The defect emission in green-yellow band is associated with oxygen vacancies or oxygen
interstitials due to recombination of delocalized electrons near the conduction band with the
deeply trapped holes in the singly ionized oxygen vacancy and its blue-green band emission is
related to the energy level of oxygen vacancies in the ZnO energy gap [134]. Lv et al. [148] has
observed the enhanced defect-related visible emission from electrodeposited ZnO thin films
and concluded that the defect concentration is increasing as annealing temperature increases,
thereby increasing the green emission (540 nm) which is attributed to oxygen vacancy (V,)-
related defects and the yellow emission (610 nm) related to oxygen interstitials in agreement
with the other reports [145,148]. When excited with Aex = 360 nm, the film (a) showed the same
UV-PL intensity around 387 nm with increased defect emission intensity (visible region) as
shown in Fig. 3.9(ii). For Aex =380 nm, it showed a broad excitation wavelength dependent near
band emission (NBE) around 445 nm with low intense defect related broad emission around
680 nm (red-edge effect) due to slow rate of excited state relaxation process (Fig. 3.9(iii))
[147,149]. From the near-edge X-ray absorption fine structure spectra of Alqs thin films, it has
been reported that the electronic transitions from the C 1s electrons to unoccupied molecular
orbitals of ©* and o* occur at the broad UV wavelength range around 307 nm [150]. It is also
observed that the UV excitation (Aex = 340 nm) of Alqgs thin film shows the characteristic PL.
emission at 515 nm which is consistent with the earlier report [4].

The Alq3/ZnO hybrid thin film (b) with the molar ratio of 0.5x107 exhibits the increased
UV-PL intensity at 387 nm (for Aex = 324 nm) when compared to that of the film (a) without
any Alqs characteristic emission around 515 nm, attributing the energy transfer from Alqs to
ZnO in the film (b). When the film (b) is excited with 360 nm wavelength, the UV-PL and
defect-related visible emission intensities are significantly decreased. The decreasing of broad

NBE emission (around 445 nm wavelength) intensity is observed for Aex = 380 nm as well. The
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PL emission (shoulder) band around 515 - 530 nm wavelength (for Aex= 380 nm) is attributed
to the characteristic emission of Algs in the hybrid thin films. The same kind of PL trend is also
observed in the film (c¢) (with the Alq3/ZnO molar ratio of 1.3x107) for all the three excitations.
The PL peak intensity (compared with peak intensity percentage) plot of the hybrid thin films
excited under 324 nm wavelength is shown in Fig. 3.9(iv). A fourfold increase in the ultraviolet
emission (UV-PL) intensity (band edge emission) of ZnO around 387 nm (for Acx = 324 nm) is
observed for the film (d) with the Alq3/ZnO molar ratio of 3x107. The overall decrease in the
NBE and defect-related visible emission intensities of ZnO in the films with increasing
Alqg3/ZnO molar ratio reveals that the energy transfer from Alqs to ZnO is inefficient when the

films are excited at Aex= 360 and 380 nm.
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Fig. 3.9. The PL spectra of sol-gel derived spin-coated pristine ZnO (a) and Alqs/ZnO hybrid
thin films (b - d) at excitation wavelengths (Aex) of (i) 324 nm, (ii) 360 nm, and (iii) 380 nm.
(iv) The PL peak intensity (in comparison with peak intensity percentage) plot of the films (a -

d) at hex = 324 nm.
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In this study, it is observed that upon increasing the Alq3/ZnO molar ratio in the hybrid
thin films, the carbonyl group (C=0) formed in Alqs molecule is substantially increasing as
evident from FTIR studies and it is acting as a luminescent quencher of Alqs molecule as
reported elsewhere [4]. When Alqs/ZnO hybrid thin film is excited with 324 nm wavelength,
both ZnO and Algs molecules are excited simultaneously. In the process of excitation, the C 1s
electrons of Alqs molecule absorb the energy and make a transition to LUMO orbitals (n* and
c*) in the Algs molecule (becoming energetically excited molecule). The excited state energy
of Algs molecule can be absorbed by the luminescent quencher and in turn the absorbed energy
may eventually be non-radiatively transferred to ZnO, giving rise to a fourfold increase in
ultraviolet emission (band edge emission) of ZnO in the hybrid thin films. The schematic
representation of the above energy transfer process in the Alqs/ZnO hybrid thin films is shown
in Fig. 3.10. These results imply that the Alqs3/ZnO hybrid thin film may be useful as electron

transporting material in the solution processed -electroluminescent devices and UV

photodetector.
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Fig. 3.10. The schematic representation of the energy transfer process in the Alqsz/ZnO hybrid

thin films at Aex = 324 nm.
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3.4. Conclusion

The Algs3/ZnO hybrid thin films deposited by sol-gel spin-coating process exhibit the
higher transparency of 90% at 550 nm and it slightly reduced to 83% for increasing Alqs/ZnO
molar ratio due to the adsorbed Alqs molecules at the grain boundaries of ZnO. The PL study
shows a fourfold increase in ultraviolet band-edge emission (387 nm) of ZnO upon increasing
Alq3/ZnO molar ratio in the hybrid films, attributing the energy transfer from Algsmolecules to
Zn0O. The SEM images reveal the formation of ZnO nanoparticles with increasing molar ratio
in the hybrid films by adsorption of Alqgs molecules at the grain boundaries of ZnO. The
decreased crystallite size upon subsequent incorporation of Alqgs in the hybrid films ascertains
the capping of Alqs molecules to control the ZnO particle size. The luminescence quencher
(carbonyl group, C=0) formed in Alqgsz molecule is substantially increasing with Alqs content
in the hybrid films. These studies show that when excited at 324 nm, the excited state energy
of Algsz molecules is non-radiatively transferred to ZnO via luminescent quencher and giving

rise to a fourfold ultraviolet emission (387 nm) of ZnO in the hybrid films.
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Raman, X-ray photoelectron spectroscopic investigation and UV-

photoresponse of solution processed Alqs/ZnO hybrid thin films

This chapter contains the detailed analysis on Raman and X-ray photoelectron
spectroscopic (XPS) studies of solution processed tris-(8-
hydroxyquinoline)aluminum(Alqs)/ZnO hybrid thin films. It also deals with the UV
Photoresponses of Alqs/ZnO hybrid thin films. Raman studies reveal the sol-gel derived spin-
coated ZnO thin film has hexagonal wurtzite structure. The incorporation of Alqsz molecules in
the hybrid film results in the formation of bonding onto the surface of highly crystalline ZnO
nanoparticles. The XPS confirms the incorporation of Alqgs in the hybrid thin films and
corroborates that the Alqs molecules may be adsorbed onto the surface of ZnO nanoparticles
(chemisorption), showing the existence of chemical interaction between Alqs and ZnO in the
hybrid films. The sheet resistance is observed to be deceased with the incorporation of Alqs in
ZnO revealing the improved electrical properties Alqs/ZnO thin films. The Alq3/ZnO hybrid
thin films exhibit the better UV light measurements and fast photoresponses when compared to
that of pure ZnO. These studies support that the chemisorbed Alqgs molecules onto the ZnO
nanoparticles may facilitate the charge transfer (non-radiative) between Alqs and ZnO in the

hybrid thin films which improves the UV photoresponses of the hybrid films.

4.1. Introduction

In the recent years, the investigation on multifunctional nanostructured thin films has
been exponentially expanding particularly in the semiconductor technology due to their
advantages such as attainment of better chemical, optical, and physical properties for improved
device efficiencies [151-153]. Nowadays, the novel smart devices are way out for the cost-

effective commercial applications which are made possible by using multifunctional

National Institute of Technology, Warangal — 506004, Telangana, India Page|73



Chapter: 4

semiconductor thin films owing to reduction in the raw materials, leading to miniaturization of
the devices. In the recent decades, Zinc oxide (ZnO) has been a promising third generation
semiconducting material which is extensively investigated for their potential applications in the
area of optoelectronics, chemical and biological sensing, and renewable energy such as light
emitting diodes (LEDs) for displays and solid state lightings, laser diodes, ultraviolet (UV)-
lasers and photodetectors, photovoltaic devices, photocatalysts, gas sensors, humidity sensors,
thin film transistors, spintronic devices, piezoelectric devices, water splitting, etc
[47,79,115,116,154]. The n-type metal oxide ZnO semiconductor has the fascinating optical
and electrical properties [79,143,155]. The highly crystalline pure/doped ZnO thin films can be
deposited by cost effective sol-gel coating process which are widely used in aforementioned
devices and also have the potential to be used in the upcoming solution processed optoelectronic
devices [134,156]. The ZnO has also been widely utilized in various structures such as
ZnO/metal/ZnO multilayers, ZnO/metal and ZnO/metal oxide nano-scale heterostructures,
graphene oxide (GO)/ZnO nanocomposites, etc. to alter and/or improve certain important
properties such as transmittance, optical dispersion, reflection, and electrical conductivity for
their optoelectronic device and photocatalytic applications [70,157].

In the recent decades, the chemical, physical, optical and electrical (optoelectronic)
properties of organic semiconductors (conjugated organic molecules) have been intensively
investigated for their extensive use in the organic optoelectronic devices [16,62,119,120]. The
high quality amorphous organic semiconductor thin films have most widely been deposited by
using vacuum sublimation process (Thermal evaporation method). It increases the
manufacturing cost of the devices which is not viable for the commercial usage. More recently,
the highly crystalline solution processed inorganic/organic artificial multifunctional composite
thin films have attracted enormous attention worldwide due to their promising desirable features
manifested by combining the unique characteristic properties of both inorganic and organic

candidates for the next generation highly efficient device applications. Zou et al. has
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investigated the spin-coated ZnO nanoparticles (NPs) incorporated polyfluorene composite thin
films for their potential use as an electroluminescent material in OLEDs and reported that the
prepared nanocomposite thin films exhibit the high stability and improved PL emission (peak
at 554 nm) due to incorporation of ZnO NPs into polymer, facilitating the energy transfer
between ZnO NPs and Polymer in the films [143]. Dhara et al. has studied the surface
modification of organic anthracene capped vertically aligned ZnO nanowires in the
ZnOJ/organic heterostructured film and demonstrated a six-fold improvement in the UV
photosensitivity with much faster photoresponse time of 1.5 s and reset time of 1.6 s [158]. The
hybrid ZnO/polyacrylic acid (PAAX; X = H or Na) nanocomposites synthesized via sol-gel
method have exhibited the increased photoluminescence (PL) in the visible region (above 450
nm) with stable PL quantum yield of 70%. This intense visible emission and suppressed UV
emission have been corroborated based on the effect of surface modification of ZnO
nanoparticles (NPs) surrounded by polymers in the ZnO/PAAH composites [159]. In our recent
study, Dasi et al. has prepared tris-(8-hydroxyquinoline)aluminum (Alqs3)/ZnO hybrid thin films
by sol-gel spin coating process [156]. Alqs is one of the most widely used electron transporting
as well as green-light emitting molecules in the OLEDs [4,121,160]. It has been reported that
the incorporation of Alqs controls ZnO particle size and transfers the energy to ZnO, resulting
in fourfold enhancement of the UV emission in the Alq3/ZnO hybrid thin films. Hybrid
(organic/inorganic) composite materials exhibit high thermal stability, chemical resistance,
mechanical strength, good optical and electrical properties over organic and inorganic materials
[8,117,161,162]. Organic/ZnO hybrid film-based UV-photodetectors show good advantages as
high gain, sensitivity, and responsivity with low- cost fabrication [163—165]. Hence, it is highly
beneficial and important to understand the structural and chemical environment at the hybrid
organic/ZnO interface for their potential applications in UV photodetectors.

In this study, we report on structural, chemical and compositional properties of the high

quality Algs/ZnO hybrid thin films deposited by spin-coating process using Raman and X-ray
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photoelectron spectroscopic (XPS) results. We also report the enhanced photoresponse of UV

photodetectors based on Alqs/ZnO hybrid thin films.

4.2. Experimental details
4.2.1. Alq3/Zn0O hybrid thin film preparation and Instrumentation

The procedure for the preparation of pristine ZnO and Alqs/ZnO hybrid thin films by
using sol-gel spin-coating process was followed as-such from our earlier report published
elsewhere [156]. The zinc acetate dihydrate [Zn(CH3COO),.2H20: 98.5%; SRL] of 5.487 g
(0.5 M) was firstly dissolved into 50 mL of 2-methoxyethanol (C3HgO2: 99%; SRL) solvent
and stirred at 450 rpm for 2 hrs at 60°C. The ZnO precursor solution (A) was obtained by drop
wise addition of monoethanolamine (MEA: 99%; SRL) (1.512 mL) for 1:1 molar ratio of MEA
to zinc acetate and allowed it for gelation by keeping it under the normal ambient for 24 hrs.
Algs (C27H18AIN3O3: 99.995%; Sigma Aldrich) (11.48 mg) was dissolved in 2-methoxyethanol
solvent (25 mL) (107 M) and stirred (450 rpm) for 2 hrs [solution (B)]. The 0.2 pum syringe
filter was used to filter the ZnO sol-gel precursor (A) and Alqs solution (B) separately. Using
these, the three (5 mL each) Alqs incorporated ZnO precursor solutions were prepared with the
nominal molar ratio of Algs to ZnO (Alqs/ZnO) as 0.5x107 [4 mL of ZnO (80 vol.%) (0.4 M)
+ 1 mL of Algs (20 vol.%) (2x10™*M)] for film (b), 1.3x10 for [3 mL of ZnO (60 vol.%) (0.3
M) + 2 mL of Alqs (40 vol.%) (4x10M)] for the film (c); and 3x10 [2 mL of ZnO (40 vol.%)
(0.2 M) + 3 mL of Algs (60 vol.%) (6x10™* M)] for film (d). The glass substrates [Blue star
(PIC-2) micro slides, Polar Industrial corporation, Mumbeai, India] were thoroughly cleaned
prior to the coating using acetone, isopropyl alcohol (isopropanol) and double ionized water as
per the cleaning steps reported elsewhere [156]. Finally, substrates were plasma cleaned using
Harrick Plasma, PDC-002. The pristine ZnO film (a) using the sol-gel precursor (A) and
Alq3/ZnO hybrid thin films (b - d) by above three respective precursor sols were deposited on

clean glass substrates using Spin coater (Apex Instruments, spinNXG-P2 model) under the
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normal ambient. Each thin film was having the optimal thickness of around 200 nm [156]. The
four thin films (a - d) were then post-annealed at 300 °C (for 2 hrs) under the normal ambient.
The Raman spectra of solution processed pristine ZnO (a) and Alq3/ZnO hybrid thin films (b -
d) were recorded at room temperature using Raman spectrometer (HORIBA Jobin Yvon,
France, LabRAM HR model) with an Argon laser excitation wavelength of 488 nm (2.54 ¢V)
and power of ~47 mW at the sample. These spectra were collected through a confocal optical
microscope coupled with a holographic grating (600 gr/mm) and a CCD camera detector. The
surface elemental compositional analysis of the hybrid films was carried out using X-ray
photoelectron spectroscopy (XPS, Thermo Scientific) having a monochromatized X-ray source
of Al Ka (hv = 1486.6 eV) with spot size of 400 um. The wide survey spectra of the films were
recorded in the binding energy range of 0 to 1300 eV with analyzer pass energy of 200 eV and
energy step size of 1 eV. The binding energy of C 1s peak (284.3 eV) of pristine ZnO film (a)
is used as a charge reference and energy-scale calibration (charge correction) for all spectra of
Alqs/ZnO hybrid thin films was carried out with reference to C 1s peak at 284.3 eV. The narrow
scan core level (Zn, 2p, O 1s, C 1s, and Al 2p) spectra were measured with analyser pass energy
of 50 eV and energy step size of 0.1 eV. The sheet resistance was measured by four probe
method using Keithley source measurement unit (SMU). The UV photodetectors were

fabricated based on pure ZnO and Alqs/ZnO hybrid thin films following the below procedure.

4.2.2. Fabrication process of UV-Photodetectors

To study the ultraviolet-photoresponse of the pristine ZnO and Alqsz incorporated ZnO
hybrid films, UV-Photodetectors were fabricated based on the films (a - d). The four glass
substrates were cut into 2x2 cm? area and were cleaned by following the above procedure. The
glass substrates were also plasma cleaned in high power plasma at 800-micron vacuum for 10
min. The prepared and filtered pristine ZnO and three Alqs incorporated ZnO solutions were

spin-coated at 2000 rpm for 30 sec separately onto the four cleaned glass substrates and pre-
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annealed at 200 °C for 10 min on the hot plate in normal ambient to evaporate the solvent. The
coating process was repeated for 5 times for the required thickness. The UV-photodetectors
were fabricated by depositing the two aluminium (Al) layers (120 nm) as ohmic contacts onto
the spin-coated films using thermal evaporation vacuum coating unit under the vacuum of
~5%10°mbar. The Al electrodes were deposited with a gap of 2 mm by covering with the metal
mask (device area = 2x4 mm?). The fabricated UV-photodetectors having the structure of glass
“substrate/pristine ZnO film (device A) or Alqs/ZnO hybrid films with the molar ratio of
0.5x107 (device B), 1.3x10 (device C) and 3x107 (device D)/Al”. The current density (J)-
voltage (V) characteristics of the four fabricated UV-photodetectors were measured using the
source measurement unit (SMU: Keithley, 2450 model) in dark and under the UV-spot light
illumination (wavelength: 365 nm, Spectral width: ~6nm) in normal ambient. The time-
dependent UV responses of the devices were measured by ON/OFF the UV illumination onto
the device in regular intervals of 30 sec. The ON/OFF for UV illumination was controlled by
the in-built semi-automatic shutter provided in the UV light source system, where the UV light

source is continuously kept in the ON state until the measurements get over.

4.3. Results and discussion
4.3.1. Raman spectroscopic studies

Raman spectroscopy is a powerful technique to study various parameters such as
chemical components, purity/crystal quality, crystal structure, microscopic structural features,
crystal defects, distortion of lattices, and their vibrational properties of the bulk crystals and
nanostructured thin films [166]. Raman spectra of sol-gel derived spin coated pristine ZnO (a)
and Alq3/ZnO hybrid thin films (b - d) were shown in Fig. 4.1. The wide band gap n-type metal-
oxide semiconductor ZnO crystallizes commonly in the hexagonal wurtzite structure with the
space group of Cg, (P63mc) [167]. According to group theory prediction, at the " (k = 0) point

of the Brillouin zone, the following optical phonon normal modes are expected:
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Fopt = A1+ Ei+ 2B+ 2 E
where the two B; (Bi°" and Bf ‘g h) symmetry modes are silent/forbidden modes (Raman &
infrared (IR) inactive); the A; and E; phonon modes are polar and both Raman & IR active

vibrational modes, whereas the doublet E2 phonon mode with two phonon frequencies (EXY

and Egi‘g h) is non-polar (IR inactive) and Raman active only. In addition, the two polar modes
A1 and E; (their vibrations polarize the unit cell and result in the generation of a long-range
electrostatic field) split into longitudinal optical (LO) and transverse optical (TO) components

as A1(TO), Ei(TO), Ai(LO), and E,(LO) [168].
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Fig. 4.1. The Raman spectra of spin-coated pristine ZnO (a) and Alqs/ZnO hybrid thin films (b

- d) with the Alq3/ZnO molar ratio of 0.5x1073 (b), 1.3x107 (¢), and 3x107 (d).

The Raman spectrum of pristine ZnO thin film (a) exhibited the vibrational modes at
375,410,443, 563, and 591 cm! corresponding to A1(TO), Ei(TO), ES*9", A1(LO), and E1(LO)
phonon modes, respectively (Fig. 4.2) [167]. The Eg ‘9" \ibration mode (443 cm™) shows the
characteristic wurtzite phase of ZnO. The relatively strong intensity of E;l 9" and A, (LO)
modes show the sol-gel derived spin-coated pristine ZnO film is highly (002) plane c-axis

oriented [169]. The E;(LO) phonon mode (positioned at 591 cm!) is attributed to the formation

of defects such as Zinc interstitials (Zn;), oxygen vacancy, and lack of free carriers [170]. The
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additional vibrational bands present with the frequencies of 205 and 333 cm™ are attributed to
the second-order Raman processes [171]. The vibrational peaks observed at 790 and 1093 cm’
! are corresponding to the glass substrate [170,172]. The observed vibrational phonon modes

and their assignments of constituent compounds in the hybrid thin film are given in Table 4.1.
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Fig. 4.2. The Raman spectra of hybrid thin films (a- d) in the range of 150 - 650 cm™.

In Fig. 4.3, the Raman spectrum of Alqs/ZnO hybrid thin film (b) with Alqs to ZnO molar
ratio of 0.5x107 shows the oxine (8-hydroxyquinoline; 8HQ) C-H out-of-plane bending modes

' which are ascribed to characteristic

with strong relative intensity at 748, 781, 818 cm’
frequency of 8HQ in tris-(8-hydroxyquinoline)aluminum (Alqgs) molecule [173]. The respective
Raman bands observed in the hybrid thin films (b - d) are assigned to incorporated Alqs;
molecule (Table 4.1) based on the reported Raman studies of Alqgs thin films published
elsewhere [173]. The vibrational mode (shoulder) observed at 758 cm™ can be assigned to the
breathing mode of 8HQ moiety and the strong relative band at 800 cm™ assigned to 8HQ Ring
deformation mode. The reported Raman bands of Alqs at 404 cm (assigned to Ring
deformation + Al-O stretching mode), 428 cm™ (Ring deformation), 456 cm™ (C-H torsion),

577 cm™! (Ring deformation + Al-O-C bending mode), and 596 cm™! (C-H torsion) may also be

correlated with the shifts of observed modes of ZnO in the Alqsz/ZnO hybrid thin films. The
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E;l 9" mode (443 cm™) of wurtzite ZnO is blue shifted to a higher frequency closer to the
reported C-H torsion mode (456 cm™) of Algs, showing the Algs/ZnO hybrid film (b) is under
compressive pressure as the ZnO crystallites are surrounded by the incorporated Alqs molecules
in the film [169]. A shift of Ai1(TO) phonon mode to a higher frequency in the hybrid film (b)
may also corroborate the incorporation of Alqsz molecules in the film (b). The increased peak
intensity of Aj(LO) (569 cm™') phonon mode along with a weak Ej(LO) (591 cm™) shoulder
peak (which is closer to the reported C-H torsion mode (596 cm™) of Alqs) when compared to
that of film (a) may indicate that the ZnO crystallites possess the preferred c-axis orientation
and become more crystalline with low density of defects in the presence of Algs in the hybrid
film. Zamiri et al. has also reported the higher Raman peak intensity of E{(LO) phonon mode
in ZnO/Ag nanostructure and explained by using a chemical theory; the formation of charge
transfer complexes/species which have formed a bond with the surface of ZnO, causes the
enhancement [174]. The enhanced intensity of the longitudinal optical phonon modes reveals
that the incorporated Alqs molecules do not enter into the ZnO matrix and may be surrounded
on the highly (002) plane c-axis oriented ZnO crystallites in the Alqs3/ZnO hybrid thin film as

supported by the earlier report published elsewhere [156].
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Fig. 4.3. The Raman spectra of hybrid thin films (a- d) in the range of 725 - 850 cm’'.
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Table 4.1. Raman active mode frequencies and assignments of pristine ZnO and Alqs/ZnO

hybrid thin films.
Mode
compound/
frequency Symmetry / Assignments
Molecule
(em™)
205,333 | Second order Raman processes
375 A(TO) Transverse optical mode
410 Ei«(TO) Transverse optical mode
_ Zn0O
443 E ;”g h Preferred c-axis orientation
563 A1(LO) Preferred c-axis orientation
591 Ei(LO) Formation of defects
790, 1093 | Glass Substrate
404 Ring deformation + Al-O stretching mode
428 Ring deformation
456, 596 C-H Torsion
577 Ring deformation + Al-O-C bending mode
Algs
758, 781,
Oxine (8-hydroxyquinoline, 8HQ)
818
758 Breathing mode of 8HQ moiety
800 8HQ Ring deformation mode

From the Raman spectrum of Alqs/ZnO hybrid thin film (¢) with increased Alq3/ZnO molar
ratio of 1.3 x1073, it is obvious to observe the overlapping features of Algs and ZnO in the Raman
shifts of hybrid Alqs/ZnO structures. The slight decrease in the intensity of the characteristic

Eg ‘9" and A, (LO) vibrational modes associated with ZnO without any significant change in
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the Raman shift when compared to that of film (b) may be attributed to the presence of increased
Alqgs molecules surrounded onto the ZnO particles in the bulk of the film also. There is no
significant change in the intensity of Raman peaks associated with Alqs in the film (¢) which
in turn relates the increased Alqs/ZnO ratio. In our recent report, Dasi et al. has demonstrated
that the incorporated Algs molecules do not enter into the ZnO matrix and instead control the
particle size by effective capping of Alqs molecules onto the ZnO particles

in the Alq3/ZnO hybrid thin films [156]. The considerable decrease in the intensity of
characteristic Raman bands of ZnO in the Alqs/ZnO hybrid thin film (d) supports the size-
controlled ZnO particles capped by Algs molecules. A slight increase in the intensity of
characteristic vibrational modes of Algqs when compared to that of film (c) corroborates the
decreasing ZnO particle size due to the highest Alqs/ZnO ratio of 3 x107 and by effective
capping of Algsz molecules in the hybrid film (d). This Raman study of Alqs/ZnO hybrid thin
films supports to report that the incorporation of Alqs favors the formation of a bond with the

surface of highly crystalline c-axis oriented ZnO particles in the hybrid thin film.

4.3.2. X-ray photoelectron spectroscopic (XPS) analysis

In order to analyze the surface elemental composition and chemical state of different
elements in the pristine ZnO (a) and Alqs/ZnO hybrid thin films (b - d), the XPS measurements
were carried out and the wide survey spectra of the films in the binding energy (BE) range of 0
to 1300 eV are shown in Fig. 4.4. It reveals the existence of various elements such as zinc (Zn),
oxygen (O), carbon (C), and aluminium (Al) in the films. The relative surface atomic
concentrations (%) of the elements [Zn (2s, 2p, 3s, 3p, 3d), O (1s), C (1s), and Al (2s, 2p)] in
the films are given in Table 4.2. The narrow scan core level (Zn 2p, O 1s, C 1s, and Al 2p) XPS
spectra of the films (a - d) are shown in the figures 4.5 — 4.8 and the respective BE peak
positions (eV) are given in Table 4.2. The Zn 2p core level spectrum (Fig. 4.5) of pristine ZnO

film (a) shows the presence of two BE peaks centered at 1020.8 eV and 1043.9 eV
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corresponding to doublets Zn 2p3» and Zn 2p1, respectively with the atomic concentration of
64%, confirming the existence of Zn atoms in the oxidized state (Zn*>* ion in Zn-O bond) in the
film [175]. The asymmetric peak (observed at 529.8 eV with the atomic concentration of 16%)
of O 1s core level spectrum (Fig. 4.6) of the pristine film (a) is deconvoluted by using Gauss

fitting, showing the peak at 529.5 ¢V (Or) and the shoulder peak at 531.0 ¢V (Orn). The dominant
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Fig. 4.4. The wide survey X-ray photoelectron (XPS) spectra of spin-coated pristine ZnO (a)
andAlqs/ZnO hybrid thin films (b - d) with the Alq3/ZnO molar ratio of 0.5x107 (b), 1.3x103
(), and 3x107 (d).

peak centered at 529.5 eV (Oy) is attributed to the oxygen (O%) ion surrounded by Zn?" ions
(Zn-O bonds) [176,177]. The higher BE peak (On) is usually attributed to chemisorbed or
dissociated oxygen or hydroxyl group or carbonyl group on the surface of the ZnO film [145].
In the figure 4.7, the BE peak centered at 284.3 eV (with atomic concentration of 20%) is

assigned to adventitious carbon (C 1s core level) atoms formed onto the surface of the film (a)
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during the coating under the normal ambient [145,175]. The C 1s binding energy (284.3 eV) of
the pristine ZnO is used as a charge reference. The core level spectra (Zn 2p, O 1s, C 1s, and
Al 2p) of respective hybrid film are calibrated with respect to the observed shift of its C 1s peak
for being aligned with reference C 1s peak (284.3 eV) of pristine ZnO film (a). The Alqs/ZnO
hybrid thin film (b) (with molar ratio of 0.5x107%) exhibits a slight peak shift towards the higher
binding energy in the core level spectra of Zn 2p (1020.9 eV; 27%) and O 1s [deconvoluted
peaks Oj (529.6 e¢V) and Oy (530.9 eV) with the atomic concentration of 11%] with reference
to C 1s (284.3 eV; 60%) when compared to that of pristine film (a). An additional symmetric
BE peak centered at 62.9 eV (atomic concentration; 2%) in the film (b) is assigned to Al 2p
core level (Fig. 4.8). The presence of a weak BE energy peak at ~1072 eV corresponding to Na
Is is not part of the thin films (it may possibly be a surface contaminant occurred during
handling films for the measurements) and hence it is not considered for the analysis. Wang et
al. has reported the core level XPS spectra of C 1s (284.4 ¢V), O 1s (531.3 eV) and Al 2p states
corresponding to the Al-O-C bond in the pristine Alqs; thin film in agreement with other reports
published elsewhere [178—180]. As shown in the above figures, the observed BE peaks of C 1s
(284.3 ¢V), O 1s (Om: 530.9 eV), and Al 2p (62.9 eV) core level spectra distinctly confirm the
Al-O-C bonds of the incorporated Alqs molecules in the hybrid film (b). The change in the BE
state of Zn (Zn 2p32:1020.9 eV and Zn 2pin: 1044.0 eV) also suggests the presence of
incorporated Alqs molecules in the film (b). The observed increased BE peak intensity and
atomic concentrations of C, O (On) with a BE peak of Al along with the decreased intensity and
concentration of Zn in the hybrid film (b) (Table 4.2) reveal the relative concentration of
incorporated Algs molecules on the surface of the film. The schematic representation of
incorporated Alqs in the film (b) is given in Fig. 4.9. The possible contribution of excess carbon
atoms (a surface contaminant which may be formed during handling the films for the
measurements) to the increased relative surface atomic concentration of C in the hybrid film

(b) is not completely ruled out but may be considered to be substantially low.
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The core level XPS spectra (Fig. 4.5) of Zn 2p [Zn 2p3» (1020.8 eV) and Zn 2pin
(1043.9 eV) with atomic concentration of 63%], C 1s (284.3 eV; 19%), O 1s [deconvoluted
peaks O1(529.5 eV) and O (530.9 eV) with the atomic concentration of 17%], and Al 2p (62.8
eV; 1%) states of the hybrid thin film (¢) are showing the BE peaks without any change in its
position when compared to that of the above films. These spectra also show a significant
decrease in the BE peak intensity of C 1s, O 1s (On) and Al 2p and their atomic concentrations
along with an increase in the surface atomic concentrations of Zn and O (Table 4.2). These
results may reveal that the incorporated Alqgs molecules (with Alq3/ZnO molar ratio of 1.3x10"
3) may be adsorbed at the grain boundaries of ZnO crystallites in bulk of the film (¢) and
facilitating the formation of Alqs capped ZnO nanoparticles as reported in the earlier studies
(Fig. 4.9) [156]. In the Algs/ZnO hybrid thin film (d) with increased molar ratio of 3x107, the
BE peaks of Zn 2p [Zn 2p32 (1021.0 eV) and Zn 2pi12 (1044.1 eV) with atomic concentration
of 43%], C 1s (284.3 eV; 42%), O 1s [deconvoluted peaks O; (529.6 eV) and O (531.0 eV)
with the atomic concentration of 14%], and Al 2p (62.8 eV; 1%) core level spectra are consistent
in the binding energy shift when compared to above films. The BE peak intensities of C 1s, O
Is (On) and Al 2p states corresponding to Al-O-C bonds of Alqs molecule and that of Zn 2p

(Zn-0) are substantially increased with respect to atomic concentrations. It may be corroborated
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with the effective coverage/capping of Alqs molecules onto the ZnO particles and thus
controlling the ZnO nanoparticle size in the film (d) (Fig. 4.9) [156]. The BE peak shift of Zn
2p and O 1s (Oy) corresponding to Zn-O bonds and that of C 1s, O 1s (Or) and Al 2p states
corresponding to Al-O-C bonds in Alqs; molecule ascertain the existence of chemical interaction
via non-covalent bonds (chemisorption) and/or charge transfer species between Alqs and ZnO
in the hybrid thin films [156]. The observation of existence of chemical interaction and/or
charge transfer in the hybrid thin films is in good agreement with the recent literature reports
on the organic/inorganic mesoporous silica based composite materials. Awual et al. has reported
the strong binding of the organic ligand molecules to mesoporous silica via hydrogen or non-
covalent bonding in the composite material used for detection of copper(Il) ions in the
contaminated water [126]. The anchoring of sulfur donor containing organic ligand molecule
onto the silica has been based on non-specific interactions via hydrogen bonding, reversible
covalent bond, and Van der Waals forces [125]. The formation of the non-covalent affinity
(hydrogen bonding) between the abundant hydroxyl groups of surface silicates and organic
ligand heteroatoms has also been reported in the ligand functionalized conjugate mesoporous
silica composites for the detection of NO;"ions from the waste water [181]. These results show
that the incorporation of Algsz molecules favours the formation of preferred c-axis oriented ZnO

nanoparticles and ascertains the existence of chemical interaction via non-covalent bonds
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(chemisorption) and/or charge transfer complexes between Alqs; and ZnO in the Alqs3/ZnO
hybrid thin films. The entire sequential representation of formation of Alqgs capped ZnO

nanoparticles in sol-gel derived spin-coated Alqs/ZnO hybrid thin films is depicted in Fig 4.9.

Table 4.2. The XPS parameters of the elements present in pristine ZnO(a) and Alqs/ZnO hybrid

thin films (b - d).

Element Photoelectron Binding Energy (BE) peak position* Relative surface atomic

Line (eV) concentration of elements (%)
Film a b c d a b c d
Zn  Zn2p** 1020.8 1020.9 1020.8 1021.0 64 27 63 43
Zn 2p3p 1020.8 1020.9 1020.8 1021.0
Zn 2pin 1043.9 1044.0 1043.9 1044.1
O O Ig*** 529.8 5309 5299 5309 16 11 17 14

Ols(O) 5295 529.6 529.5 529.6

O1s(On)  531.0 5309 5309 531.0

C Cls 2843 2843 2843 12843 20 60 19 42

Al Al2p - 62.9 62.8 62.8 - 2 1 1

*The core level spectra (Zn 2p, O 1s, C 1s, and Al 2p) of respective hybrid film are calibrated
with respect to the observed shift of its C 1s peak for being aligned with reference C 1s peak
(284.3 eV) of pristine ZnO film (a).

**7n 2p core level spectrum shows the presence of two BE peaks corresponding to doublets
Zn 2p3, andZn 2pis.

*#*The asymmetric peak of O 1s core level spectrum is deconvoluted by using Gaussian

fitting, showing two BE peaks Or and Of;.
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Fig. 4.9. Schematic representation of formation of Alqs capped ZnO nanoparticles in sol-gel

derived spin-coated Alq3/ZnO hybrid thin films (a- d).

4.3.3. Sheet resistance (Rs)

The sheet resistance values of the sol-gel derived spin-coated pristine ZnO (a) and
Alq3/ZnO hybrid thin films (b - d) have been obtained (Fig. 4.10) by the four-point collinear
probe technique using the relation
Rs =[n/In2] (V/I) k (4.1)
Where Rs is the sheet resistance, V is the voltage measured (between probes 2 and 3), I is the
source current (between probes 1 and 4), and k (= 1) is the correction factor. The pristine ZnO
thin film (a) shows the higher sheet resistance of 5075 MQ/o and it is significantly decreasing
for increasing Alq3/ZnO molar ratio in the hybrid films (b: 2401, ¢: 1359, andd:951MQ/o). It
is attributed to the adsorption of Algsz molecules at the grain boundaries of ZnO creates Alqs
capped ZnO nanoparticles with improved crystalline properties which reduces the sheet
resistance of the Alqs/ZnO hybrid films. It supports the energy transfer from Alqs to ZnO in
hybrid films results in decreased sheet resistance. From the PL spectra it is observed that the
emission corresponding to the Zinc interstitials (390 — 420 nm) is increased with the
incorporation of Alqs. The Zn interstitials may increase the free carriers for conductivity and

hence decrease the sheet resistance.
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Fig. 4.10. The sheet resistance of Alq3/ZnO hybrid thin films (a - d).

4.3.4. UV photodetector

To further investigate the photoelectric performances of pristine ZnO and Alqs/ZnO
hybrid thin films, UV-photodetectors were fabricated. Two Al electrodes were deposited onto
the pristine ZnO film for device A and Alqs/ZnO hybrid films for the device (B - D) as ohmic
contacts using thermal evaporation vacuum coating unit at a high vacuum of 5.0x10 mbar.
The Al electrode contacts were deposited with a gap of 2 mm by covering with a metal mask
such that the device area is 0.08 cm?. Fig. 4.11 shows the Schematic structure of fabricated UV-
photodetectors and energy level diagram. The fabricated devices structures are as follows:
Device A: Glass substrate/pristine ZnO (~200 nm)/Al (120 nm).

Device B: Glass substrate/(Alqs/Zn0-0.5x107*) (~200 nm)/Al (120 nm).
Device C: Glass substrate/(Alqs/Zn0-1.3x103) (~200 nm)/Al (120 nm).
Device B: Glass substrate/(Alqs/Zn0O-3x10) (~200 nm)/Al (120 nm).

It is known that oxygen adsorption or desorption play the important role in controlling
the photoconductivity of ZnO in bulk or thin films [182]. In the dark, oxygen molecules
adsorbed onto the ZnO thin film surface as negatively charged ions by capturing the free
electrons from n-type ZnO, thereby creating a depletion layer which induces a barrier with low

conductivity near the thin film surface [68,182].
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02 (gas) + e — O> (adsorbed)

Upon exposure to UV-light, the electron-hole pairs will be photogenerated.

hv— ¢ +h" (exciton)

Holes migrate to the surface and discharge the adsorbed oxygen ions through surface electron-
hole recombination:

h" + 02 (adsorbed) — O (gas)

At the same time, the photo-generated electrons significantly increase the conductivity of the

ZnO thin film by decreasing the width of the depletion layer and barrier height [68,183].
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Fig. 4.11. The Schematic of (i) device structure and (ii) energy level diagrams of constituent
elements of UV-photodetectors based on pristine ZnO (device A) or Alqs/ZnO hybrid thin
films (devices B-D)

The current density (J)-voltage (V) characteristics were performed using voltage/current

source/measure unit (Keithley, 2450 model) in dark and under the UV-spot light illumination
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(wavelength: 365 nm) with bias voltage from -8 V to +8 V in normal ambient. Fig. 4.12(i)
shows the semi-log plots of J-V characteristics. It is observed that under UV light, devices
exhibit the photocurrent several orders of magnitude higher than the dark currents, attributed to
the good UV response of pristine ZnO (device A) and Alqs/ZnO hybrid thin film-based devices
(B — D). The current density is observed to be increased for the devices B - D with Alq3/ZnO
molar ratios of 0.5x1073, 1.3x1073, and 3.0x10 respectively compared to device A based on
pristine ZnO film in dark as well as under UV light. The less current for device A is due to the
high sheet resistance of film a when compared to hybrid films. The increase in dark current for
the devices (B — D) with the incorporation of Alqgs is may be due to the decreased sheet
resistance attributed by the increase in Zn interstitials (free carriers) in hybrid films (b —d). The
device D exhibits slightly the less current density than device C in dark and it increased more
under UV light compared to the other devices. The possible reasons for slight decrease in the
dark current in device D may be 1) the drastic decrease in the crystallite size of film d which
may alter the charge conductivity, i1) the excess incorporation of Alqs in ZnO creates the charge
trap states in the films which reduces the free carriers in the film, and iii) the more content of
Algsmay create the depletion layer in between Al contact and ZnO due to the more barrier
potential (1.2 eV) between Alqgs and Al contact than between ZnO and Al (0.1 eV). The hybrid
film-based devices (B — D) exhibit the increased current under UV light compared to the pristine
film-based device (A), which increases with the incorporation of Algs. The improved current is
the resultant of free charge carriers present in the hybrid film and energy transfer from Alqs to
ZnO. The excited electrons in Algs under the UV light of 365 nm (near to the Alqs characteristic
excitation of 380 nm) non-radiatively transferred to the ZnO via carbonyl group (C=0) resulting
in increased charge carriers and hence increased current density attributed to the enhanced PL
emission [4,156]. It has been reported that the excitons from the organic material transfer to the

ZnO0, resulting in improved photo responses [164,184].
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Photocurrent, gain, responsivity, and detectivity are the main parameters to characterize
a UV photodetector [68,183]. These parameters were calculated for 1 V bias and ImW/cm? UV

light power using the following formulae [68,134]. The values are given in Table 4.3.

Photocurrent gain (G) = liight/Idark 4.2)
Sensitivity(S) = Ipn/Idark (4.3)
Responsivity(R) = I,/ P.A 4.4)
Detectivity(D) = (Ipt/E) (2qldark)"? 4.5)

where Lgark - dark current, Ijigh— current under UV light, Iph (Liighe- laark) — photocurrent,

P - power of UV light, A - effective area of device, and q - electron charge.
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Fig. 4.12. (i) Current density—voltage (J-V) and (ii) time-dependent photoresponse

characteristics of fabricated UV-photodetectors [devices (A — D) based on Alq3/ZnO hybrid
films (a — d)].

The photocurrent of the devices is mainly due to the excitons generated by the UV
illumination. The photocurrent and responsivity are the proportional factors. The subsequent
increase of photocurrent with the incorporation of Alqs in ZnO, ratifies the increase of exciton
generation in ZnO by the energy transfer from Alqs. The substantial improvement in
photocurrent for device D compared to the other devices is due to the higher energy transfer
from Algs to ZnO in film d. The higher energy transfer is due to the more content of Algs in

film d, supporting the four-fold enhancement in PL emission [156]. The current gain,
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sensitivity, and detectivity are the proportional factors, which are effectively altered by the dark
current. The hybrid film-based devices exhibit the improved current gain and photo detectivity
than the device A. The device D exhibits the higher detectivity compared to the other devices,
due to its low dark current and higher light current means high current gain. The incorporation
of Algs controls the growth of crystallites which means it reduces the ZnO particle size [156].
The reduced particle size enhances the large surface to volume ratio which plays a key role in
the photodetection process [185]. The large surface to volume ratio facilitates the oxygen
adsorption and desorption resulting in the enhanced photocurrents or gain. The incorporation
of Algs provides more surface-active sites by reducing the ZnO particle size, resulting in
improved device performances (gain, sensitivity, and detectivity) of hybrid films. XPS studies
reveal that films ¢ and d have the more surface atomic concentration of Zinc which increases
the surface to volume ratio and hence improves photo responses of devices C and D [185]. The
possible reasons for the better photoresponses of device D could be i) the excess incorporation
of Algs in ZnO in film d activates the oxygen adsorption and desorption due to its ambient
sensitivity [186], ii) the incorporated Alqs is an electron transporting material which facilitates
the transport of electrons and results in improved performance of UV photodetector
[68,121,186], iii) the reduced crystallite or particle size for film d which is smaller than the
Debye length (~ 18 nm) allows for the high density of electron trapped states on the surface
resulting in increased photocurrent [187], and iv) the reduced particle size also enhances the
surface to volume ratio which activates the oxygen adsorption and desorption effectively by
increasing the hole-trap states on the surface [185].

Response speed and repeatability are the two important factors to know the
photoresponse of the UV photodetectors. Figure 4.12 (ii) shows the time-dependent response
characteristics of UV photodetector by modulating UV light source (incident optical power of
1 mW/cm?), at 1 V bias with the interval of 30 sec. When the UV illumination is ON the current

of pristine ZnO and Alq3/ZnO thin film-based devices increased rapidly and when the UV
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illumination is OFF, the current decreased drastically to its initial level, revealing the stability
and reproducibility of all the devices (A - D). The growth time t: and decay time 14, (defined as
the time required for the photocurrent to increase from 10% to 90% and drop from 90% to 10%
of the maximum current) were calculated from the response plots (Table 4.3) [164]. All the
devices exhibit the slow decay time than the growth time. The slow decay time is due to the
more photo persistent current (PPC) (the current present in the device even after the UV light
off). The presence of charge trapped states in the film increases the rise time. The higher rise
time of devices C and D compared to devices A and B may be due to the more presence of Alq3
in ZnO grain boundaries which may create the charge traps. The device B exhibits the decreased
time constants when compared to all other devices (A, C, and D). The incorporated Alqs
molecules with Alqs/ZnO molar ratio of 0.5x107 predominantly present on the ZnO surface
(more carbon atomic % form XPS studies) which may decrease the charge trapped states and
PPC in the film b, resulting in fast responses of the device B than the other devices [69,156,188].
From the UVPD characteristics of all the devices it is observed that the device D exhibits the
high current gain, responsivity, and detectivity whereas device B exhibits the fast response than

the other devices.

Table 4.3. Device characteristics of UV photodetector (A-D) based on ZnO (a) and Alqs/ZnO

(b-d) hybrid thin films at 1V bias and UV light power of 1 mW/cm?.

Molar ratio Photocurrent Current Responsivity Detectivity = Response time

Device of density (Jpn) gain R) D) (%)
Alqs/ZnO (nA/em?) (&) (<107 A/W)  (x10") growth  decay
A 0 (Pristine) 1.01 330 1.01 3.24 4.8 17.2
B 0.5x10° 251 384 251 5.48 6.5 13.9
C 1.3x107 3.93 636 3.93 6.31 16.8 19.0
D 3x1073 5.33 706 5.33 10.74 15.7 20.1
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4.4. Conclusion

We deposit solution processed sol-gel derived Algs/ZnO hybrid thin films and Raman
and XPS techniques were used to study their structural properties, and surface elemental
composition & chemical state of different constituent elements. The pristine ZnO thin film
exhibits the hexagonal wurtzite structure. From the Raman studies, it is corroborated that the
incorporated Algzmolecules make bonding onto the surface of highly oriented crystalline ZnO
nanoparticles in the hybrid films. The XPS studies have supported that the incorporated Alqs;
molecules may be adsorbed on the surface of ZnO nanoparticles (chemisorption), showing the
existence of chemical interaction between Alqs and ZnO in the hybrid films. These results are
in support of the fact that the chemisorbed Alqs molecules onto the ZnO nanoparticles facilitate
the non-radiative energy transfer between Alqs and ZnO in the hybrid thin films which enhance

their optical and electrical properties, resulting in improved UV photodetectors performances.
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Influence of Ni’* swift heavy ion (SHI) irradiation on Alq3/ZnO hybrid thin

film for UV photodetector applications

This chapter describes the influence of Ni swift heavy ion (SHI) irradiation on Alq3/ZnO
hybrid thin film having the molar ratio of 0.5x107. It gives the detailed analysis on optical,
structural, and morphological properties of Ni SHI irradiated Alqs/ZnO thin films. It also deals
the effect of Ni SHI irradiation on photoresponse of UV photodetectors based on Alqs/ZnO
hybrid thin films. The Alqs/ZnO hybrid thin films were irradiated with 120 MeV Ni*’ SHIs
with the ion fluences of 5x10'!, 1x10'2, and 5%10'? ions/cm?. These films were characterized
and the results were compared with the pristine Alqs/ZnO hybrid thin film. The UV
photodetectors were also fabricated based on these irradiated films and the UV detection

properties were analysed.

5.1. Introduction

In the present years the organic optoelectronic devices like OLEDs, OSCs, laser diodes,
optical sensors, and UV photodetectors are developed for their commercial use. Out of these,
the OLEDs are commercialized in lighting and display technology due to their extraordinary
performances. Especially the display technology of OLEDs has been achieving fast growth for
their wide usage. Current research on organic semiconductor based optoelectronic devices is to
improve their stability, device efficiency, and durability. Using hybrid (organic/Inorganic)
materials is one of the ways for better optoelectronic device performances [124,187].
Researchers have synthesized various hybrid materials and achieved improved performances
of the devices [79,117,124]. The synthesis of hybrid materials has the incorporation of organic
materials in inorganic and vice versa. The hybridization of material has to be done in such a

way that one should achieve the new beneficial properties without altering the individual’s
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properties. Not only the hybridization, but in any doping process also the dopant element should
not affect the actual properties of the host, and the properties should be in enhanced way. One
can tune the host material properties for their requirements by doping with the other elements
in a controlled way. But doping with the other elements changes the stoichiometry of the host
which may affect its original characteristics. During the thin film formation of composites, the
dopant may not be uniformly distributed or it may alter the atomic arrangement of the host
material. The composite materials cannot be coated as a thin film using evaporation or vapour
deposition process due to the difference in evaporation temperature of individual elements. The
solution process is a good method for the thin-film formation of hybrid or other composites,
which requires fine-tuning and a high degree of optimization in solution preparation and
uniform film formation [41,117]. Even though the solution process is a simple, easy, and cost-
effective method there are some disadvantages like the creation of charge traps, barriers at the
boundaries, and less conductivity. It is quite difficult to achieve the solution-processed thin
films with all desired qualities. Swift heavy ion (SHI) irradiation is one method which is used
for tailoring the properties of thin film [189]. In this method, the thin films are irradiated with
the different ionic states of elements with various ion fluences. The elements can be Au, Ni, H,
Ni, Ag, Li, etc with different ionic states. One can tailor the properties of thin films with this
process by controlling the ion energy and fluences. Researchers have been utilising this method
for acquiring the better optical, structural, and electrical properties of the thin films and also for
stability measurements of thin films and devices [189-191]. In the irradiation process an
energetic ion hits the target with high velocity, travel through the material and loses its energy.
It loses the energy in two processes 1) direct transfer of energy to atoms in the target through
elastic collision in low energy regime of up to ~ 10 KeV/amu known as nuclear energy loss
(Sn), 11) electronic excitation and ionization of target atoms through inelastic collision in high
energy regime of ~ 1 MeV/amu and above known as electronic energy loss (Se) [189,192]. If

the ion energy is from few KeV to 1 MeV, it hits target atom and partially transfers the energy
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to the atom and displace it. The displaced or recoiled atom hits the neighbouring atoms through
elastic collision resulting in collision cascade. The high energy ions whose velocity is equal to
the Bohr electron velocity or more passes through the target very swiftly through inelastic
collision and excite or ionise the atoms along its path [192]. These high energy ions are called
swift heavy ions (SHI). The formation of ion tracks happens in insulators and semiconductors
but not in metals (create only defects) except (Fe, Ti, Bi, etc.) [192]. The SHI irradiation leads
to the creation of defects in the sample or anneal the sample by creating the ion tracks results
in modulating properties [192,193]. The low energy ions implanted in the target by creating the
point/columnar defects whereas high energy ions create the defective ion tracks without
implanting [189,192,194]. The ion tracks not only create the defects but also rearrange the
disordered atoms (due to the foreign elements doping or during the process of synthesis) in a
regular way.

ZnO thin film is vastly using to tune its properties with the SHI irradiation process due to
its high thermal stability and mechanical strength [189,191,193]. Sahoo et al. reported the
surface morphological changes (smoothening of surface), increased crystalline and conducting
properties of Al doped ZnO thin films with H" irradiation by varying the ion fluences [190,195].
S. Mal et al. reported the induced ferromagnetism in undoped ZnO thin films by creating the
lattice disorder leading to the enhancing of Zinc and oxygen vacancies (produce magnetic
moments) with high energy (300 MeV) Ag®" SHI irradiation [193]. Kumar et al. achieved the
drastic decrease in resistivity and increased carrier concentration in ZnO thin films irradiated
with electronic stopping power of 120 MeV Au ions [191]. K. Thangaraju et al. analysed the
stability of organic semiconducting material (Alqs) with SHIs of 40 MeV Li** irradiation and
reported the quenching of PL emission with the ion fluences [56,196]. H. A. Khawal and B. N.
Dole reported that the Mn doped ZnO thin films exhibit the enhanced crystallite size, PL
emission and conductivity with 160 MeV Ni’" SHI irradiation [194]. Zn is very suitable for ion

radiation due to its potential creation of Zn interstitials and O vacancies. In this study, we have
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made an attempt to tune the properties of solution processed Alqs/ZnO hybrid thin by 120 MeV

Ni”*SHI irradiation for their optoelectronic applications.

5.2. Experimental details
5.2.1. Preparation and SHI irradiation of Alq3/ZnO hybrid thin films

The Alq3/ZnO hybrid thin films were prepared following our previous reports [156,197].
Out of the three Alqs/ZnO hybrid films (b — d), film b was chosen for the ion irradiation due to
its advantageous film properties such as improved crystalline properties and optical
transmittance, considerable decrease in the sheet resistance, enhanced PL emission, fast
response in UV photodetector due to predominantly presence of Alqs molecules on the film
surface. To further improve film characteristics and UV photoresponses, the film b with
Algs/ZnO molar ratio of 0.5x1073 was irradiated with the Ni’* SHI irradiation.

The hybrid films were prepared with Alqs/ZnO molar ratio of 0.5%107 [ZnO (80 vol.%)
(0.4 M) + Algs (20 vol.%) (2 x 107* M)] following the procedure mentioned in the chapter 3
and 4. The films coated on glass substrates were cut into 1x1 cm? area for three different ion
influences. The three Alqs/ZnO films were irradiated with 120 MeV Ni’* SHI with the ion
fluences of 5x10'", 1x10'2, and 5x10'? respectively at room temperature. It was observed from
the SRIM (Stopping Range of lons in Matters) calculations that there is no implantation of Ni
ions in irradiated films [198]. Since the films are irradiated with electron stopping power of 120
MeV the ions create the ion tracks and loses their energy through electronic excitation
(electronic energy loss: S¢) or ionization of atoms in the film. The optical, structural,
morphological, and electrical properties of pristine and irradiated Alqs/ZnO hybrid films were
characterized using various characterization techniques. Further to investigate the Ni’* SHI
irradiation effect on UV light detection of Alqs/ZnO hybrid thin films, the UV photodetectors
were fabricated. The fabrication process was followed by coating the two Al contacts for the

ohmic contacts using thermal evaporation vacuum coating unit at a high vacuum of ~ 5x10
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mbar. The current -voltage (I-V) characteristics were carried out under dark and UV light using
SMU (Keithley, 2450). The response characteristics were also measured by alternatively

varying the UV light illumination in ON/OFF states for each 30 s.

5.2.2. Instrumentation and irradiation process of SHI

The 15 UD pelletron is a versatile, heavy ion tandem type of electrostatic accelerator.
In this accelerator, negative ions are produced and pre-accelerated to ~300 keV in the ion source
and injected into strong electrical field inside the accelerator tank filled with insulating gas,
sulphur hexa fluoride (SF6). At the centre of the tank, there is a terminal shell maintained at a
high voltage of ~15 MV. The negative ions on traversing through the accelerating tubes from
top of the tank to the positive terminal get accelerated. On reaching the terminal, they pass
through a stripper, which removes some electrons from the negative ions, thus transforming the
negative ions into positive ions. These positive ions are then repelled away from the positively
charged terminal and are accelerated to ground potential to the bottom of the tank. The positive
ions exit from the tank are bent into horizontal plane by analysing magnet, which also selects a
particular beam of ion. The switching magnet diverts the high energy ion beams into various
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Ion Bources
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Fig. 5.1. Schematic of 15 UD pelletron, a heavy ion tandem type of electrostatic accelerator.

&
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beam lines for the different experiments. Beamlines provide the facility to perform swift heavy
ion beam irradiation experiments (Kanjilal et al 1993). The schematic of 15 UD pelletron
accelerator at the Inter-University Accelerator Centre (IUAC), New Delhi is shown in the figure

5.1 SHI irradiation chamber is shown in Fig 5.2.
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l Ladder (Rotation: 360°and
Movement: up and down)

1 Target thin film
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I
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- v Q

—=Irradiation chamber
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e ==’ (~3x10° Torr)

Fig. 5.2. Schematic of SHI irradiation chamber.

5.3. Results and discussion
5.3.1. Optical properties

The optical transmittance was recorded at room temperature using UV-Vis spectroscopy
instrument in order to determine the irradiation effect on the transmittance of Alq3/ZnO hybrid
films. The Fig. 5.3(i) shows the transmittance spectra of Alqs/ZnO hybrid films irradiated with
the ion fluences of pristine, 5x10'!, 1x10'2, and 5x10'? ions/cm? in the wavelength range of
300 — 900 nm. The transmittance values in the UV region at 365 nm were tabulated in Table
5.1, the transmittance is observed to be decreased with the ion fluences which reveals the
increase of absorption in the UV region at 365 nm, this will be the advantageous property for
the UV photodetector applications. The films also exhibit the decreased transmittance in the

visible region with increasing the ion fluences. With reference to earlier reports, it is assumed
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that the decrease in transmittance is probably due to the scattering of light photons by the defects
or ion tracks created during irradiation [192,195]. The optical bandgap (direct bandgap) (Eg) of
the SHI irradiated Alq3/ZnO hybrid thin films was estimated from the transmittance data using
the following formula:

(ochv)’ = A(hv - Ey), (5.1
where hv is the photon energy, a (o= 2.303(1/T)/t, T - Transmittance, t - Thickness of the film)
is the optical absorption coefficient of the film, and A is the constant. Figure 5.3(ii) reveals the
tauc plot drawn between hv and (ochv)? in order to estimate the optical band gaps by
extrapolating the linear portion of (cchv)? against to the hv plot to the point where oc = 0. There
is no much change in the band gap with the ion fluences, revealing that the ion fluence is not

much affecting the band gap. The slight decrease in the band gap with the ion fluence is due to

the quantum confinement effect [54,133].
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Fig. 5.3. (i) Optical transmittance and (ii) band gap estimation Tauc plot of pristine and Ni’*
SHI irradiated Algs/ZnO hybrid thin films with the ion fluences of 5x10'!, 1x10'2, and

5%10'2 jons/cm?2.

5.3.2. Crystalline properties
The SHI irradiation alters the crystalline properties of thin films immensely. The hit
ions create the ion tracks or latent tracks which order or disorder the atomic arrangement. In

order to understand the irradiation effect on crystalline properties, the XRD-characterization
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was recorded at room temperature the diffraction angle in the range of 10° - 80° with step angle
of 0.0083° using Cu K-Alpha X-Rays. The Fig. 5.4 (i) represents the XRD spectra of pristine
and irradiated Alqs/ZnO hybrid thin films. The XRD patterns show that pristine ZnO film
exhibits the diffraction peaks at 31.78° (100), 34.36° (002), and 36.35° (101) consistent with
the JCPDS Card Nos.: 36-1451and 75-0576, exhibiting the good crystalline properties with
hexagonal wurtzite structure and space group of P63mc [134,139]. The irradiated films also
exhibit the reflect the diffraction peaks at the same position reveals the no phase change. All
the films exhibit the highly textured along the (0 0 2) plane compared to the other hkl planes
conveying the c-axis orientation perpendicular to the substrate surface [80,129,139]. The c-axis
orientation is due to the highest density of Zn atoms with preferential growth along (0 0 2) plane
[80,130]. The c-axis orientation with hexagonal wurtzite structure exhibits the higher stability
than cubic structure and perform the improved photo detecting responses [47,134]. The
achieved single-crystalline ZnO thin film with the simple spin-coating technique is the best fit
for the fabrication of low-cost UV photodetectors and other optoelectronic device application.
The crystallite size for the films at (0 0 2) plane has been estimated by the following Debye-
Scherrer’s formula and the values were mentioned in Table 5.1

D =0.941/ cosh, (5.2)
where D is the crystallite size, ) is the X-ray wavelength (1.5046 A), B is the full-width half
maxima (FWHM) and 0 is the diffraction angle. The crystallite size of Alq3/ZnO thin films is
observed to be increased with the ion fluences of 5x10'!, 1x10'?jons/cm? and it is considerably
decreased for the highest ion fluence of 5x10'% ions/cm?. The SHI irradiation creates the ion
tracks in the film which may order or disorder the atomic arrangements depending on the ion
fluences. The Algs incorporation with the Alqs/ZnO molar ratio of 0.5x107* may create the
stress by disordering the atomic array. The SHI irradiation with the ion fluences of 5x10'!,
1x10'% jons/cm? release the stress, resulting in increased crystallite size [189,192]. The stress

increased in the atomic array due to heavy ion fluences of 5x10'%ions/cm? leads to the decreased
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crystallite size. The textured coefficients of the films were calculated using the following

formula from the XRD data,

— Lo/ Toni
1
ﬁzlhkl/lomcl (5.3)

where I is the measured intensity, louw is the standard intensity from JCPDS file, and N is the
total number of reflections observed in the XRD pattern of the respective thin film. The Fig.
5.4 (ii) represents the variation of texture coefficients of hkl planes with the ion fluences. All
the films highly textured along the (002) plane representing the c-axis orientation perpendicular
to the substrate surface. The TC of (002) plane is increased up to the ion fluence of 1x10'2
ions/cm? and decreased for the high ion fluence of 5x10'2 supporting the variation of crystallite
size with the ion fluences. The dislocation density and lattice strain are the important parameters
used to estimate the magnitude of defects. The dislocation density (9) is defined as the length
of dislocation lines per unit volume of crystal. It is calculated for pristine and irradiated hybrid
films using the following equation [194,199]. The estimated values are given in Table 5.1
d=n/D?(3) (54)
where 0 is the dislocation density, n (=1 for minimum dislocation density) is the factor, and D
is the crystallite size. The strain induced in the lattice sites due to the lattice mismatch in the
crystalline material is called as lattice strain (€) and it is estimated from the Williamson-Hall
equation [199,200].

€ = Phki/4 tand (5.5)
The dislocation density and lattice strain are decreased till the ion fluences of 1x10'? jons/cm?
and a drastic hike is observed for 5x10'? ions/cm? attributing the stress release to some extent
of ion fluence. Based on the XRD results we endorse that the stress due to the incorporation of
Alqs is released with increasing the regularity of atom for the ion fluences of 5x10'!, 1x10'2
ions/cm?. The more ion fluence of 5x10'? ions/cm? may create the irregularities in atomic order

leading to the more stress and decreased crystallite size [189,192].
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Fig. 5.4. (i) XRD Spectra and (ii) variation of texture coefficient with respect to ion fluences

of pristine and irradiated Alqs/ZnO hybrid thin films.

5.3.3. Topography studies

The three-dimensional surface topography of pristine and irradiated Alqs/ZnO
composite films was recorded at room temperature using AFM over the scanning area of 5 and
20 um?as shown in Fig. 5.5 (i) and (ii). Generally, the sol-gel spin coated ZnO thin film exhibits
the wrinkle kind (root like) morphology [137]. The pointed like structure perpendicular to the
substrate surface of all the films is due to incorporation of Algs molecules into ZnO. The Alqgs
molecules convert the wrinkle pattern into densely packed well defined ZnO crystalline grains
grown perpendicular to the substrate surface with uniform distribution. The dopant element
modifies the wrinkle kind morphology of ZnO thin film with uniform distribution of pointed
type grains perpendicular to the substrate surface [139,140,201]. The point-like structure
instead of root like structure is attributing the predominantly presence of Alqs molecules over
the ZnO as observed from XPS studies given in the previous chapter 4. The Alqs/ZnO hybrid
thin films with the ion fluences of 5x10'!, 1x10'? ions/cm? exhibit the agglomeration of point-
like structures with small grain growth leading to the slight increase in the root-mean-square

roughness (Rims) [194,201]. During the irradiation the ion beam generates the local heat in the
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collision process, this local rise in temperature is sufficient for the grain growth resulting in
increased crystallite size [190,194,195]. The agglomeration of these microstructural grains is
attributing the rearranging of atoms due to the ion tracks created by SHI ion irradiation [194].
The film with 5x10'2 ions/cm? fluence exhibits the agglomeration of grains and its growth with
increased rate leading to the ununiform distribution of grains resulting in high surface roughness
[190,194]. The massive agglomeration of grains increases the grain boundaries and hence
surface roughness ascertains the decreased crystallite size from XRD studies. The root-mean-

square surface roughness values were mentioned in Table 5.1.

isti istine . 5x10" jons/cn?
Pristine Pristine . 5x10" ions/cm

5x10" jons/cm?

13102 ions/cm?

(ii)
Fig. 5.5. AFM topography of pristine and irradiated Alqs/ZnO hybrid thin films at (i) 20 um

and (ii) 5 pm scanning area.

5.3.4. Photoluminescence studies

In our previous report (chapter 3) we described that the PL emission (near band edge)
is observed to be enhanced with the incorporation of Alqgs in ZnO due to the energy transfer
from Alqs to ZnO via carbonyl (C=0) group [156]. This chapter describing the irradiation effect
on Alqs/ZnO hybrid thin films. Majorly the SHI ion irradiation creates the defects in the film
leading to the defect related emission [192,194]. The PL emission is the crucial characterization
in order to study the various defect related emissions. The Fig. 5.6 shows the PL spectra of
pristine Alqs/ZnO and Ni’" SHI irradiated Alqs/ZnO films with the ion fluences of 5x10'!,

1x10'?, and 5x10'? ions/cm?. The PL spectra were recorded at room temperature by exciting
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the films with 340 nm wavelength using xenon lamp. All the films exhibit the ZnO
characteristic near band edge emission (NBE) in the UV region and defect emission or deep
level (DL) emission in the visible region. The NBE emission is related to free-exciton
recombination and DL emission is related to the defects present in the film [149,154]. The
crystal defects in ZnO are duc to the interstitials oxygen (O;), oxygen vacancies (Vo),
interstitials Zinc (Zn;), Zinc vacancies (Vzn), and antisite oxygen (Ozn) [139,145,202]. From the
spectra (Fig. 5.6) it is observed that the NBE is decreased with enhanced DL emission up to the
ion fluences of 5x10'! jons/cm’conveys the creation of defects due to the SHI irradiation. The
enhanced defect emissions are related to the Vo (~520 — 565 nm), O; (~580-620 nm), Oz, (~620
—640 nm) [202,203]. The broadening of NBE emission with decreased peak intensity represents
the increase of Zn; (~395-435) states. For the high ion fluence of 5x10'2 ions/cm?, the NBE is
drastically suppressed with a slight enhance in the DL emission in comparison with pristine
Alq3/Zn0O hybrid thin film. The PL spectra manifests that the Vo and Zn; are enhanced with the
ion fluences of 5x10'", 1x10'? ions/cm? and get diminished for 5x10'? ions/cm?. The Vo and
Zn; enhance the free carriers so, it is expected that the ion fluences of 5x10'!, 1x10'? jons/cm?
heightens the carrier density and hence conductivity of the films which will be efficacious for
optoelectronic device applications [152,204]. Further the ion fluence of 5x10'% ions/cm?
drastically declines the PL emission supporting the decreased crystallite size from XRD. The
decreased crystallite size due to the structural defects may causes the non-radiative transitions
which decreases the PL emission [189,205,206]. The ion irradiation is highly influencing the
Algs, which quenches the PL emission by generating the unstable cationic spices in the film
[196,207]. Algs enhance the NBE of ZnO due to the energy transfer from Alqs to ZnO [156].
Hence, the Alqs also plays a role in affecting the NBE of ZnO. The NBE of Alqs/ZnO film with
ion fluence of 5x10'" ions/cm? is not altered revealing that the Alqs molecules are influenced

at this ion fluence and the increased DL emission is related to the defects created in ZnO. The
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two ion fluences of 1x10'> and 5x10'? ions/cm? may affect the Alqs in Alqs/ZnO hybrid thin

film which also a considerable reason for decreased NBE.
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Fig. 5.6. Photoluminescence spectra of pristine and irradiated Alqs/ZnO hybrid thin films.

5.3.5. Sheet Resistance

Sheet resistance measurement using four probe method is a simple and easy process in
order to estimate the electrical properties of thin films. The sheet resistance of pristine and
irradiated Alqs/ZnO hybrid thin films was measured using Keithley SMU by four probe method
at room temperature using the relation
Rs = [n/In2] (V/I) k (5.6)
Where R. is the sheet resistance, V is the voltage measured (between probes 2 and 3), I is the
source current (between probes 1 and 4), and k (= 1) is the correction factor. The measured
sheet resistance values are tabulated in Table 5.1 and the corresponding graphs also shown in
Fig. 5.7. It is observed that the sheet resistance is decreased for Alqs3/ZnO hybrid thin films
irradiated with the ion fluences of 5x10!!, 1x10'? ions/cm? and it is increased for 5x10'?
ions/cm? [191]. The enhanced carrier density and mobility decrease the sheet resistance. From
the PL spectra it is clear that the transitions corresponding to the Zn; and Vo are increased which
enhances the free carrier density and hence enhances the mobility [145,189]. The increased

sheet resistance of Alqs/ZnO composite film with ion fluence of 1x10!'? attributed to the
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diminished PL emission and crystallinity. The high ion fluence create the damages at the nano
level in the film which alters the mobility of charge carriers and increase the sheet resistance
[190,195]. Thus, with supporting of these characteristics it is ascertained that the conducting
properties of Alqs/ZnO hybrid thin films with the ion fluences of 5x10'!, 1x10'? ions/cm? are

improved.
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Fig. 5.7. Sheet resistance of pristine Alqs/ZnO and Ni’* SHI Irradiated Alqs/ZnO hybrid thin

films with the ion fluences of 5x10'!, 1x10'%, and 5x10'? ions/cm?.

Table 5.1. Optical, structural, morphological, and electrical characteristics of pristine and 120

MeV Ni’* SHI irradiated Alqs/ZnO (molar ratio of 0.5x107) hybrid thin films.

Optical Crystallite Dislocation Lattice =~ Surface Sheet
Ni SHI transmittance (%) Eq size density Strain Roughness Resistance
Fluences at wavelength (nm) (nm) (x10™  (x10?) at area (um?) (MQ/O)
(ions/cm?) lines/m?) no wnit~
365 450 550 (¢Y) 5 20

Pristine 24 86 &7 328 17.73 31.79 039 21.0 242 253
5x10M 23 &3 8 327 19.34 25.60 0.35 232 38.0 151
1x1012 22 80 82 326 22.19 20.24 031 413 499 69
5x10!2 19 75 77 324 14.07 50.50 049 658 653 207
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5.3.6. UV photodetector characteristics

With the motivation of above encouraging characteristics of SHI ion irradiated films, it
is aimed to understand the UV light detection responses in the devices. The UV photodetectors
were fabricated based on pristine and Ni’* SHI irradiated Alqs/ZnO hybrid thin films with the
ion fluences of 5x10'!, 1x10'?, and 5x10'? ions/cm?. Two Al layers were coated onto the
pristine and irradiated Alq3/ZnO hybrid thin films as ohmic contacts using thermal evaporation
vacuum coating unit at high vacuum of 5x10° mbar. The Al thin films were coated with the
thickness of 120 nm by covering with a metal mask so as to fabricate the device with the area
of 0.08 cm?. The schematic device structure of UVPDs based on irradiated Alqs/ZnO hybrid
films is shown in Fig 5.8. The fabricated device structures are as follows:
Device A: Glass substrate/pristine (Alq3/ZnO)/Al
Device B: Glass substrate/(Alqs/ZnO film irradiated with Ni SHI fluence of 5x10'!)/Al
Device C: Glass substrate/(Alqs/ZnO film irradiated with Ni SHI fluence of 1x10'2)/Al

Device B: Glass substrate/(Alqs/ZnO film irradiated with Ni SHI fluence of 5x10'?)/Al

UV Light

— e
AEE—

Al Al
QD Irradiated Alqy/ZnO (~200 nm)

+1'

Glass substrate

Fig. 5.8. Schematic of UVPD device structure based irradiated Alqs/ZnO hybrid thin films.

The current density (J)-voltage (V) characteristics were performed using voltage/current
source measure unit (SMU: Keithley, 2450 model) in dark and under UV-spot light illumination
(wavelength: 365 nm, power: 1 mw/cm?) biasing from -8 V to +8 V under the normal ambient.

The Fig. 5.9(i) shows the semi-log plots of J-V characteristics. It is observed that, devices
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exhibit the several orders of light current higher than the dark currents, attributed to the good
UV responses of pristine and irradiated Alq3/ZnO hybrid thin films. The response of the devices
is same on both the sides of the voltage biases (-Ve to +Ve) revealing the ohmic nature of
devices. The devices exhibit the same trend in both dark and UV light conditions showing the
increased current density for the ion fluences of 5x10'! (device B) and 1x10'? jons/cm? (device
C) and it is decreased for the high influence of 5x10'? ions/cm? (device D) compared to the
pristine based device. The enhanced current density for the devices B and C compared to the
device A is predominantly due to the increase in Zn; and Vo (each provide the two free
electrons) which enhance the free carriers enormously in ZnO based thin films [190,195,205].
The increased crystallite size is also supporting for the same which facilitate the mobility of the
charge carriers [190]. The enhancement of conducting properties is supported by decreased
sheet resistance for the two ion fluences of 5x10''and 1x10'?*jons/cm? ascertaining the increased
current density of device B and C [190,195]. The decresed current density of device D is due
to the nano level damages (defects) in the film because of swift heavy ion fluence of 5x10'2
ions/cm?, attributed to reduced crystallite size and increased sheet resistance [192,208].

The photocurrent, gain, responsivity, and sensitivity are the important parameters for
the characteristic analysis of UV photodetector [68,183]. These parameters were calculated at
1 V bias and ImW/cm? UV illumination intensity following below formulae [68,134]. Values

are tabulated in Table 5.2.

Photocurrent gain (G) = Liight/Idark (5.7)
Sensitivity(S) = Ipn/ldark (5.8)
Responsivity(R) = I,n/ P.A 5.9
Detectivity(D) = (Ipv/E) (2qlaark) ' (5.10)

where lgark - dark current, liign— current under UV light, Ipn (Tight- ldark) — photocurrent, P - power

of UV light, and A - effective area of device.
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The photocurrent (Liight- Idark) is due to the excitons generated by the UV illumination
whereas the dark is due to the free carriers present in the film. The enhanced photo current for
the devices B and C reveals the good response of Alqs/ZnO hybrid films with the ion fluences
of 5x10'and 1x10'? jons/cm?to the UV light. The creation of large nano level damages in the
film may obstruct the exciton generation for the device D with the ion fluences of 5x10'2
ions/cm?. Current gain and sensitivity are propositional parameters which are observed to be
enhanced for the devices (B and D) up to the ion fluences of 1x10'2 ions/cm? (gain: 543.34)
compared to the pristine Alqs/ZnO based device (A) (gain: 351.41). The device D exhibits less
gain (260.28) compared to the other devices. The current gain (Tiight/Idark) of the devices are
increased at low dark and/or high light currents [134,187]. In the devices B and C, they are not
exhibiting the low dark currents compared to the pristine film-based device (A) but due to the
high improvement in the light current the gain is increased. Device D is exhibiting the low dark
current and less light current, showing less current gain when compared to the other devices.
Responsivity (Ipn/ P.A) is defined as the photocurrent per unit area and light intensity [134].
Since it is a proportional factor to the photocurrent it is varying accordingly with the
photocurrent. It is enhanced for the devices with ion fluences of 5x10!! (4.14 mA/W) and
1x10'2 ions/cm? (7.51 mA/W) and reduced for 5x10'% ions/cm? (2.39 mA/W) compared to the
pristine film-based device A (12.72 mA/W).

Response speed and repeatability are the two important parameters in order to know the
photoresponse of the UV photodetectors. The Fig. 5.9 (ii) shows the current density variations
with respect to the UV light (1 mW/cm?) illumination ON and OFF states following the regular
intervals of time of 30 sec at constant bias of 1 V. In the ON state the devices exhibit the high
current and OFF state low current revealing the stability and reproducibility of all the devices
(A-D). In Fig. 5.9 (ii), the anomaly in the current densities during the first two cycles is due to
the lower electric fields, since the devices were measured at 1V. For the third cycle it is

diminished due to the formation of proper carrier tracks during the first two cycles. The growth
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time 1, and decay time 14, (defined as the time required for the photocurrent to increase from
10% to 90% and drop from 90% to 10% of the maximum current) were calculated from the
response plots, values are mentioned in the Table 5.2. The ion irradiation films-based devices
(B-D) exhibit the fast responses with less 1y and tq compared to the pristine Alqs/ZnO film-
based device (A). The delay in the growth and decay times may be due to the charge trapped
states present in the films and also the presence of photo-persistent current (PPC-existent of
current even after the light is OFF) in the devices [69,187,209]. The large t¢ and 14 are relating
the presence of large charge trapped states in the pristine Alqsz/ZnO film-based device (A). The
ion irradiation may collapse the charge trapped states in the collision process to some extent
which may lead to the fast responses of the devices [69,187]. Even the better crystallinity of
films for devices B and C also reduce the charge trapped states resulting in the fast responses
than device A. For the device D case even though the crystallinity is less due to the high ion
fluence the charge traps may get diminished resulting in less time constants. With this it is
confirmed that the Ni’" SHI irradiation on Alqs/ZnO hybrid thin films improve the UV photo
detecting properties of UVPDs for the ion fluences of 5x10'! and 1x10'? ions/cm?. The ion
fluence of 1x10'? ions/cm? is considered as the threshold influence of Ni’* SHI for the better

crystallinity, photoluminescence, electrical, and UV photoresponses.
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Fig. 5.9. (i) Current density—voltage (J-V) and (ii) time-dependent photo response
characteristics of fabricated UV-photodetectors based on pristine Alqs/ZnO (device A) and
Ni’* SHI irradiated Alqs/ZnO (devices B -D) hybrid films.
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Table 5.2. Device characteristics of UV photodetectors based on pristine Alqs/ZnO (device A)
and Ni’* SHI irradiated Alqs/ZnO (devices B -D) hybrid thin films at 1V bias and UV light

power of 1 mW/cm?.

Ni SHI  Photocurrent Current Responsivity Detectivity Response time

Device influence density (Jyn) gain (R) (D) ®)
Tons/cm? (nAcm?) (G) (107 A/W) (x10'%) growth decay
A Pristine 0.33 351.41 4.14 0.05 9.04 12.1
B 5x10" 0.60 47759 751 0.1 249 8.08
C 1x10'2 1.02 543.34 12.72 0.10 4.67 5.81
D 5x10'2 0.19 260.28 2.39 0.22 3.75 6.63

5.4. Conclusion

Based on the pristine and Ni’*SHI irradiated Alqs/ZnO hybrid thin films it is confirmed that
the transmittance is slightly decreasing with the ion fluences by the scattering of light photons
at the ion tracks created by the SHI irradiation. The crystallite size is increased up to the ion
fluence of 1x10'? ions/cm? which may be due to the reordered of atomic array in the film. The
PL emission is improved with gradual enhancement in the defect level emissions related to the
Zn; and Vo which enhance the free carriers. The decrease in sheet resistance up to the ion
fluence of 1x10'2 ions/cm? attributed to the increased crystallite size. The Ni’* SHI irradiation
with the ion fluences of 5x10'! and 1x10'? ions/cm? facilitating the UVPD responses with
improved photocurrents, gain, and fast responses. We conclude that the Ni’* SHI irradiation of
Alq3/ZnO hybrid thin films with the threshold influence of 1x10'? ions/cm? will be fruitful for

UV photodetector applications.
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Strategy to improve the performance of organic light emitting diode by

annealing of ITO anode at higher temperature

This chapter describes the annealing effect on optical, structural, electrical, and
morphological properties of ITO thin film. The ITO substrates were annealed at 200 °C, 300
°C, and 400 °C and were characterized using various characterization techniques. This chapter
gives the detailed analysis on improved quality of annealed ITO at higher temperature. The
improved quality of ITO film is utilised in order to improve OLED device performances. Before
the utilising it in OLEDs the hole injection property of ITO is studied by fabricating the hole-
only devices (HODs) with the device structure of ITO (pristine of annealed ITO)/TPD/Al,
where the N,N'-Bis(3-methylphenyl)- N,N'-diphenylbenzidine (TPD) is used as a highly
efficient hole transporting material. The HODs revealed that the annealed ITO at 300 °C is

efficiently injecting the holes into the devices, improving the device current density.

6.1. Introduction

Organic light-emitting diodes (OLEDs) have widely been used in the recent past for their
potential use in the next generation flat-panel displays, solid-state lighting, and other
applications due to its self-emission, high luminous efficiency, ease of large area device
fabrication, low cost, high color contrast ratio, fast response time, and wide color gamut [210—
214]. Achieving the higher efficiency of OLEDs of different colors is the most important for
the OLEDs to be used in the next-generation commercial organic electronic devices [213-215].
One of the several factors causing the decay in the efficiency and failure of organic electronic
devices is the surface quality and/or bulk properties of indium tin oxide (ITO) films (anode
electrode) in the devices [216-218]. ITO, one of the most commonly used transparent

conducting oxides (TCOs), is an n-type degenerate semiconductor material and, due to its high
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electrical conductivity and transparency to visible light, it is used as transparent electrode in
OLEDs, OPVs, photo-transistors, lasers, and transparent coatings for solar energy heat mirrors.
Because of its high work function, ITO is used as the anode contact for hole-injection into
organic material in the OLEDs [219,220]. Since the organic thin film is in direct contact with
ITO film, the surface properties of the ITO thin film are expected to directly affect the hole-
injection characteristics in the OLEDs [221]. The as-deposited ITO thin-film anode has been
reported to be less efficient for hole injection in OLEDs, resulting in hole-limited device [221—
223]. It has widely been reported that the surface-modified ITO films by gas plasma- or UV-
ozone-treatments have exhibited the enhanced hole injection/transport in the OLEDs [221,224—
226]. Kim et al. have studied the thermal behaviour of ITO thin films deposited by RF
magnetron sputtering by annealing in the air, because the thermal effect of ITO anode in the
electronic devices is expected under high electric field conditions during the device operation
[219]. It has been reported using Hall-effect measurements that the diffusion of oxygen into
oxygen interstitials and oxygen vacancies decrease the carrier concentration blow 250 °C and
the chemisorption of oxygen into grain boundaries causes the decrease in the carrier
concentration and carrier mobility above 250 °C. Therefore, it is very important to understand
the thermal effect of [TO thin film on its surface properties to affect the hole-injection properties

at ITO/organic interface in the organic electronic devices, such as OLEDs.

6.2. Experimental details

Indium-tin-oxide (ITO) (~200 nm thick) coated glass substrates (TECHINSTRO, ITO-
TIX005) were ultrasonically cleaned in acetone for 10 min followed by isopropyl alcohol (IPA)
and deionized water, dried in each step at 100 °C in vacuum oven for 10 min to remove the
solvent used, finger prints, and other contaminations onto the ITO surface. ITO coated glass
substrates were annealed under the normal ambient for 60 min at 200, 300, and 400 °C,

respectively. The optical transmittance of pristine and annealed ITO films was measured using
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UV-visible spectrophotometer (LABINDIA Analytical Instruments Pvt. Ltd., UV-3092
model). The sheet resistances of the ITO films were measured under the ambient condition
using Keithley’s SMU instrument (2450 model) by four-point collinear probe method. The
electrical properties, such as charge carrier concentration, mobility, and resistivity, were
determined using Hall-effect measurement setup (ECOPIA-HMS 3000) at room temperature.
The surface morphology and surface roughness of pristine and annealed ITO films were studied
using scanning electron microscope (SEM; TESCAN, VEGA3 LMU model) and atomic force
microscopic (AFM; Park Systems XE-70 model) techniques. The X-ray diffraction (XRD;
PANanalytical, X’Pert PRO model) experiments were carried out at room temperature to study
the crystalline quality of ITO films after annealing at different temperatures. The work functions
of the pristine and annealed ITO films were measured by obtaining the contact potential
difference (CPD) using ultrahigh vacuum compatible reed-type Kelvin Probe setup with a
sensitivity of better than 0.1 mV (the work function of the reference gold electrode is assumed
to be 5.1 eV) [227]. ITO thin films were patterned by chemical etching (zinc powder and HCL)
with a strip width of 5 mm and cleaned thoroughly by the same procedure to be used as anode
in the devices. The hole-only devices (HODs) having the structure of the patterned ITO (Pristine
and annealed)/N,N’-Bis(3-methylphenyl)-N,N’-diphenylbenzidine (TPD) (Sigma-Aldrich,
Catalogue No.: 443263) as hole transport layer (HTL) (60 nm)/Al (120 nm) were fabricated by
thermal evaporation process under a vacuum of ~5x107® Torr. Al electrode was deposited using
a metal mask so as to have the device area of 5 mm? The current density—voltage (J-V)
characteristics of the fabricated HODs were measured using the current/voltage source/

measure unit (Keithley’s SMU unit 2450 model) at room temperature.
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6.3. Results and discussion
6.3.1. Optical Transmittance

ITO thin films coated on glass substrates were annealed at different temperatures (200,
300, and 400 °C) under the normal ambient for 60 min. The optical transmittance spectra of
pristine and annealed ITO thin films in the wavelength range of 300—800 nm are shown in
Fig. 6.1(i). The pristine ITO film shows the good transparency in the visible region. The
transparency of the ITO film annealed at 200 °C is slightly increased to 80% (at 550 nm) when
compared to that (75% at 550 nm) of pristine film, showing the improved film quality upon
annealing. As the annealing temperature increases further, the transparency of the films
decreases (72% at 550 nm for 300 °C; 66% at 550 nm for 400 °C) below that (75%) of the
pristine film, which is attributed to the formation of light absorbing/scattering centers upon

annealing at higher temperatures [219].
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Fig. 6.1. (i) Optical transmission spectra, and (ii) Tauc plot for band gap estimation of pristine
and annealed ITO thin films at different temperatures (200, 300, and 400 °C) under the

normal ambient.

The optical bandgap (E;) of the direct band gap semiconductor ITO thin films is

determined by the following formula:
(ochv)’ = A(hv - Ey), (6.1)
where hv is the photon energy, a is the optical absorption coefficient of the film, and A is the

constant. The figure 6.1(ii) shows the plot of (ahv)? as a function of the photon energy (hv).
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The optical band gap (Eg) can be obtained by extrapolation of linear portion of (ahv)? against
the photon energy (hv) plot to the point where a = 0. According to the reports published, the
direct optical bandgap energy of the ITO has been in the range of 3.5-4.5 eV due to the
degeneracy of the semiconductor oxides [228,229]. The pristine ITO thin film shows the optical
band gap energy (Eg) of 3.95 eV (Fig. 6.1(ii)). It has also been observed from the graph that
there is no significant decrease in the optical energy band gap (Eg = 3.95 eV) of the ITO thin
films up to annealing at 300 °C but a slight decrease to 3.87 eV at 400 °C, which is attributed

to increase in crystallite size due to the quantum confinement effect [230,231].

6.3.2. Electrical Properties

The sheet resistance values of pristine and annealed ITO thin films have been obtained
(Fig. 6.2) by the four-point collinear probe technique using the relation.

Rs = [n/In2] (V/]) k (6.2)
where o is the sheet resistance, V is the voltage measured (between probes 2 and 3), I is the
source current (between probes 1 and 4), and k (=1) is the correction factor. The pristine ITO
film shows the sheet resistance of 92 Q/o and the film annealed at 400 °C film exhibits the
highest value of 185 /o with a slight increase up to the annealing at 300 °C, as shown in
Fig. 6.2, which is supported by the Hall-effect measurements.

The charge carrier concentration, mobility, and resistivity of pristine and annealed ITO
thin films measured at room temperature by Hall-effect measurements in van der pauw
configuration are shown in Fig. 6.2. All ITO films showed the Hall coefficients to be negative
which confirms the n-type conductivity of the films. The pristine ITO film shows the Hall
carrier concentration of 19.46x1020 cm >, and mobility of 248 cm?/(V s), whereas the lowest
values of the carrier concentration (4.13x1020 cm™) and mobility [29.35 cm?/(V s)] were
obtained for the film annealed at 400 °C with a slight decrease of values up to the annealing at

300 °C as given in Table 6.1 (Fig. 6.2). ITO thin film annealed at 400 °C showed the highest
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resistivity of 5.685x10* Q cm when compared to that (1.46x10~* Q cm) of pristine ITO film,
because the conductivity (the reciprocal of resistivity) is a function of the carrier concentration
and the mobility. This result is consistent with the earlier reports published elsewhere, showing
the increase in the resistivity of ITO thin films annealed in air or oxygen [232,233]. The slight
decrease in the carrier concentration and mobility (which is mainly dominated by scattering of
free electrons by charged donors, such as ionized tin impurities and oxygen vacancies) of [TO
films as the annealing temperature increases up to 300 °C under the normal ambient can be
attributed to the diffusion of oxygen into oxygen interstitials and oxygen vacancies (each
vacancy donates two electrons) in the ITO thin film [219,234,235]. Frank et al. reported that
the free electrons in the reduced state (at higher carrier concentration) are scattered by charged
donors, such as ionized tin impurities and oxygen vacancies, whereas in the oxidized state (at
lower carrier concentration), free electron scattering is caused by charge-neutral impurities
[234]. Minami et al. have showed that as the carrier concentration of ITO thin film decreases
upon the heat treatment in the air due to suppression of further oxygen diffusion because of the
increase in the oxygen interstitials and the decrease in oxygen vacancies, the mechanism of
scattering of free electrons by charged donors, such as ionized tin impurities and oxygen
vacancies, changes to grain boundary scattering (scattering of free electrons at grain
boundaries), which becomes the most dominant due to the oxygen atoms adsorbed
(chemisorption) onto the grain boundaries and the surface [236]. In the oxygen adsorption
model, Adachi et al. have reported that the oxygen atoms adsorbed onto the surfaces (oxygen
chemisorption, which is more dominant in the thinner films) of ITO films cause the trapping of
free electrons at the surfaces, resulting in a decrease in the charge carrier concentrations [237].
Kim etal. have also studied the thermal degradation behaviour of rf magnetron sputter
deposited ITO thin film (550 nm thick) over the temperature range of 100—400 °C in the air and
reported the similar kind of observations that the carrier concentration and carrier mobility

decreased upon the heat treatment with a sharp decrease of mobility above 275 °C, suggesting
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the changeover from ionized impurity scattering to grain boundary scattering [219]. Hence, the
observed drastic decrease in charge carrier concentration and mobility of ITO film annealed at
400 °C (Fig. 6.2) may be attributed to a significant change in the grain boundaries and/or surface
morphology, which facilitate oxygen adsorption or chemisorption, of the ITO thin films upon

annealing at higher temperatures.
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Fig. 6.2. Dependence of the electrical properties (Sheet resistance, hall carrier concentration,

carrier mobility, and resistivity) of pristine and annealed ITO thin films.

Table 6.1. The Optical and electrical properties of pristine and annealed ITO thin films.

Optical Sheet Hall measurement values Work
ITO Transmittance (Eg) Resistance Resistivity  Carrier function

. Mobility
Film (%) (eV) (D) x104 concentration (eV)

[em?/(Vs)]

@ 550 nm (Q-cm)  x10%° (cm™)

Pristine 75 3.95 92 25.06 0.54 8.3 4.95
200 °C 80 3.95 95 22.90 0.51 8.4 4.97
300 °C 72 3.95 105 19.43 0.47 8.9 4.94
400 °C 66 3.87 185 17.33 0.44 30.8 4.98
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6.3.3. Crystalline studies

To study the crystalline properties of ITO thin films upon annecaling at different
temperatures, the X-ray diffraction (XRD) measurements were carried out at room temperature
on pristine and annealed ITO thin films and theXRD patterns are shown in Fig. 6.3(i). XRD
pattern of pristine ITO film shows the good crystalline properties with diffraction peaks at 20
(corresponding ‘hkl’ plane) = 30.66° (222), 35.69° (400), 50.95° (440), and 60.46° (622),
consistent with reported data (JCPDS card No.: 06-0416), and it is also shown that all annealed
ITO thin films are exhibiting the good crystalline properties without any change in the peak
positions. The calculated full width at half maximum (FWHM) and crystallite size of pristine
and annealed ITO films for (222) diffraction peak are shown in Fig. 6.3(ii). The crystallite size
of pristine and annealed ITO thin films has been calculated using Debye—Scherrer’s formula.
D =0.94A/ B cos®, (6.3)
where D is the crystallite size, A is X-ray wavelength (1.5406 A), k = 0.94 is the correction
factor, B is the FWHM of the diffraction peak (222), and 0 is the diffraction angle of the
diffraction peak (222). From Fig. 6.3(ii), it has been observed that the FWHM of the diffraction
peak (222) of annealed ITO thin films is decreasing as annealing temperature increases, and
thus, crystallite size is increased accordingly for the increasing annealing temperatures, which
shows the improved film quality due to aggregation of native grains into the larger clusters upon

annealing of ITO thin films under the normal ambient [238,239].
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Fig. 6.3. (i) XRD patterns and (ii) full width at half maximum (FWHM) and crystallite size
calculated from (222) diffraction peak of pristine and annealed ITO thin films.
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6.3.4. Surface morphological studies
To examine the surface morphological features and surface roughness of ITO films upon
annealing at different temperatures, SEM and AFM studies were carried out on pristine and

annealed ITO thin films at different temperatures under the normal ambient. Figure 6.4(i)

Pristine

(i)

Fig. 6.4. (i) Scanning electron microscopic (SEM) images and (ii) Atomic force microscopic

(AFM) topography of (a)pristine and annealed ITO thin films at different temperatures (b)

300 °C, and (c¢) 400 °C under the normal ambient.
shows the SEM micrographs of pristine and annealed ITO thin films. The smooth surface
morphology has been observed for pristine as well as 300 °C annealed ITO thin films, whereas
400 °C annealed ITO film exhibited the wrinkle kind of surface morphology. Figure 6.4(ii)
shows the AFM topography of pristine and annealed ITO thin films. It has been observed that
microstructural grains observed on pristine ITO film grow with increasing annealing
temperature, which is in agreement with the increase of crystallite size from XRD analysis for
the increasing annealing temperatures. The root-mean-square roughness (Rmms) of the pristine
ITO film (Rms =1.8nm) slightly increases as the annealing temperature increases

(Rms=2.3nm for 300 °C annealed film). The observed increase of surface roughness
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(Rims = 5.8 nm) for 400 °C annealed ITO film when compared to that (Rims = 2.3 nm) of 300 °C
annealed film also supports the change in the surface morphology of 400 °C annealed ITO film,
as is observed in the SEM analysis. The formation of wrinkling may be due to the fact that the
film suffers a large amount of stress during annealing at higher temperature, giving rise not only
to the bending of film but also to the contraction of the skeletal network, leading to wrinkle

kind of formation [240].

6.3.5. Hole-only devices (HODs)

To study the effect of annealing of ITO thin films at different temperatures under the normal
ambient on the charge injection into N,N’-Bis(3-methylphenyl)-N,N’- diphenylbenzidine
(TPD), which is widely used as one of the low cost, efficient hole transport layers (HTL) in
organic light-emitting diodes (OLEDs), “Hole-only” devices (HODs) having the structure of
ITO/TPD as HTL (60 nm)/Al (120 nm) were fabricated using pristine and annealed ITO coated
glass substrates as anode. The molecular structure of TPD HTL, device structure, and energy
level diagram of the HODs are shown in fig. 6.5(i), (ii), and (iii)respectively. The HOMO
(5.5 eV) and LUMO (2.3 eV) values of TPD HTL and work functions (®) of ITO anode (®a:
4.7 eV) and Al cathode (®c: 4.2 eV) materials are taken from the reports [214,241]. Based on
the energy level diagram of HODs (Fig. 6.5(iii)), the hole injection barrier from the cleaned
ITO anode can be estimated to Ah = 0.8 eV and the electron injection barrier of Ae = 1.9 eV
from Al cathode. In the HODs devices, hole injection is expected to be significantly more
efficient and dominant when compared to the electron injection because of its higher barrier
height (1.9 eV) (electron injection can be neglected). The work functions (®) of pristine and
annealed (300—400 °C) ITO thin films were measured at room temperature in the air using
ultrahigh vacuum compatible reed-type Kelvin Probe setup. The work function of the reference
gold electrode is assumed to be 5.1 ¢V [227]. The ® value of 4.95 eV is estimated for pristine

ITO thin films, as given in Table 6.1. It is also observed that there is no considerable change in
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the work function (® =4.94 eV for 300 °C and @ =4.98 eV for 400 °C) of ITO thin films upon
annealing at different temperatures under the normal ambient, showing that the injection of

holes into TPD HTL is based on the ITO/TPD interface properties in the devices.
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Fig. 6.5. (i) Molecular structure of TPD, (ii) device structure, and (iii) energy level diagram

of the materials used in HODs.

The current density—voltage (J-V) characteristics of the fabricated HODs are shown in
Fig. 6.6. In the HODs from the J-V characteristics of devices, it is observed that the hole
injection on-set of pristine ITO anode-based HOD is around 0.5 V and it is also seen that the
leakage current domination is hindering the on-set at around 0.5 V in the annealed (200 and 300
°C) ITO-based devices. Hence, it is to say that the hole carrier injection regime can be
considered above the drive voltage of 0.5 V, below which the injection current can barely be
extracted due to the leakage current domination [222,241]. From the J-V characteristics of
HODs, it has been observed that HOD based on ITO anode annealed at 300 °C exhibited higher

hole current density of 93.7 mA/cm? at 2 V and 333.8 mA/cm? at 4 V when compared to that
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of pristine (13.3 mA/cm? at 2 V and 69.5 mA/cm? at 4 V) and 200 °C (51.1 mA/cm? at 2 V and
201.9 mA/cm?® at 4 V) annealed ITO anode-based HODs. The hole current density of HOD
based on ITO annealed at 400 °C is drastically decreased to 10.6 mA/cm? at 2V and
36.2 mA/cm? at 4 V. This result thus shows that the hole injection from ITO film into TPD HTL
is significantly improved as annealing temperature increases upto 300 °C, and afterwards, it is
drastically decreased at 400 °C annealing.

From the experimental data described in this present work, we report that (1) the
improved hole injection of the annealed ITO thin films up to 300 °C in the devices may be due
to the improved ITO film quality with increasing crystallite size upon annealing under the
normal ambient, which improves the ITO/TPD interface properties and hence enhancing the
hole injection, and (2) the decrease in the hole injection of 400 °C annealed ITO film in the
device may be due to a significant change in the grain boundaries and/or surface morphology
of 400 °C annealed ITO film, which alters the surface chemical properties and affects the hole
injection at the ITO/TPD HTL interface in the device. This study suggests that the annealing of
ITO thin film (anode) under the normal ambient upto 300 °C improves the hole injection in the
device, and thus, it will be useful to enhance the hole injection/transport in the OLEDs in
addition to the various ITO treatments and to balance the charge carriers in OLEDs based on

TPD HTL to improve the device efficiencies.
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Fig. 6.6. Current density—voltage (J—V) characteristics of Hole-only devices (HODs) based on
pristine or annealed (at different temperatures 200, 300, and 400 °C under the normal ambient)

ITO thin film (anode) in the device structure of ITO/TPD/AL.
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6.3.6. Organic light emitting diodes (OLEDs)

In order to verify the improved hole injection property of annealed ITOs, OLEDs have
been fabricated based on pristine and annealed ITOs as anode using Alqs as the electron
transporting as well as emissive layer. The Algs molecular structure and basic OLED structure
are shown in Fig 6.7. The detailed fabricated device structures are as follows

Device A: ITO(pristine)(200 nm)/TPD(60 nm)/Alq3(60 nm)/LiF(5 nm)/Al(120 nm)

Device B: ITO(300 °C)(200 nm)/TPD(60 nm)/Alq3(60 nm)/LiF(5 nm)/Al(120 nm)

Device C: ITO(400 °C)(200 nm)/TPD(60 nm)/Alqs(60 nm)/LiF(5 nm)/Al(120 nm)
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Fig. 6.7. (i) Molecular structure of TPD and Alqs, (ii) device structure, and (iii) energy level

diagram of the materials used in OLEDs.

The J-V characteristics of OLEDs (Device A-C) were measured at room temperature using
Keithley SMU which are shown in Fig. 6.8 (i). It is observed that OLED (Device B) based on
ITO anode annealed at 300 °C exhibited the higher current density of 94 mA/cm? at 8 V when
compared to that (82 mA/cm? at 8 V) of pristine ITO based device A. The current density of
the device C based on ITO annealed at 400 °C is drastically decreased to 17 mA/cm? at 8V.

The electroluminescence (EL) of OLEDs is measured at normal ambient using
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spectroradiometer. The EL spectra of devices A-C confirming the green emission from the Alqgs
emissive layer (Fig. 6.8 (ii)). Device B showed the higher EL emission peak intensity when
compared to that of the device A and a drastic decrease in EL intensity is observed for the
device C. The results show that the annealing of ITO thin films under the normal ambient upto
300 °C improves the ITO film quality and enhances the hole injection into the OLED device
which in turn improves the charge balances, resulting in the higher EL emission in the device
B whereas in the device C based on ITO anode annealed at 400 °C, the change in the surface
morphology (wrinkle structure) of ITO film affects the ITO/TPD interface properties and thus
decreasing the hole injection which imbalances the charge carriers in the device, resulting in

the decreased EL emission of the device C.
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Fig. 6.8. (i) J-V Characteristics and (ii) Electroluminescence spectra of OLEDs based on
pristine (Device A) and annealed ITO anode at 300 °C (Device B) and 400 °C (Device C).
Inset shows the image of the fabricated OLED device glowing green.

6.4. Conclusion

We demonstrated the improved hole injection into TPD HTL in the HODs using thermal
annealed ITO films (anode) under the normal ambient. ITO film annealed at 400 °C shows the
highest sheet resistance and the Hall resistivity with a drastic increase after 300 °C annealing.
As the annealing temperature of ITO film increases up to 300 °C, the Hall carrier concentration
and mobility slightly decrease due to the diffusion of oxygen into oxygen interstitials and

oxygen vacancies, and the decreasing of scattering centers, such as ionized impurities and
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oxygen vacancies, respectively. The drastic decrease of later above 300 °C is attributed to the
dominant scattering of free carriers at chemisorbed grain boundaries, whereas that of former is
due to the trapping of free electrons by oxygen chemisorbed. XRD analysis shows the improved
ITO film quality with an increasing crystallite size for the increasing annealing temperatures.
SEM studies showed that the observed smooth film surface morphology upto 300 °C annealing
is turned to wrinkle kind of surface morphological structures at 400 °C, which is supported by
AFM studies showing the increase in the surface roughness of ITO thin film annealed at 400
°C. HOD based on ITO anode annealed at 300 °C exhibited the improved hole injection when
compared to that of pristine and 200 °C annealed ITO anode-based HODs, this may be due to
the improved ITO film quality upon annealing up to 300 °C under the normal ambient, which
improves the ITO/TPD interface properties and hence enhancing the hole injection. The drastic
decrease in the hole injection of HOD based on ITO annealed at 400 °C may be attributed to a
significant change in the grain boundaries and/or surface morphology of 400 °C annealed ITO
film, which alters the surface chemical properties and affects the hole injection at the ITO/TPD
HTL interface in the device. The results show that the annealing of ITO substrates under the
normal ambient up to 300 °C improves the hole injection in the device and also this will be
useful to balance the charge carriers in OLEDs based on TPD derivatives as HTL to improve
the device efficiencies. The higher hole-current density of HOD based on ITO annealed at 300
°C ascertains the improved film quality of ITO film and/or ITO/TPD interface properties, which
enhances the hole injection and balancing the charge carriers in the OLEDs, resulting in the
improved EL emission intensity. The change in the surface morphology (wrinkle structure) of
ITO anode may affect the ITO/TPD interface properties and thus decreasing hole injection
leading to imbalanced charge carriers in the OLED device and resulting in the decreased EL
emission intensity. This strategy could be useful to improve the OLED device performances

despite the other ITO anode surface treatments.
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Strategy to improve organic solar cells using PEDOT:PSS interlayer coated

onto high temperature annealed I'TO anode

This chapter describes the use of ITO annealing strategy in improving the OSC
performances using the anodic electrode as “poly(3,4-ethylenedioxythiophene):poly(styrene
sulfonate) (PEDOT:PSS)” spin coated onto the annealed indium tin oxide (ITO). Since the
PEDOT:PSS is very widely used in OSCs as hole injection layer (HIL) this chapter is decided
to study the properties of bilayer structure of PEDOT:PSS spin-coated onto the pristine and/or
annealed ITO. It studies the optical, structural, electrical, and morphological properties of
ITO(pristine or annealed)/PEDOT:PSS bilayer film. It also deals with the OSCs fabricated
based on ITO(pristine or annealed)/PEDOT:PSS bilayer anodic electrode. The hole transporting
property of ITO/PEDOT:PSS were verified by fabricating the hole-only devices (HODs) having
the device structure of ITO/PEDOT:PSS/N,N'-Bis(3-methylphenyl)-N,N'-diphenylbenzidine as
hole-transporting layer/Al. The annealed ITO (400 °C) with PEDOT:PSS interlayer improves
the hole-current density and it enhances the efficiency of organic photovoltaic devices [ITO
(annealed) /PEDOT:PSS/P3HT:PCBM (active layer)/LiF/Al] by three times higher (1.69%)
when compared to that (0.48%) of pristine ITO based OPV device. These results show the
strategy that the annealing of ITO film at the high temperature of 400 °C under the normal
ambient improves the film quality and lowers the potential energy barrier at ITO/PEDOT:PSS
interface for effective hole injection/extraction process, resulting in the enhanced device

electrical performances.

7.1. Introduction
The recent technological developments and commercial applications of organic

optoelectronic devices such as organic light emitting diodes (OLEDs) and organic photovoltaic
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cells (OPVs) have sparked wide research interest in order to improve the device efficiency and
device durability for their potential use in the next generation flat panel displays, solid state
lighting, and renewable solar energy harvesting owing to its ease of large area device fabrication
by roll-to-roll printing, light weight, the possibility to fabricate flexible device, and cost
effectiveness [4,119,120,214,242-244]. One of the several factors affecting the higher device
efficiency and causing the failure of organic optoelectronic devices after continuous operation
is the surface quality and/or bulk properties of indium tin oxide (ITO) film (anodic electrode)
[221,245,246]. ITO is the n-type transparent conducting oxide (TCO) material most commonly
used as thin anodic electrode in various electronic and/or optoelectronic devices such as
transparent coatings for solar energy heat mirrors, liquid crystal flat-panel displays, OLEDs,
OPVs, photo-transistors, and lasers, due to its excellent surface adherence, hardness, chemical
inertness, wide band gap, higher transparency in the visible region, good electrical conductivity,
high infrared reflectance, and tuneable high work function [119,120,221,243-246]. The as-
deposited ITO film is found to be less efficient for hole injection in OLEDs and hole collection
or extraction process in the OPVs [247].

Since the ITO film is in direct contact with the organic thin film in the devices, the
surface properties of ITO anodic electrode directly affect the hole injection/extraction process
at ITO/organic interface and electrical properties of the devices [212,223]. Thus, the surface
of ITO anode substrate has been modified by various methods such as chemical (Aquaregia,
RCA), plasma (O2, Ar, Hz), and UV-ozone treatments in order to improve the device
efficiencies [221,248].The post-deposition thermal annealing of ITO films prepared by various
techniques such as direct current (dc) and radio frequency (rf) magnetron sputtering, electron
beam evaporation, pulse laser method, spray pyrolysis, and the sol-gel method, has exhibited
improved structural, optical and electrical properties. Maurya et al. has studied the post-thermal
treatment of rf reactive sputtered ITO films and reported the improved crystalline structure with

minimum resistivity of 8.3 x 10 Q-cm and higher transparency of 90% in the visible region
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for the films annealed at 400 °C [249]. Cho et al. have reported that the as-deposited amorphous
ITO film prepared by electron beam evaporation system exhibited the crystalline structure with
lower sheet resistance and higher transmittance over 85% in the visible region after post-
annealing at 300 °C in an oxygen environment [250]. In contrary, the post-annealing (under the
normal ambient, air) of rf magnetron sputtered ITO films caused slight increase of resistivity
upto 250 °C which is attributed to free electron scattering by inoized impurities, whereas the
resistivity abruptly increased above 250 °C because of the change in the free electron scattering
mechanism by chemisorbed oxygen atoms adsorbed at grain boundaries [251].

In support of the above results, our earlier studies on ITO substrates annealed at different
temperatures under the normal ambient revealed that as annealing temperature increases upto
300 °C, the ITO film quality improves with slight increase in the sheet resistance (92 Q/[ for
pristine and 105 Q/I1 for 300 °C), enhancing the hole injection properties at the ITO/organic
interface in hole-only devices, whereas the annealing of ITO at 400 °C forms the wrinkle kind
of surface morphology with higher sheet resistance of 185 Q/f], limiting the hole current
through the interface in the device [131]. These reports show that the film quality (bulk), surface
chemical and morphological properties of ITO thin film are the important parameters to make
it more efficient to be used as anodic electrode in the optoelectronic devices. In the recent years,
a polymer poly(3,4-ethylenedioxythiophene):poly(styrene sulfonate)(PEDOT:PSS) has been
most extensively studied for their wide use in conductive layers, capacitors, antistatic coatings,
and organic optoelectronic devices due to its high conductivity, high transparency, easy film
deposition, and mechanical flexibility [252,253]. When the solution processed PEDOT:PSS
layer is introduced in light emitting diodes and organic solar cells as buffer layer, it facilitates
the hole transport and hole injection/extraction process at the interface, thus enhancing the
efficiency and lifetime of the devices [254,255].

In this report, we study the optical, structural, and morphological properties of the

bilayer structure of PEDOT:PSS film coated onto pristine and annealed (200, 300, 400 °C) ITO

National Institute of Technology, Warangal — 506004, Telangana, India Page|133



Chapter: 7

films using various techniques such as X-ray diffraction (XRD), UV-visible transmittance,
scanning electron microscopy (SEM), and four-probe method. We fabricate the hole-only
devices (HODs) based on PEDOT:PSS coated pristine or annealed ITO film (anodic electrode)
to study the hole injection/extraction characteristics of the structure in the devices. This bilayer

structure is also utilized in the OPV's for the improved device performances.

7.2. Experimental details
7.2.1. Preparation of ITO/PEDOT:PSS bilayer structure

ITO coated glass substrates (TECHINSTRO, ITO-TIX005) with the thickness of ~200
nm were cut into 2x2 cm? area and were annealed at 200, 300, and 400 °C in the tubular furnace
under the normal ambient for 1 hour. The pristine and annealed ITO films were rinsed and
ultrasonically cleaned in soap solution, deionized water, acetone, isopropyl alcohol (IPA) and
finally in deionized water for 10 minutes, and dried for 10 minutes at 120 °C in each step using
vacuum oven to evaporate the solvents used, fingerprints and other oil contaminations on the
ITO surface. These ITO substrates were cleaned using plasma cleaner (Harrick Plasma, PDC-
002) under the ambient pressure of 800 micron for 10 min to remove the unwanted ions on the
ITO surface and followed by UV light treatment for 10 minutes under the normal ambient using
UV light curing system (Kaivo, UV-1318) to increase the work function and/or adherence of
ITO films. The PEDOT:PSS solution (Sigma-Aldrich, Catalog No.: 739316) was filtered using
0.45um syringe filter and spin-coated onto the cleaned pristine and annealed ITO films at 5500
rpm for 60 seconds using programmable spin-coating unit (Apex Instruments, spinNXG-P2
model) and dried at 120 °C for 10 minutes. The thickness of spin-coated PEDOT:PSS film was
measured to be around 45 nm using stylus profilometer (Bruker's Dektak X T stylus). The optical
transmittance spectra of the bilayer structure of PEDOT:PSS film coated onto the pristine and
annealed ITO films were measured using ultraviolet -visible (UV-vis) spectroscopic technique

(Agilent, Carry 5000). The measurements of sheet resistance of the bilayer structure were
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carried out using the current/voltage source/measure unit (Keithley SMU, 2450 model) by four-
point collinear probe method at room temperature. The X-ray diffraction spectra were recorded
using XRD (PANanalytical Netherlands, XPERT-PRO model) with Cu K-alpha (X-ray source)
radiation (wavelength (L) of 1.5406 A). The surface morphological studies were carried out

using SEM (TESCAN, VEGA3LMU model).

7.2.2. Fabrication of Hole-Only devices (HODs)

The pristine and annealed (200, 300, and 400 °C) ITO films were patterned for the
device area of 4 mm? by chemical etching process using hydrochloric acid (HCI) and zinc dust,
and thoroughly cleaned by the above substrate cleaning procedure. The Hole-only devices
(HODs) were fabricated with the device structure: Pristine or annealed (200, 300,400 °C) ITO
substrate (anodic electrode)/PEDOT:PSS as hole injection layer (HIL) (45 nm)/N,N'-Bis(3-
methylphenyl)-N,N'-diphenylbenzidine (TPD) (Sigma-Aldrich, Catalogue No.: 443263) as hole
transport layer (HTL) (60 nm)/Al as cathode (120 nm). The TPD HTL and Al electrode were
deposited using organic and metal mask for the device area of 4 mm? by thermal evaporation
unit under the vacuum of ~6x107 Torr. The current density - voltage (J - V) characteristics of
the fabricated HODs were measured using the voltage/current source/measure unit (Keithley

SMU, 2450 model) under the normal ambient.

7.2.3. Fabrication of Organic Photovoltaic Cells (OPVs)

The 15 mg/mL of P3HT and PCBM each with the volume ratio of 1:1 were dissolved
in chlorobenzene solvent and stirred at 600 rpm at 50 °C in glove box under the N> ambient for
12 hours followed by filtration using 0.45 pum syringe filter (Solution A). The PEDOT:PSS
solution filtered using 0.45 pm syringe filter (Solution B) was spin-coated onto the cleaned
pristine or annealed ITO films as a buffer layer at 5500 rpm for 60 sec and dried at 120 °C for

10 minutes on hot plate. The P3HT:PCBM (active) layer was spin-coated using solution A onto
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the PEDOT:PSS layer at 800 rpm for 60 sec and dried at 150 °C for 10 minutes on hot plate.
Lithium fluoride (LiF) as electron injection layer (EIL) and aluminum (Al) as cathodic electrode
were deposited using metal mask for the device area of 4 mm? by thermal evaporation process
at ~5x10Torr. The structure of fabricated OPVs is of ITO (pristine or annealed at 200, 300,
400 °C)/PEDOT:PSS (45 nm)/P3HT:PCBM (100 nm)/LiF (1 nm)/Al (120 nm). The fabricated
OPVs were characterized using current/voltage source measurement unit (Keithley’s SMU unit,

2450) and the photocurrent was measured under AM 1.5 solar simulator source of 100 mW/cm?.

7.3. Results and discussion
7.3.1. Optical transmittance

The bilayer structure of PEDOT:PSS layer spin-coated onto the pristine and annealed (200,
300, and 400 °C) ITO films is characterized by using various studies. The Fig. 7.1(i) shows the
optical transmittance spectra of PEDOT:PSS coated pristine and annealed (200, 300, and 400
°C) ITO films. It is observed that the PEDOT:PSS/pristine ITO bilayer structure is having good
transparency (96% at 550 nm) in the visible region without any significant change for increasing
annealing temperature of ITO film (95% for 200 °C and 96% for 300 °C at 550 nm). It has been
reported that annealing the bare ITO film under the normal ambient forms the light
absorbing/scattering centers in the film and slightly decreases the transparency in the visible
region [131]. The transmittance of PEDOT:PSS/annealed (400 °C) ITO bilayer structure is
considerably decreased in the UV region (33% at 325 nm) when compared to other films (58%
for pristine, 61% for 200 °C and 57% for 300 °C at 325 nm) without any significant change in
its transmittance in the visible region (97% for 400 °C at 550 nm), which may be attributed to
the significant change in the ITO film and/or in the ITO/PEDOT:PSS interface properties upon

annealing of ITO at high temperature of 400 °C [131,251].

The direct optical bandgap energy (E;) of PEDOT:PSS/pristine or annealed ITO bilayer

structure is determined from transmittance spectra using the following formula;
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(ahv)? = A(hv — Ey) (7.1)

Where, a (o = 2.303(1/T)/t, T - transmittance, t - total film thickness) is the absorption
coefficient, hv is the photon energy, and A is the constant. The Fig. 7.1(ii) shows the plot of
(ahv)? versus hv, and the optical band gap (E,) energies were obtained by extrapolating the
linear portion of (athv)? against to the photon energy (hv) where the absorption coefficient (a)
is equal to zero. The PEDOT:PSS coated pristine ITO film exhibited the band gap energy (Ey)
of 3.75 eV which is consistent with the reported values [131,246]. No significant change in the
optical band gap (3.73 eV for 200 °C and 3.67 eV for 300 °C) is observed for annealing of ITO
film upto 300 °C in the bilayer structure and the similar trend has been reported in the case of
bare annealed ITO film below300 °C [131]. The PEDOT:PSS/annealed (400 °C) ITO bilayer
structure showed a slight decrease in the optical band gap (3.43 eV), attributed to the quantum

confinement effect due to increase in crystallite size upon annealing [230,231]
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Fig. 7.1. (i) Optical transmittance spectra and (ii) Tauc plots of the bilayer structure of
PEDOT:PSS layer coated onto pristine or annealed (200 °C, 300 °C, and 400 °C) ITO films

under the normal ambient.

7.3.2. Crystalline properties
The XRD patterns of PEDOT:PSS/pristine or annealed (200, 300, and 400 °C) ITO

bilayer structure are obtained at room temperature and shown in the figure 7.2(i). The
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PEDOT:PSS/pristine ITO bilayer exhibits the diffraction peaks corresponding to ITO [20
(corresponding hkl plane): 21.39° (211), 30.35° (222),35.28° (400), 50.60° (440), and 60.19°
(622), consistent with the JCPDS data (Card No.: 39-1058)], showing the good crystalline
properties of ITO film. The PEDOT:PSS/annealed ITO bilayer showed the similar diffraction
pattern without any change in the peak positions with increased diffraction peak intensities for
increasing annealing temperature of ITO film. The crystallite size of PEDOT:PSS/pristine or
annealed (200, 300, and 400 °C) ITO bilayer has been calculated using Debye-Sherrer’s
formula.

D =0.94A/BcosO (7.2)
Where D is the crystallite size, ) is the X-ray wavelength (1.5046 A), B is the full width half
maxima and 0 is the diffraction angle. It is observed that the average crystallite size is increasing
as annealing temperature of ITO film in the bilayer increases (Fig. 7.2(ii)), which is attributed
to combining of native crystalline grains into large size upon annealing under the normal

ambient and resulting in the improved ITO film quality [131].
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Fig. 7.2. (i) XRD patterns and (ii) Crystallite size estimated from the XRD data of the bilayer
structure of PEDOT:PSS layer coated onto pristine or annealed (200 °C, 300 °C, and 400

°C) ITO films under the normal ambient.
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The dislocation density (9) is defined as the length of dislocation lines per unit volume
of the crystal [199]. It is calculated for PEDOT:PSS/pristine or annealed (200, 300, and 400
°C) ITO bilayer using the following equation. The estimated values are given in Table 7.1 and
shown in Fig. 7.3(1).
8 =n/D? (7.3)
Where 8 is the dislocation density, n (=1 for minimum dislocation density) is the factor, and D
is the crystallite size. The strain induced in the lattice sites due to the lattice mismatch in the
crystalline material is called as lattice strain (€) and it is estimated from the Williamson-Hall
equation [199,200].
€ = Phri/4tand (7.4)
Where ¢ is the lattice strain, 3 is the FWHM, 0 is the diffraction angle. From the figure 7.3(ii),
the trend of decreasing lattice strain with increase of annealing temperature of ITO film in the
bilayer structure is attributed to the observed decrease of dislocation density contributed by

decreasing of grain boundaries due to growing crystallites [256].
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Fig. 7.3. (i) The estimated dislocation density and (ii) lattice strain for the bilayer structure
of PEDOT:PSS layer coated onto pristine or annealed (200 °C, 300 °C, and 400 °C) ITO

films under the normal ambient.
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7.3.3. Morphological studies

The figure 7.4 shows the SEM morphological images of PEDOT:PSS film coated
pristine or annealed (200, 300, and 400 °C) ITO bilayer structure in comparison with that of
bare pristine or annealed ITO film, respectively. It is observed that the surface morphology of
spin-coated PEDOT:PSS film coated onto pristine or annealed (200 and 300 °C) ITO film is
smooth and uniform as similar to that of bare pristine or annealed ITO films. The bare ITO film
annealed at higher temperature (400 °C) exhibited the wrinkle kind of surface morphological
features, which may be attributed to the bending and contraction of skeletal network caused by
large amount of stress induced in the film during annealing [131,137]. Interestingly, the spin-
coating of PEDOT:PSS film onto the wrinkle surface leads to the smooth and uniform surface

morphology of the bilayer structure with increased PEDOT:PSS/ITO interfacial surface area.

ITO/PEDOT:PSS
Pristine

Fig. 7.4. The scanning electron microscopic (SEM) images of PEDOT:PSS layer coated pristine
or annealed (200 <C, 300 <C, and 400 °C) ITO films under the normal ambient in comparison
with that of bare ITO films (pristine and annealed).
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7.3.4. Sheet Resistance
The sheet resistance (Rs) values of PEDOT:PSS coated pristine or annealed ITO bilayer
and pristine or annealed ITO films have been estimated using the collinear four-probe technique

with the relation

Rs = [/In.2].(V/I).k (7.5)

Where I is the current measured between the probes 1 and 4, V is the voltage measured between
the probes 2 and 3, and & (=1) is the correction factor. The observed higher sheet resistance of
30.86 /1 for ITO film annealed at 400 °C with slight increase upto 300 °C (8.3 €/ for Pristine
ITO film, 8.4 Q/ for 200 °C, 8.9 /[ for 300 °C) is consistent with the earlier report and
attributed to a significant change in the grain boundaries and/or surface morphology of the films
upon annealing at higher temperature [131]. The coating of PEDOT:PSS film onto the pristine
or annealed ITO films shows no significant decrease in the sheet resistance upto 300 °C,
whereas the PEDOT:PSS/annealed (400 °C) ITO bilayer exhibited lower sheet resistance of
23.56 Q/71 compared to that of bare ITO film annealed at 400 °C (Fig. 7.5). The observed
decrease in sheet resistance may be related to the improved film quality and/or significant
enhancement in the charge conduction at ITO/PEDOT:PSS interface upon annealing of ITO

film at 400 °C.
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Fig. 7.5. Sheet resistance values of PEDOT:PSS layer coated pristine or annealed (200 °C, 300
°C, and 400 °C) ITO films under the normal ambient in comparison with that of bare ITO films

(pristine and annealed).
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Table 7.1. The optical, electrical, and crystalline parameters of the PEDOT:PSS layer coated

pristine and annealed ITO films.

Optical Optical  Average Dislocation Lattice
Sheet Resistance
Transmittance band gap Crystallite density Strain

Q/0)
Film (%) @ nm energy size (x10™ (x10?)
(Ey) (nm) lines/m?)  (no unit) ITO/
325 550 ITO

(eV) PEDOT:PSS
Pristine 58 96 3.75 21.01 25.06 0.54 8.3 8.0
200 °C 61 95 3.73 22.72 22.90 0.51 8.4 8.1
300 °C 57 96 3.67 24.26 19.43 0.47 8.9 8.3
400 °C 33 97 343 26.07 17.33 0.44 30.8 23.5

7.3.5. Hole-only devices (HODs)

The hole-only devices (HODs) were fabricated using the structure of PEDOT:PSS
interlayer coated onto the pristine or annealed ITO electrode with the device structures as
follows:

HOD - A: ITO (pristine)(200 nm)/PEDOT:PSS(45 nm)/TPD(60 nm)/Al(120 nm)
HOD - B: ITO (200 °C)(200 nm)/PEDOT:PSS(45 nm)/TPD(60 nm)/Al(120 nm)
HOD - C: ITO (300 °C)(200 nm)/PEDOT:PSS(45 nm)/TPD(60 nm)/Al(120 nm)
HOD - D: ITO (400 °C)(200 nm)/PEDOT:PSS(45 nm)/TPD(60 nm)/Al(120 nm)
where TPD has been most widely used hole-transporting layer (HTL) in OLEDs with improved
device efficiencies. The Fig. 7.6 shows the molecular structures, device structure, and energy
level diagram of the materials used in the fabricated HODs. The energy level diagram indicates
(i) lower hole injection barrier (An) of 0.3 eV at ITO/PEDOT:PSS and 0.5 eV at
PEDOT:PSS/TPD interfaces for significantly efficient and dominant hole current, and (ii) the
higher electron injection barrier (Ac) of 2.0 eV at TPD/AI interface for almost negligible
electron current in the devices. The Fig. 7.7(i) shows the current density-voltage (J - V)

characteristics of the HODs. The HOD - A based on pristine ITO exhibits the on-set of hole
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injection above 0.5 V below which the leakage current dominates and hence the hole injection
current can barely be extracted [241]. It is also observed that the hole injection on-set is hindered
at around 0.5 V for other HODs (B - D) due to the leakage current domination. The hole current
density of HOD - C at lower bias voltage is observed to be slightly less (45 pA/cm?at 1V, 0.28
mA/cm? at 3 V, and 3.67 mA/cm? at 6 V) when compared to that of HOD - A (83 pA/cm? at 1
V,0.28 mA/cm? at 3 V, and 2.80 mA/cm? at 6 V) and HOD - B (97 pA/cm? at 1 V, 0.34 mA/cm?
at 3V, and 3.24 mA/cm? at 6 V) without any significant change in hole current density at higher
deriving voltages as shown in Fig. 7.7(i). The HOD - D exhibited a drastic increase in hole
current density (0.7 mA/cm? at 1 V, 6.52 mA/cm? at 3 V, and 38.21 mA/cm? at 6 V) when
compared to other HODs (A - C). The surface chemical and/or morphological features of ITO
film annealed at 400 °C may play a critical role in favor of improved hole injection and transport

through ITO/PEDOT:PSS interface.
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Fig. 7.6. (i) Molecular structure of PEDOT:PSS and TPD, (ii) device structure, and (iii)

energy level diagram of the materials used in HODs.
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The interface barrier potentials of the HODs (A - D) were estimated from the Fowler-
Nordheim (F-N) plots (Ln(J/E?) verses 1/E) drawn from the J-V characteristics of the devices
as shown in the figure 7.7(ii). The slope of linear region is directly proportional to ¢*2, where
¢ is the barrier potential for charge injection by tunneling at the interface in the devices [257].
The slope of pristine ITO based HOD — A is found to be 6.6 x10** and is increasing as annealing
temperature increases upto 300 °C (10.7x10* for HOD - B and 16.4x10* for HOD — C). It is
also observed that the slope of HOD — D is drastically decreased to 3.1x10™, showing the
decreased barrier potential for charge injection in the device. These results reveal that annealing
of ITO thin film at higher temperature of 400 °C under the normal ambient improves the
ITO/PEDOT:PSS surface interface properties and lowers the barrier potential for charge

injection, resulting in the higher hole current density in the HODs.
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Fig. 7.7. (i) The Current density—voltage (J-V) characteristics and (ii) the Fowler-Nordheim
(F-N) tunneling plots extracted from the J-V characteristics of the HODs using the bilayer
structure of PEDOT:PSS layer coated onto pristine (HOD — A) or annealed (at 200 °C for
HOD - B, 300 °C for HOD - C, and 400 °C for HOD - D) ITO anodic films under the normal

ambient.

7.3.6. Organic solar cells
In order to examine the effect of annealing of ITO thin film at ITO/PEDOT:PSS
interface on the device performance of organic photovoltaic cells (OPVs), we fabricate the

OPVs with the device structures as follows:
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Device A: ITO(pristine)/ PEDOT:PSS/P3HT:PCBM/LiF/Al
Device B: ITO(200 °C)/PEDOT:PSS/P3HT:PCBM/LiF/Al
Device C: ITO(300 °C)/PEDOT:PSS/P3HT:PCBM/LiF/Al
Device D: ITO(400 °C)/PEDOT:PSS/P3HT:PCBM/LiF/Al
The molecular structures (PEDOT:PSS and P3HT:PCBM), energy level diagram of the
materials used in the organic photovoltaic cells (OPVs), and its device structure are shown in
Fig.7.8. The current density — voltage (J — V) characteristics of the devices (A — D) are shown
in Fig. 7.9 and the estimated device parameters are given in the Table 7.2. The device A with
pristine ITO exhibited the low open circuit voltage (Vo) of 0.28 V with the short-circuit current

density (Js) of 6.48 mA/cm?, fill factor (FF) of 0.26, and the efficiency (7) of 0.48%. It is

observed that the V,.is increasing with increasing FF and 7 as the annealing of ITO film
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Fig. 7.8. (i) Molecular structure of PEDOT:PSS and P3HT:PCBM, (ii) device structure, and

(111) energy level diagram of the materials used in organic photovoltaic cells (OPVs).
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increases (Vo = 0.36 V, FF = 0.29, and 1 = 0.57% for device B (200 °C); Vo =0.50 V, FF =
0.35, and 1 = 0.60% for device C (300 °C); and Vo =0.54 V, FF = 0.42, and 1 = 1.69% for
device D (400 °C)), which may be attributed to the fact of decreasing charge trap levels at the
PEDOT:PSS/active layer interface due to improved molecular orientation of PEDOT:PSS film
upon annealing of ITO film under the normal ambient [258]. It is also observed that the Js of
devices is decreasing upon annealing of ITO film upto 300 °C (5.30 mA/cm? for device B (200
°C) and 3.39 mA/cm? for device C (300 °C)), which may be associated with the increasing
barrier potential at the annealed ITO/PEDOT:PSS interface. The Jsc of device D using annealed
ITO film at 400 °C is drastically increased to 7.40 mA/cm? with increased device parameters
(Voe =054 V, FF =042, and 1 = 1.69%) when compared to other devices (A — C). These
results show that annealing of ITO film at high temperature of 400 °C under the normal ambient
may alter the energy levels and/or interface properties of the ITO/PEDOT:PSS interface,

enhancing the hole collection/extraction and resulting in the higher efficiency of OPVs.
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Fig. 7.9. The current density—voltage (J—V) characteristics of the OPVs using the bilayer structure of
PEDOT:PSS layer coated onto pristine (Device A) or annealed (at 200 °C for Device B, 300 °C for

Device C, and 400 °C for Device D) ITO anodic films under the normal ambient.
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Table 7.2. The estimated device parameters of OPVs using the bilayer structure of PEDOT:PSS

layer coated onto pristine or annealed ITO films.

Jsc Voc Efficiency
Device Fill Factor
(mA/cm?) \%) (%)
A 6.48 0.28 0.26 0.48
B 5.30 0.36 0.29 0.57
C 3.39 0.50 0.35 0.60
D 7.40 0.54 0.42 1.69

7.4. Conclusion

The annealing of ITO film at 400 °C reveals higher transparency in the visible region and
improves the film quality upon aggregation of native grains into large crystallites, resulting in
decreased dislocation density and lattice strain, and leaving the wrinkle kind of surface
morphology. The spin coating of PEDOT:PSS film onto the wrinkle kind of surface
morphology smoothens the surface and absorbs the UV light significantly. The higher hole
current density of the HODs based on ITO annealed (400 °C)/PEDOT:PSS interlayer may be
associated with decreased potential barrier at the ITO/PEDOT:PSS interface for hole injection
process into the device due to improved interfacial (energy levels and/or surface area)
properties. The OPV using the annealed (400 °C) ITO/PEDOT:PSS buffer layer exhibits the
efficiency three times higher (7 = 1.69%) than that (77 = 0.48%) of pristine ITO based device.
These results show that the ITO film (annealed at 400 °C)/PEDOT:PSS interface favors the
effective hole injection/extraction process in the devices for the improved performances. The
spin coating of PEDOT:PSS layer onto the annealed (400 °C) ITO anodic electrode could be
an effective way to improve the device performances of OLEDs and OPVs for the commercial

applications.
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Improved performance of Alqs/ZnO hybrid thin film-based UV

photodetectors using strategy of annealed ITO film

This chapter describes the improved photoresponse of Alq3/ZnO hybrid thin film-based
UV photodetectors by using the strategy of annealing of ITO electrode film at higher
temperature as seen in the earlier chapters. The annealed ITO film in the device is used in order
to enhance the charge transport in the hybrid films. The electron-only devices (EODs) based on
Alq3/ZnO hybrid thin films were fabricated and characterized. The analysis of Hall-effect
measurements (carrier concentration, mobility, and resistivity) of Alqs/ZnO hybrid thin films
is compared with pristine ZnO thin film. This chapter deals with the UV photoresponses of the
Alq3/ZnO hybrid thin films by using the pristine and/or annealed ITO film as a strategy to

improve the device performances.

8.1. Introduction

In recent decades Ultraviolet (UV) photodetectors have been receiving large importance in
the applications of environmental monitoring, forest-fire prevention, astronomical research,
civilian and military fields, missile approach warning, medical analysis, etc [67-69]. The
development of UV photodetector is working towards large-array, fast-response, high
performance, lightweight, and low-cost production [67,68,164,183]. UV-photodetectors based
on silicon are the most common devices, exhibiting some limitations such as the requirement
of visible and infrared light filters, degradation of devices upon exposure to UV light for a long
time, required to be cooled to reduce the dark current, and inaccuracy for high sensitivity
applications [68,185]. ZnO is recognized as a very promising optoelectronic material to
fabricate high sensitivity UV photodetectors, due to its better properties such as direct wide-

bandgap (3.36 eV), high exciton binding energy (60 meV), non-toxicity, high radiation stability,
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and higher transparency in the visible region [68,164,185]. Tris-(8-hyroxyquinoline)aluminum
(Alqg3) is a well-known highly fluorescent organic semiconductor widely used as an electron-
transporting and emissive layer in organic light-emitting diodes (OLEDs) [4,17]. Alqgs can be
used in many other optoelectronic device applications in pure or doped in host to enhance the
electrical conducting properties. The drawbacks of Alqs are the degradation of optical and
electrical properties upon environmental aging and light exposure [4,6,196,207]. Hybrid
(organic/inorganic) composite materials exhibit the high thermal stability, chemical resistance,
mechanical strength, good optical and electrical properties over organic and inorganic materials
[33,123,161]. Organic-Inorganic hybrid film-based UV-photodetectors show good advantages
such as high gain, sensitivity, and responsivity for cost-effective applications
[164,184,259,260].

Indium tin oxide (ITO) coated glass substrates are the most widely used TCO anode in
optoelectronic devices due to its high work function, higher electrical conductivity and
transparency to the visible light [239,261]. The surface quality and/or bulk properties of ITO
anode is one of the several factors affecting optoelectronic device efficiencies because of the
deposited organic layer is in direct contact with ITO surface [241,246,247,262]. The surface
modifications of ITO anode by plasma cleaning and UV ozone treatments have been widely
demonstrated for the improved optoelecronic device efficiencies [225,238,263]. The thermal
behaviour of ITO thin films deposited by RF sputtering method has been studied by annealing
of ITO thin film at different temperature in air [239,249]. The sudden decrease in the charge
carrier mobility and carrier conductivity occurs above 300 °C annealing, attributed to the
chemisorption of oxygen into grain boundaries (which absorbs the free electrons and in turn
reduces the scattering of free carriers at the boundary) and no further diffusion of oxygen into
bulk due to no more donor oxygen vacancies (two electrons donated by each vacancy)
[131,219,237]. Since the ITO film is in direct contact with the organic thin film in the devices,

the surface properties of ITO anodic electrode directly affect the hole injection/extraction
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process at ITO/organic interface and electrical properties of the devices [241,262]. Hence, it is
highly beneficial to study the effect of annealing of ITO thin film to improve the device

performances of UV photodetectors.

8.2. Experimental work
8.2.1. Solution preparation

The procedure for the preparation of pristine ZnO and Alqs/ZnO hybrid thin films by using
sol-gel spin-coating process was followed as-such from our earlier report published elsewhere
[156]. The ZnO sol-gel was prepared with the molar concentration of 0.5 M by dissolving the
zinc acetate dihydrate [Zn(CH3COO),.2H>0: 98.5%; SRL] in 2-methoxyethanol (C3HgOa:
99%; SRL) solvent and stirred at 450 rpm for 2 hrs at 60°C. The ZnO precursor solution (A)
was obtained by drop wise addition of monoethanolamine (MEA: 99%; SRL) for 1:1 molar
ratio of MEA to zinc acetate and allowed it for gelation by keeping it under the normal ambient
for 24 hrs. Alq; (C27Hi18AIN3O3: 99.995%; Sigma Aldrich) was dissolved in 2-methoxyethanol
solvent and stirred (450 rpm) for 2 hrs for the preparation of 10~ M Algssolution (B). The 0.2
um syringe filter was used to filter the ZnO sol-gel precursor (A) for film (a) and Alqs solution
(B) separately. Using these, the three (5 mL each) Alqs incorporated ZnO precursor solutions
were prepared with the nominal molar ratio of Algs to ZnO (Alqs/ZnO) as 0.5x10 [4 mL of
ZnO (80 vol.%) (0.4 M) + 1 mL of Algs (20 vol.%) (2x10* M)] for film (b), 1.3x107 for [3 mL
of ZnO (60 vol.%) (0.3 M) + 2 mL of Alqs (40 vol.%) (4x10™* M)] for the film (c); and 3x107

[2 mL of ZnO (40 vol.%) (0.2 M) + 3 mL of Algs (60 vol.%) (6x10"* M)] for film (d).

8.2.2. Thin film formation
The glass substrates were cut into 2x2 ¢cm?” area and thoroughly cleaned by rinsing and
sonicating in soap solution, DI water, acetone, IPA, and finally in DI water each for 10 min.

Before changing the cleaning agent, the substrates were vacuum dried for 10 min at 120 °C to
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evaporate the solvent. This cleaning process is utilised to remove any stains and oil or chemical
contaminations. The substrates were also cleaned in high plasma at 800-micron vacuum using
plasma cleaner (Harrick Plasma, PDC-002). The prepared four solutions (pure and Alqs/ZnO
hybrid) were spin-coated at 2000 rpm for 30 sec and pre annealed at 180 °C for the preparation
of thin films (a — d). The coating process was repeated for 5 times for the required thickness
(~200 nm). The spin-coated thin films (a - d) were post annealed at 300 °C for 2 hr under the
normal ambient using tubular furnace to enhance the film quality. The electrical properties
(carrier concentration, mobility, and resistivity) of these films were measured using hall-effect

measurement setup.

8.2.3. Fabrication of Electron-only devices (EODs)

The pure ZnO and Alqg; are well-known electron transporting materials. Thus, it is to
analyse the electron transporting properties of Alq3/ZnO hybrid thin films by fabricating EODs
based on pristine ZnO and Alq3/ZnO hybrid thin films. The ITO coated glass substrates
(TECHINSTRO, ITO-TIX005) with the thickness of ~200 nm were cut into 2 x 2 cm? area.
The ITOs were patterned for the device area of 4 mm? by chemical etching process using
hydrochloric acid (HCI) and zinc dust. The patterned ITOs were cleaned following the same
substrate cleaning procedure and followed by plasma cleaning and UV light curing for 10 min.
The prepared four solutions were spin-coated onto the four cleaned patterned ITO at 2000 rpm
for 30 sec and pre-annealed at 180 °C to evaporate the solvent. Prior to the pre-annealing the
span solution was wiped off at the edges for the bottom ITO anode contact. This coating process
is repeated for 5 times for the appropriate thickness of ~200 nm. Further the ITO substrates
with deposited ZnO or Alqs/ZnO hybrid thin films were loaded into the vacuum chamber of
thermal evaporation vacuum coating unit to coat the Al electrode. This cathode contact is coated

using metal mask for the effective device area of 4 mm? under the high vacuum of ~ 5x10°¢
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mbar. The current density-voltage (J-V) characteristics of the fabricated EODs were measured

at room temperature using Keithley 2450 SMU.

8.2.4. Fabrication of UV photodetectors (UVPDs) based on Alq3/ZnO hybrid thin films

using pristine or annealed ITO film

The UVPDs discussed in chapter 4 are fabricated based on Alq3/ZnO hybrid thin films
on glass substrates and Al electrodes as ohmic contacts. For utilizing the improved quality of
ITO film, the UVPDs were fabricated based on the Alqz/ZnO hybrid thin films using the ITO
film. The ITO substrates were cut into 2x2 cm? area of eight pieces (two sets) and patterned
using Zinc dust and HCI with 4mm strip width. The first set of four ITOs (set-I) were considered
as pristine ITOs and the another set of four ITOs (set-11) are annealed at 300 °C for 1 hr in
tubular furnace under the normal ambient. The ITO electrode substrates of set-I (for pristine
ITO) and set-II (for annealed ITO) were cleaned thoroughly following the regular cleaning
process. The pristine ZnO and Alq3/ZnO (with three different molar ratios as above mentioned
for the films b - d) solutions were spin coated on the two set of ITO substrates at 2000 rpm with
the continuous spin of 30 sec. Immediately after spun the solution was wiped off along the ITO
strip such that the film is remain on the ITO only and they were pre-annealed at 180 °C on hot
plate by covering with glass lid. The coating process was repeated for five time to get the film
thickness of ~200 nm. The spin-coated films were annealed at 300 °C in normal ambient to
improve the film quality. Further the ZnO and Alqs/ZnO films coated ITO substrates (set-1 and
set-1I) were loaded into the vacuum chamber and Al electrodes were coated at high vacuum of
~5x10"% mbar with the strip width of 2 mm perpendicular to the bottom ITO strip. Here the
bottom ITO is used to enhance the charge transport in Alqs/ZnO hybrid film and the top Al
strips are used for ohmic contacts. The fabricated UVPDs were characterized using Keithley

SMU and UV spot light.
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8.3. Results and discussion
8.3.1. Hall-effect measurements

The charge carrier concentration, mobility, and resistivity of pristine ZnO (a) and
Alq3/ZnO hybrid thin films (b-d) were measured at room temperature by Hall-Effect
measurements in the van der Pauw method and are given in Table 8.1. From Fig. 8.1, it is
observed that the resistivity is decreased whereas mobility and electron carrier concentrations
are increased with increasing the Alqs/ZnO molar ratio in hybrid films (b-d) when compared
to the pristine ZnO film a. The incorporated Alqs molecules adsorbed onto the grain boundaries
and may create the space charge region between the ZnO grains which facilitates the charge
carriers to move across ZnO grains, resulting in enhanced mobility for the hybrid films b-d with
decreased resistivity [264,265]. The adsorption of Algqs molecules onto the grain boundaries of
ZnO decreases the grain boundary scattering of free charge carriers resulting in enhanced
mobility in the composite films [156]. The highest mobility for the film d when compared to
the other films may be due to the increased Alqs content. The PL spectra (Fig 3.9 (i) from
chapter 3) distinctly show the enhanced peak intensity with broadening of band edge emission
and slight enhancement at defective emission leading to the increased Zn; (~395 — 435 nm) and
Vo (~520 — 565 nm) with the incorporation of Alqs in the hybrid films. Thus, the increase in
the carrier concentration in the hybrid films with increasing Alqs content may be due to the

presence of Zn; and Vo (each vacancy creates two electrons) [47,185,241]. The Zn; and Vo are
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Fig. 8.1. The hall effect measurements (electron carrier concertation, mobility, and

resistivity) of pristine ZnO (a) and Alqs/ZnO hybrid thin films (b - d)
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easily got ionized in ZnO thin films and produce free charge carrier [185]. The increase in the
carrier concentration is also led to a decrease in the optical transmittance (Fig. 3.1 from chapter

3) for the films b-d because of the increase in free carrier absorption [266].

Table 8.1. The hall effect measurements of pristine ZnO and Alq3/ZnO hybrid thin films.

Hall effect measurements

Fil Molar ratio Carrier )
ilm Mobility (p) Resistivity (p
of Alq3/ZnO  Concentration (nc) v
(cm?/V-s) (x10%/Q-cm)
(x10'%/cm?)
a 0 (Pristine) 2.14 0.45 14.08
c 1.3x1073 43.51 14.8 1.44

8.3.2. Electron-only devices (EODs) characteristics

The EODs were fabricated based on pristine and Alq3/ZnO hybrid thin films and the
device structures are as follows:
EOD-A (film a): ITO/ZnO(molar concentration of 0.5 M)/LiF/Al
EOD-B (film b): ITO/Alq3:ZnO(molar ratio of 0.5x107)/LiF/Al
EOD-C (film ¢): ITO/Alqs:ZnO(molar ratio of 1.3x107%)/LiF/Al
EOD-D (film d): ITO/Alq3:ZnO(molar ratio of 3x1073)/LiF/Al

The current density-voltage (J-V) characteristics were performed using Keithley SMU
at room temperature. The figure 8.2 shows device structure and energy level diagram with
charge transferring process of EODs and Fig. 8.3 shows the semi-log plots of J-V characteristics
of four EODs (EOD A-D). The EODs (A-D) exhibit the current densities at 4 V: 134.4, 31, 50,
and 174 mA/cm?; and at 8V: 132.6, 376.2, 560.7, and 619 mA/cm?. It is clearly observed that

the two devices (EOD-B and EOD-C) exhibit the charge injection with distinctly shooting
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current density. The charge injection for the EOD-B starts at 4-5 V and for the EOD—C at 2-3
V revealing that for increasing Alqs content in ZnO up to the molar ratio of 1.3x107 the charge
injection is taking place at lower voltages. In the EOD-D, even though there is no distinct charge
injection but it is exhibiting the enhanced current density than the other devices. The improved
current density for the Alqs/ZnO based devices is attributed to the enhanced carrier
concentration and mobility of the hybrid thin films. The energy level diagram shows the lower
electron injection barrier (A¢) 0of 0.1 eV at Al/ZnO interface and the higher hole injection barrier
(An) of 2.6 eV at ITO/ZnO interface. This reveals that the current in the devices is majorly due
to electrons and the hole current is almost negligible. From the energy level diagram of EODs
(B-D), the A at Al/Alqs is 1.2 eV which is higher than Ae (0.1 eV) at Al/ZnO indicating that
the electrons are injected into the ZnO only. The incorporated Alqgs molecules are adsorbed at

the grain boundaries of ZnO and create the space charge region facilitating the enhanced current
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Fig. 8.2. (i) EOD structure and (ii) energy level diagram of the materials used in EODs.
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density of EODs [10,156]. The adsorbed Algs molecules create the Algs capped ZnO
nanoparticles with improved crystalline properties which may also enhance the electron

transporting properties in EODs [156].
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Fig. 8.3. Current density - Voltage (J-V) characteristics of EODs (A-D).

8.3.3. UV photodetectors (UVPDs) characteristics
Two sets of Alq3/ZnO hybrid thin film based UVPDs were fabricated using pristine ITO
film (Set-I) and annealed ITO film (Set-II), the device structures are as follows (the schematic
representations of the respective devices are shown in Fig 8.4).
Set-I
Device A (based on film a): ITO (pristine)/ZnO/Al
Device B (based on film b): ITO (pristine)/ Algs:ZnO(molar ratio of 0.5x107)/Al
Device C (based on film ¢): ITO (pristine)/ Alqs:ZnO(molar ratio of 1.3x107)/Al
Device D (based on film d): ITO (pristine)/ Alqs:ZnO(molar ratio of 3x1073)/Al
Set-11
Device E (based on film a): ITO (300 °C)/ZnO/Al
Device F (based on film b): ITO (300 °C)/ Algs:ZnO(molar ratio of 0.5x1073)/Al
Device G (based on film ¢): ITO (300 °C)/ Algs:ZnO(molar ratio of 1.3x1073)/Al

Device H (based on film d): ITO (300 °C)/ Algs:ZnO(molar ratio of 3x107%)/Al
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UV Light

Glass substrate Glass substrate

Devices (A-D) Devices (E-H)
Fig. 8.4. Schematic diagrams of fabricated UVPDs based on pristine ZnO and Alqs/ZnO

hybrid thin films using pristine ITO (set I: devices A-D) and annealed ITO (set II: devices
E-H)

In the fabricated UVPD devices, pristine ZnO or Alqs/ZnO hybrid thin films are spin
coated onto ITO films for the thickness of ~200 nm and Al contacts were made over with 120
nm. The ITO films are used to enhance the charge transporting in pristine ZnO or Alqs/ZnO
hybrid thin films. The current density-voltage (J-V) characteristics of the devices were
performed using voltage/current source measure unit (SMU: Keithley, 2450 model) under the
dark and UV-spot light illumination (wavelength: 365 nm, power: 1 mw/cm?) with biasing from
-4V to +4 V under the normal ambient. The figures 8.5(i) and 8.5(ii) show the semi-log plots
of J-V characteristics of ZnO or Alq3/ZnO hybrid thin film based UVPDs using pristine ITO
film and/or annealed ITO film respectively. The UVPDs based on films a-d using ITO
substrates (pristine and/or annealed) exhibit the higher current densities when compared to that
of UVPDs made-on glass substrates (UVPDs from chapter 4). This is revealing that the ITOs
enormously increase the electric field in the films leading to the drastic enhancement in the
current densities than the glass substrate-based devices [68,267,268]. The devices based on
pristine ITO and annealed ITO exhibit the JV characteristics with nearly same trend under dark
and UV light. This is revealing that the ITO annealing does not affect the characteristic UV
response of pristine ZnO and Alqs/ZnO hybrid thin films. The UVPDs based on film b (device

B and F) and film ¢ (device C and G) exhibit the increased dark and light currents when
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compared to the film a (device A and E) based devices in both pristine ITO and annealed ITO
cases. This enhancement in current density for the devices based on film b and ¢ supports the
results of the devices made on glass substrate. The improved Hall effect parameters and EOD
characteristics also supports the enhanced current density. The energy transfer from Alqs to
ZnO in hybrid films ascertains the increased light current [156]. The film d-based devices (D
and H) exhibit the lower dark current and higher light current when compared to the remaining
devices. The higher concentration of Alqs in ZnO for film d may create the charge trap-states
in ZnO which reduce the current density in dark [269,270]. On the other hand, the potential
barrier at ITO/Alq3 is 1.8 eV which is higher than that of 0.7 eV at ITO/ZnO, hence the higher
concentration of Algsz in film d may affect the supportive electric field by the ITO in devices D
and H leading to decreased dark current [271,272]. Under the UV illumination, there is a
distinct energy transfer from Alqs to ZnO increasing the light current drastically, supporting the
enhanced PL emission of hybrid films as discussed in chapter 3 [156]. The UV illumination
onto the Alqs/ZnO film-based devices enhances the energy transfer from Alqs to ZnO leading
to the distinct increment of currents, whereas under dark the increment in the current density is

considerably less.
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Fig. 8.5. J-V characteristics of pure ZnO and Alqs/ZnO hybrid thin film based UVPDs using
(i) pristine ITO (Devices A-D) and (ii) annealed ITO (Devices E-H)

Photocurrent, gain, responsivity, and detectivity are the essential parameters in order to

estimate the UV photo detecting responses [68,183]. These parameters were calculated at bias
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of 1 V and ImW/cm? UV light intensity and are show in in Table 8.2 (devices A-D) and Table

8.3 (devices E-H) [68,134].

Photocurrent gain (G) = Light/ldar 3.1
Sensitivity(S) = Ipn/ldark (8.2)
Responsivity(R) = I,n/ P.A (8.3)
Detectivity(D) = (Ipw/E) (2qlaark) (8.4)

where lgark - current under dark, ligh— current under UV light, Ipn (Tiight - ldark) — photocurrent, P
- power of UV light, and A - effective area of the device.

The responsivity and sensitivity proportionately vary with the photocurrent and gain
respectively. The photocurrent (Light - ldaark) is due to the excitons generated by the UV
illumination whereas the dark current is due to the free carriers present in the film. In both the
sets of devices (using pristine and annealed ITO), the photocurrent and gain are observed to be
increased with the incorporation of Alqs in comparison with the results of the UVPDs fabricated
on glass substrate. The enhancement of photocurrent in all devices (using glass substrate,
pristine ITO, and annealed ITO) is assumed mainly due to the energy transfer from Alqs to ZnO
in hybrid films (b-d). Since the current gain is the ratio of light current to dark current
(liight/Tdark), low dark current and high light current gives the high current gain. The devices (D
and H) based on film d exhibiting the high current gain than the other devices due to their low
dark and high light current [67,134]. The increasing of Alqgs in ZnO for film d generate the high
density of charge trapped states resulting in low dark currents in devices D and H whereas under
the UV illumination this excess content of Alq; facilitates the higher energy transfer from Alqs
to ZnO leading to the drastic enhancement in the light current [188,192,267]. The response
characteristics were measured by modulating the UV light source (incident optical power of 1
and 3 mW/cm?), at 0 and 1 V bias with the interval of 30 sec. The figures 8.6 and 8.7 show the
time-dependent response characteristics of pure ZnO or Alqs/ZnO hybrid thin film-based UV

photodetector using pristine ITO and annealed ITO respectively. The current density is
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observed to be increased and then decreased with respect to the UV light illumination ON/OFF
states in regular intervals of time, revealing the stability and reproducibility of all the devices
(A-H). At 0 bias the devices are exhibiting the currents in micro amperes during the ON state
whereas at 1 V bias the currents are in ampere revealing that even at small bias the electric field
generated by the ITO is more. The anomaly in the current densities is due to the lower electric
fields because less voltage (1 V). The growth time t, (time required for the current to increase
from 10% to 90% of maximum current when UV illumination ON) and decay time tq (time
required for the current to decrease from 90% to 10% of maximum current when UV
illumination OFF) were calculated from the response plots and shown in Table 8.2 and Table
8.3 [164]. The devices are exhibiting the nearly same t, and 14 at different UV power (1 and 3
mW/cm?) and at different voltages (0 and 1 V) revealing that the 1, and 14 are independent of
power and bias voltage. The mentioned T, and 14 values in the tables are average times of
response plots at 0V-ImW/cm?, 0V-3mW/cm?, 1V-3mW/cm?, and 1V-3mW/cm? The devices
exhibit fast growth and slow decay responses. In general, the drawback of ZnO based UV
photodetectors is slow decay current due to the presence of more photo persistent current (PPC-
the current present in the device even after the UV light off) [69,187]. The films ¢ and d-based
devices (C, D, G, and H) exhibiting the slow growth and decay times compared to film a based
devices (A and E). The slow growth may be due to the presence of charge trapped states due to
the Algs and slow decay is related to photo persistent current [69,269,273]. The devices (B and
F) based on film b showing the fast responses (growth and decay) than that of the other devices.
The incorporated Alqs molecules with Algs/ZnO molar ratio of 0.5x10" predominantly present
on the ZnO surface (evident from EDAX and XPS) which may decrease the charge trapped
states and PPC in the film b resulting in the fast responses of the devices B and F than that of
the other devices [69,156,188]. From the UV photoresponses of the devices, it is observed that
the hybrid films with Alqs/ZnO molar of 0.5x107 (film b) are preferable for the fast UV

responses whereas the hybrid films with molar ratio of 3x10 (film d) are useful for large

National Institute of Technology, Warangal — 506004, Telangana, India Page|160



Chapter: 8

photocurrents and current gains. It is observed that interestingly the devices are responding even
at OV (no bias) which are called self-powered UVPDs [68,268]. Without any bias the devices

are exhibiting the currents in micro-ampere under the UV illumination even at low power.
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Fig. 8.6. Time-dependent photoresponse characteristics of UV-photodetectors based on pure

Zn0O (device A) and Alq3/ZnO (devices B-D) hybrid thin films using pristine ITO.
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Fig. 8.7. Time-dependent photoresponse characteristics of UV-photodetectors based on pure

Zn0O (device E) and Alqs/ZnO (devices F-H) hybrid thin films using annealed ITO.
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Table 8.2. Characteristics of UV photodetectors (A-D) based on ZnO (a) or Alqs/ZnO (b-d)

hybrid thin films using pristine ITO films.

Molar ratio Photocurrent Current Responsivity Detectivity Response time

Device of density (Jpn) gain (R) D) (s)
Alq3/ZnO (mA/cm?) (G) (A/W) (x10'?)  growth decay
A 0 (Pristine) 39.8 91.1 39.8 6.73 6.73 10.56
B 0.5x10 102.8 85.2 102.8 5.17 548 835
C 1.3x1073 166.5 111.3 166.5 0.23 8.51 15.98
D 3x1073 265.0 480.7 265.0 19.79 736 14.54

Table 8.3. Characteristics of UV photodetectors (E-H) based on ZnO (a) or Alq3/ZnO (b-d)

hybrid thin films using annealed ITO films at 300 °C.

Molar ratio Photocurrent Current Responsivity Detectivity Response time

Device of density (Jpn)  gain (R) D) (s)
Alq3/ZnO (mA/cm?) G) (A/W) (x10'%) growth decay
E 0 (Pristine) 54.7 101.7 54.7 8.26 541 1043
F 0.5x10° 188.1 110.7 188.1 6.60 3.05 478
G 1.3x10°3 383.3 148.4 383.3 8.71 525 1247
H 3x107 471.3 560.6 4713 23.49 768 11.71

In order to study the effect of annealing of ITO film in ZnO or Alq3/ZnO based UV
photodetectors, the J-V plots (corresponding to the dark and UV light) were drawn with respect
to the ITO and annealed ITO. The Fig. 8.8 and Fig. 8.9 show the semi-log plots of J-V
characteristics under dark and UV light representing the variation in the current density due to
annealing of ITO film. In all the graphs, black color graphs represent the current density of
pristine ITO based devices and red color graphs represent the current density of annealed ITO

based devices. From the Fig. 8.8 and Fig 8.9, it is clearly observed that the devices using
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annealed ITOs exhibit the improved current density than that of devices using pristine ITO. As
discussed in the earlier chapters the annealing of ITO up to 300 °C the quality of ITO film is
observed to be increased without affecting its surface and electrical properties [131]. The
crystallinity of the ITO film is increased with increasing the annealing temperature. There is a
distinct change in the surface morphology of ITO film annealed at 400 °C showing the grain-
like structure with increased roughness. The improved hole injection was also observed by
annealing of ITO film up to 300 °C under the normal ambient [131]. Thus, it is observed that
the improved ITO film quality (annealed at 300 °C) enhances the current densities and device
performances in pure ZnO or Alq3;/ZnO hybrid films based UVPDs [131,267,274]. The
improved crystallinity of ITO film at 300 °C may enhance the charge transport in ZnO and
Alqz/ZnO films, resulting improved photoresponses of UVPDs. The 300 °C annealed ITO film
may form the proper interface contact with the spin coated hybrid films, resulting in enhanced
charge transport and hence current densities in the UVPDs [241,263]. The UVPDs using
annealed ITOs also exhibit the fast growth and decay times when compared to that of UVPDs
using pristine ITOs (Table 8.2 and 8.3). The annealed ITO film may decrease the charge-trap
states in the films due to the large electric fields resulted in fast growth of current density
[147,267]. In the decay process the enhanced electric fields forcing the charge carriers for the
fast collection by the electrodes leading to the less photo persistent current and resulting in fast
decay time. It is observed that Alq3/ZnO hybrid thin films exhibit the improved photoresponses

than that of pure ZnO thin film-based devices.

8.4. Conclusion

The UVPDs based on spin-coated Alq3/ZnO hybrid thin films using annealed ITO at 300
°C improves the UV light detection when compared to that of UVPDs using pristine ITO. The
UVPDs using annealed ITO film exhibit the enhanced current density with increased charge

transport in the hybrid films. The annealed ITO film supports for fast responses (less growth
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and decay times) by decreasing charge trapped states in the hybrid films. The Alqs3/ZnO hybrid
films exhibit the improved electrical properties with increased carrier concentration and
mobility upon the incorporation of Alqs molecules in ZnO. The electron-only devices (EODs)
based on hybrid films reveal the effective electron injection with distinct rise in current density.
The UVPDs based on Alqs/ZnO hybrid films using annealed ITOs exhibit the improved
photoresponses for simple and cost-effective fabrication of UV photodetector devices to serves

as self-powered UVPDs.
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Chapter: 9

Summary, Conclusion and Perspectives for Future Work

This chapter summarizes and concludes all the results discussed on Alq3/ZnO hybrid thin
films and their application in UV photodetectors. It also summarizes the effect of annealing of
ITO film on hole injection/extraction in OLEDs/OSC:s. It concludes on ITO annealing strategy
to improve the optoelectronic device performances. This chapter summarizes the UV
photodetectors based on Alqs/ZnO hybrid thin films coated on glass, pristine ITO, and annealed

ITO substrates.

9.1. Summary of the Research work

This doctoral thesis research work has been carried out to explore the Alqs/ZnO hybrid thin
films and ITO annealing strategy for their application to improve the optoelectronic device
performances. The solution processed Alqs/ZnO hybrid thin films have been prepared by using
cost effective sol-gel derived spin-coating method. The Alqs solution was incorporated in ZnO
sol-gel precursor with 20, 40, and 60 vol.% to make 5 mL solution each and the corresponding
Algs/ZnO molar ratios are 0.5x107 (film b), 1.3x107 (film ¢), and 3x107 (film d) and pure
ZnO (film a). The thin films were coated using cost effective spin-coating technique. The
preparation methods, coating parameters, and annealing conditions were well optimized for
high quality uniform thin films. The Alq3/ZnO hybrid thin films exhibit the higher transmittance
of more than 80% in the visible region which is most advantageous property required for
optoelectronic devices. The incorporated Algqs molecules get adsorbed onto the grain
boundaries of ZnO along the (002) hkl plane, forming the Alqs capped ZnO particles. This
capping of Alqs controls the ZnO growth and form the ZnO nanoparticles with improved
crystalline properties. The increased optical band gap of ZnO with the incorporation of Alqgs

supports the formation of ZnO nanoparticles attributed to the quantum confinement effect. The
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pristine ZnO and Alq3/ZnO hybrid thin films exhibit hexagonal wurtzite structure with highly
textured c- axis orientation along (002) plane perpendicular to substrate. These highly textured
films were achieved using simple spin coating technique with proper optimization. The width
of the wrinkles on the surface of sol-gel derived ZnO thin films is observed to be decreased
upon incorporation of Algsz making the surface smooth with decreased roughness. This smooth
surface will make a proper interface contact with the adjacent layers which facilitates the charge
injection in the devices. The EDAX and XPS reveal that the Algqs molecules predominantly
present on the surface of film b. The XPS studies conform the incorporation of Alqs in ZnO
and corroborate that the Alq; molecules may be adsorbed onto the surface of ZnO nanoparticles
(chemisorption), showing the existence of chemical interaction between Alqs and ZnO in the
hybrid films. Raman studies reveal the sol—gel derived spin-coated ZnO thin film has hexagonal
wurtzite structure. The FTIR also conforms the incorporation of Alqs in ZnO by showing the
increase in carbonyl group (C=0) upon Alqgs incorporation. Importantly, the incorporation of
Alqgs enhances the band edge emission of ZnO. There is an energy transfer from Alqs to ZnO
via Carbonyl group in hybrid thin films by exciting the films with the wavelength from UV
region (324 nm). The increase in carbonyl group with the incorporation of Alqs facilitate the
energy transfer from Alqs to ZnO. The conductivity of the hybrid thin films was estimated using
Hall effect measurements and four probe setup and observed the increased conductivity of
hybrid thin films upon the incorporation of Alqgs. The electron-only devices (EODs) were
fabricated to study the electron transporting properties of Alqs/ZnO hybrid thin films. The
charge injection in EODs is observed to be enhanced with the incorporation of Algs in ZnO. It
is conformed that the Alqs incorporated ZnO thin films exhibit the improved electron
transporting properties which can be used as alternative electron transporting materials in the
optoelectronic device applications. Based on the enhanced PL emission in the UV region the
UV photoresponses of Alq3/ZnO hybrid thin films were verified by fabricating the UV

photodetectors. For the comparison of UV photoresponses the UVPDs were fabricated using
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glass substrate with simple device structure of glass substrate/ZnO or Alqs:ZnO/Al where the
Al electrodes are used for ohmic contacts. The UVPDs based on Alqi/ZnO hybrid thin films
exhibit the improved devices performances than the pristine ZnO based UVPDs. The current
gain, external quantum efficiency (EQE), and time constants are compared in Table 9.1. The
UVPD based on film b (Algs/ZnO molar ratio — 0.5x107) is showing the fast responses with
less growth and decay times.

The film b is chosen for Ni’* SHI irradiation to further improve the UVPDs performance.
The thin films were irradiated with the Ni’* SHI ion fluences of 5x10'!, 1x10'%, and 5x10'?
ions/cm? and the results are compared with the pristine (unirradiated) Alqs/ZnO film. The film
exhibits the decrease in transmittance with increasing ion fluences due to the scattering of light
photons by the ion tracks. The ion influence is not affecting the band gap, there is a slight
decrease at the higher ion fluence of 5x10'? ions/cm? attributing the quantum confinement
effect. The crystallite size is observed to be increased up to the ion fluence of 1x10'2ions/cm?
due to the release in stress in the crystalline planes with decreased dislocation density and lattice
strain. The ion fluence increases the roughness of the films by creating the ion tracks. The defect
level (DL) emission is enhanced with decreased near band edge emission for increasing the ion
fluences. The Vo and Zn; enhance the charge carrier density in the films. The sheet resistance
is decreased up to the ion fluences of 1x10'% ions/cm? revealing the improved conducting
properties of the Alqs/ZnO hybrid films with Ni SHI irradiation. The UVPDs also exhibit the
enhanced device performances up to the ion fluences of 1x10'? ions/cm? with fast responses
(Table 9.1).

In order to further improve the optoelectronic devices performances of OLED, OSC, and
UVPDs, the ITO annealing strategy is utilized. The ITO highly affects the charge
injection/extraction in the devices. We achieved the enhanced charge injection/extraction in the
devices and hence device performances by annealing the ITO anode film at higher temperature.

The ITO films were annealed at 200 °C, 300 °C, and 400 °C under the normal ambient for 1 hr.
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The quality of the ITO film is observed to be improved up to the annealing of 300 °C. Annealing
at 400 °C is highly affecting the ITO quality which decreases the transmittance, carrier
concentration, mobility, increases the roughness, resistivity and sheet resistance. Upto the
annealing at 300 °C the transmittance and crystalline properties improve without affecting the
electrical and surface properties much. The hole-only devices (HODs) were fabricated based
on annealed ITOs using the structure of ITO (pristine or annealed)(200 nm)/TPD(60
nm)/Al(120 nm). The enhanced current density or hole injection was observed upto the 300 °C
and then decreased for 400 °C annealing. The OLEDs were also fabricated based on annealed
ITOs using the device structure of ITO(pristine or annealed)(200 nm)/TPD(60 nm)/Alq3(60
nm)/LiF(1 nm)/Al(120 nm). It exhibits the enhanced electroluminescence (EL) emission upto
the annealing at 300 °C and it is drastically diminished for 400 °C annealed ITO.

In order to confirm the ITO annealing effect on OSCs, the OSCs were fabricated based on
annealing ITOs wusing the structure of ITO(pristine or annealed)/PEDOT:PSS(45
nm)/P3HT:PCBM(100 nm)/LiF(1 nm)/Al(120 nm). The ITO annealing characteristics were
studied by spin-coating the PEDOT:PSS onto the annealed ITOs as ITO/PEDOT:PSS bilayer
structure. The ITO/PEDOT:PSS bilayer films were exhibited the good transmittance of about
95% in the visible region and it is not affected by the ITO annealing. There is drastic decrease
in transmittance (increased absorption) in the UV region at 325 nm for 400 °C annealed ITO
revealing the decrease in band gap attributed to the quantum confinement effect. The crystallite
size of ITO/PEDOT:PSS bilayer structure was observed to decrease with decreased dislocation
density and lattice strain. There is no considerable change in sheet resistance by annealing the
ITO upto 300 °C and is increased at 400 °C. The spin coated PEDOT:PSS film onto the 400 °C
annealed ITO suppresses the wrinkle kind morphology and makes the surface smooth. The hole
injection properties of ITO/PEDOT:PSS bilayer structure were characterized by fabricating the
HODs using the device structure of ITO(pristine or annealed)(200 nm)/PEDOT:PSS(45

nm)/TPD(60 nm)/Al(120 nm). The current density is observed to be increased by annealing the
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ITO at higher temperatures. The increased crystallite size, smooth surface morphology, and
enhanced hole transporting properties attributed the improved interface properties of ITO(400
°C)/PEDOT:PSS bilayer structure. Even though the annealed ITO at 400 °C gives the lowest
performance in OLEDs it is giving the best performance in OSCs with bilayer structure. The
spin-coated PEDOT:PSS covers the wrinkle gaps by properly aligning with the 400 °C annecaled
ITO surface which is enhancing the interface properties for charge extraction of charge carrier
resulting in improved performance of HODs and OSCs.

It is conformed that the annealing of ITO at higher temperatures (300 °C) gives the
improved performance of the devices. Further an attempt is made to improve the UV
photodetection performances of Alqs/ZnO hybrid thin films by utilising the ITO annealing
strategy. The UV photodetectors were fabricated by spin-coating of pure ZnO or Alqs/ZnO
precursors onto the pristine or annealed ITO film. The UVPDs were fabricated using the
structure of ITO (pristine or annealed ITO at 300 °C)(200 nm)/ZnO or Alqs3/ZnO(~200
nm)/Al(120 nm). The ITO film is used to enhance the charge transport in pure ZnO or Alq3/ZnO
hybrid thin films. The UVPDs using ITOs (pristine or annealed) exhibit the several orders of
increased responsivity, detectivity, and EQE when compared with that of UVPDs without ITO
film (Table 9.2). On the other hand, the current gain of these devices is decreased when
compared to UVPDs without ITOs which is due to the higher dark current density of UVPDs
with ITO film. It is important that UVPDs using ITOs act like self-biased devices (giving the
responses at 0V) where the UVPDs using glass substrates are not respond at 0V. The UVPDs
using ITOs exhibit the fast responses than the devices made on glass substrates which may be

due to the decreased charge-trap states by ITOs.
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Table 9.1. Characteristics of UV photodetectors based on ZnO or Alqs3/ZnO hybrid thin films

using pristine and Ni’* SHI irradiated Alqs/ZnO hybrid thin films.

UVPDs based on ZnO or Alqs/ZnO UVPDs based on pristine and Ni’* SHI
Molar
hybrid films on glass substrates irradiated Alqs/ZnO hybrid film (b)

o ratio

£ EQE  Growth/Decay SHI Growth/Decay
g of EQE (%)

Gain (%) Time (s) Fluences gain Time (s)
Alqs3/ZnO x1073
x103 Tg ta  (ions/cm?) Tg Td

A 0 (Pristine) 330  3.46 4.8 17.2  Pristine 351 14.1 9.04 121
B 0.5x10° 384 8.54 6.5 13.9 5x10" 477 255 249  8.08
C 13x103 636 134 16.8 19.0 11012 543 432 4.67 5381

D 3x10° 706 18.1 15.7 20.1 5x10'2 260  8.13 375 6.63

Table 9.2. Characteristics of UV photodetector based on ZnO or Alq3/ZnO hybrid thin films

using pristine ITO and annealed ITO thin films.

UVPDs based on ZnO or Alqs/ZnO

UVPDs based on ZnO or Alqs/ZnO
hybrid films using annealed (300 °C) ITO
Molar hybrid films using pristine ITO films

films
§ ratio of ;
2 Growth/Decay z Growth/Decay
_ EQE _ EQE
Algy/Zn0O - - Time (s) Gain Time (s)
(%) (%)
Tg Td Tg Td

A O (Pristine) 91 135 6.73 1056 E 101 186 5.41 10.43
B 0.5x10° &5 349 5.48 8.35 F 110 640 3.05 4.78
C 1.3x107 111 568 8.51 1598 G 148 1300 5.25 12.47

D 3x107 480 901 7.36 1454 H 560 1600  7.68 11.71
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9.2. Conclusion of the research work

It has been concluded that the UV photodetection properties of Alq3/ZnO hybrid thin film
were found to be enhanced by incorporating the Alqs molecules in ZnO thin film. The Alqgs
molecules in Alqs/ZnO hybrid thin film transfer the absorbed UV energy to ZnO, resulting in
the enhanced NBE emission. The incorporated Alqs molecules adsorbed onto the grain
boundaries of ZnO and are forming the Alqs capped ZnO nanoparticles. The conducting
properties (carrier density and mobility) of ZnO thin film are observed to be enhanced upon
incorporation of Algs. The EODs show augmented current density for Alqs incorporated ZnO
film, revealing the efficient electron transporting properties in Alq3/ZnO hybrid thin films. The
Ni’”* SHI irradiated Alqs/ZnO hybrid thin film exhibits the enhanced PL emission related to the
Vo and Zn; which increase free charge carriers in the film. The SHI irradiation decreased the
sheet resistance of thin films upto the ion fluence of 1x10'2 ions/cm?. The UVPDs based on
Ni’* SHI irradiation reveal the enhanced device characteristics with increased current gain,
responsivity, detectivity, EQE, and fast growth and decay currents when compared with that of
unirradiated film based UVPDs. It is also concluded that the annealing strategy of ITO anode
film at higher temperatures improves the optoelectronic devices performance. The ITO
annealing at higher temperature enhances the hole injection in OLEDs, hole extraction in OSCs,
and charge transport in UVPDs. The annealing of ITO upto 300 °C improves the film quality
with enhanced crystallite size and conducting properties without altering the optical
transmittance. The improved ITO film quality forms the proper interface contact with the
adjacent layers, resulting in improved charge injection in OLEDs. The spin-coated PEDOT:PSS
solution onto the 400 °C annealed ITO aligned with the wrinkles and make the smooth surface.
The wrinkles increase the area of contact with the spin-coated PEDOT:PSS film which leads to
the proper alignment of ITO/PEDOT:PSS bilayers, resulting in effective charge extraction in
OSCs. The fabricated HODs based on annealed ITO film conform improved charge

injection/extraction in the devices with reduced barrier potentials at the interfaces. The UVPDs
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based on ZnO or Alq3/ZnO hybrid thin films made on ITO film show the higher current density
in the order of amperes whereas the devices made on glass substrate exhibit milliampere
currents. The drastic enhancement in the current density is due to the improved charge transport
in hybrid thin films made on ITO film. The devices using ITO film also exhibit the fast UV
responses which may be due to the decreasing of charge traps at high electric fields. The UVPDs
have been used as self-powered devices which work at zero bias. The annealing of ITO at higher
temperature may improve the interface properties at ITO/Alq3:ZnO, leading to further
strengthening of electric fields for enhanced current densities. This suppresses the charge traps
effectively resulting in much fast responses of device using annealed ITO film. Hence, it is
concluded that the Alqs/ZnO hybrid thin films serve as alternative and cost-effective electron
transporting materials in hybrid material based optoelectronic devices certainly. The ITO
annealing strategy is found to be one of the best methods to improve the anodic properties and
also optoelectronic device performances. The UVPDs based on Alq3/ZnO hybrid thin films

could be the cost-effective devices for the improved UV light detector applications.

9.3. Future research work

It is to be further continued as future research work that utilizing Alqs/ZnO hybrid thin films
as alternative electron transporting layer in OLEDs and OSCs and achieving the improved
device performances. Further to optimize the Alq3/ZnO hybrid thin films for developing
solution processed OLEDs and OSCs for commercial applications. It is proposed to utilize the
strategy of ITO annealing for improved performances of Alqs/ZnO hybrid thin film based
optoelectronic devices for the improved device performances. It is suggested to explore the
novel organic/ZnO or organic/inorganic compounds for efficient energy transfer and charge
transport for their applications in the future cost-effective solution processed optoelectronic

devices.
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