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ABSTRACT

One of the ways to sense this colourful world is by sensing different
wavelengths of light emitted or reflected by different objects. Presently,
photodetectors are crucial devices widely used to convert the emitted
photons into electrical energy. In recent times, there has been im-
mense emphasis given to fabricating photodetectors with wavelength
tunability. The research on semiconductor-based photodetectors with
UV-C (200 nm-280 nm), wideband [i.e., UV-C to near-infrared (NIR)
(up to 1000 nm)], and multi-band or dual-band spectra has been given
immense importance for a wide range of applications by the scientific
community. A common approach for fabricating broadband photode-
tectors is to form heterojunctions between the high and low-bandgap
semiconductors. Recently, high-performance photodetectors based on
hetero-junctions of perovskites and 2D materials with other semicon-
ductors, such as ZnO, NiO, etc., have been reported. However, these
semiconductors have certain associated disadvantages, viz., instability
of perovskites in the ambient environment and a dearth of a facile tech-
nique for the synthesis of graphene (other 2D material systems). There-
fore, solution-processed metal-oxide-based photodetectors possess ma-
jor advantages, viz., facile and low-cost synthesis process and stability
toward the ambient environment.

Generally, metal-oxides are intrinsically n-type semiconductors and
for device fabrication, incorporation of p-type character through doping
poses certain challenges such as self-compensation, instability, and re-
producibility. Therefore, CuO has gained the attention of the research
community due to its intrinsic p-type character that has been utilised
for optoelectronic applications and possesses both an indirect bandgap
(1 eV-1.4 eV) and a direct bandgap (2 eV-4 eV). The range of bandgap
offered by pristine CuQO can be utilised to tune the optoelectronic prop-

erties, and further, it can be made useful in different optoelectronic



applications.

The performance of the photodetector is graded on the basis of cer-
tain parameters such as responsivity, sensitivity, and detectivity, which
should desirably be at higher values, and the transient response should
be faster. Lately, the sluggish response of the device has found future
applications in optical memory and neuromorphic computation. One
of the reasons for the slow response of photodetector is a phenomenon
known as persistent photoconductivity (PPC).

Bandgap engineering is a technique that has been utilised to tune
the bandgap of semiconductors to improve the device performance of
solar cells, photodetectors, LEDs, gas sensing, biosensing, etc. There
are several methods, such as doping, alloying, and morphological modi-
fication, which have been used to tune the bandgap of a material. How-
ever, techniques such as doping and alloying are complex processes, and
therefore, morphological modification is the right option for tuning the
optical bandgap of CuO.

In this thesis, we have employed hydrothermal techniques to syn-
thesise bandgap tunable CuO semiconductors and fabricated UV-C,
broadband, and NIR photodetectors. The smooth CuO thin-film-based
UV-C solar-blind photodetector was fabricated, and its performance
was improved by fabricating a nanostructures-based device. A unique
phenomenon of persistent photoconductivity was employed to achieve
a set and reset mechanisms for optical memory application.

Lastly, a morphological transition engineering technique was devel-
oped for the synthesis of CuO nanostructures. This technique was em-
ployed to improve the performance of the CuO smooth thin-film-based
photodetector.

i
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Chapter 1

Introduction

1.1 Photodetector

The consciousness towards the universe is possible by sensing it. One
of the most prominent sensory organs in living beings is the eyes. The
eyes capture the light incident on it. The captured lights are converted
into electrical signals and transmitted to the mind to be processed into
meaningful information. The mind interprets different wavelengths of
light corresponding to their colour.

Therefore, the means to sense this colourful world is by sensing
the different wavelengths () of light emitted or reflected by different
objects. The device which converts the photons into electrical energy
is known as a photodetector (PD). Semiconductor-based PDs find wide
usage because of their advantages over others, including their simple
design, compact size, and miniaturisation ability. PDs are made from
various semiconductors, including Si, GaAs, GaN, ZnO, Gay0O3, etc.
The working spectrum of the device is determined by the semiconductor
selection and its bandgap. Henceforth, the devices’ spectrum offering
plays a crucial role in deciding their applications, such as imaging,
missile detection, fire detection, optical communication, etc [1-3].

Depending upon the sensitive range of the PD in the electromagnetic

1
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spectrum, PDs can be classified as:

IR Photodetector: The electromagnetic spectrum’s infrared
(IR) region is from 750 nm to 1 mm wavelength. The PD working
in this region is known to be an IR PD. The whole IR region has
been further divided into three regions: near-IR (NIR, 750 nm to 3
pm), mid-IR (MIR, 3-15 pum), and far-IR (FIR, 15 pum to 1 mm).
The IR PDs have been widely used in modern multifunctional
technologies such as thermal imaging, biomedical imaging, night

vision, information communication, and military [4-5].

Visible Photodetector: The visible light falls in the range from
400 nm to 750 nm, and the PD active in this region is known as
visible light PD. The application of visible light PD has been in

telecommunications, video imaging, and artificial vision [6,7].

UV Photodetector: The PD is sensitive to ultraviolet (UV)
light, which falls in the range from 10 nm to 380 nm wavelength.
UV photodetection has applications in ozone layer monitoring,

flame detection, missile tracking, and terrestrial communication

8, 9].

Semiconductors are materials with a bandgap of 1 eV to 6 eV.

PDs based on semiconductors work on the phenomenon of conductivity

change of the semiconductor when exposed to the light source of the

appropriate wavelength. Here, the choice of the proper wavelength of

light depends mainly on the semiconductor’s bandgap. Before further

discussion, below are a few terminologies defined:

Valence band: The valence band of the semiconductor is the
available set of ground energy states of electrons confined by the

highest allowed energy states, which is called the valence level

2
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(E,). The electrons in this band do not participate in the con-

duction of electricity.

e Conduction band: The conduction band of the semiconduc-
tor is defined by the available excited energy states of electrons
confined by the lowest allowed energy level, which is called the
conduction level (E.). The electrons of the conduction band are

free to move and participate in the conduction of electricity.

e Bandgap: The difference between the conduction band level
and valence band level is called the bandgap of a semiconduc-

tor (E,=E.-E,).

The basic working of semiconductor-based PDs is based on the phe-
nomenon of change in conductivity of the active area of the device in
response to the light source. As the appropriate wavelength of light
falls on the semiconductor, the valence band electrons get excited to
the conduction band, resulting in enhanced conductivity. Figure 1.1
(a) shows the PD device schematic when the bias is off in the dark con-
dition with the semiconductor energy band levels. In this condition,
there will be scant free charge carriers, and hence, the conductivity of
the semiconductor will be lower. As light falls on the semiconductor,
the electrons from the valence band are excited to the conduction band,
leaving behind holes in the valence band (Figure 1.1 (b)). Now, as the
bias applies across the metal electrodes, there will be a flow of charge
carriers due to the potential gradient (Figure 1.1 (¢)).

The performance of a PD is evaluated on the basis of the figure of

merit of the device as defined below:

e Photoresponsivity (R(\), mA/W): It is the amount of pho-
tocurrent generated per unit incident light power. The following

equation is used for the calculation of photoresponsivity:

3
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Figure 1.1: PD schematic and energy band levels of semiconductor a)
without any external bias or photo-excitation, b) without any external
bias and photo-excitation, and c) applied with external bias and under
photo-excitation.

(Lpn — 1a)

R\ = —————= 1.1
() = 2 (1)
where I, is the current after illumination with light of wavelength
k, I; is the dark current, and P is the power of light incident on

the device.

e Photosensitivity (S()\): It is the ratio of photocurrent gener-
ated to the dark current of the device and given by the following

equation:

[ph — [d>

s = ¢ i’ (1.2)

e Specific detectivity (D*, cmHz’W~! or Jones): It is the
smallest detectable signal, equivalent to noise normalised to a
bandwidth of 1 Hz and an area of 1 cm? (Ref. 11) and is given

by the following equation:
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D= RO\ (1.3)

(2q1a)

where A is the area of the channel region, and q is the electronic

charge.

e External Quantum Efficiency (EQE, %): It is the number of
photonically generated charge carriers reaching to the electrodes

per photon incident. It is given by equation (4):

hCIph

EQF =
@ eAP

(1.4)

Further, the categorisation of the PDs is done based on the nature
of the photo-response curve. Here, the photo-response curve of the
PD is the plot of the values of the particular parameter against the
corresponding wavelength of the incident light, which is called the PD
response curve. These specific categories of PDs have niche applica-

tions.

1.1.1 Classification of photodetectors
Device architecture-based classification

Based upon the basic device architecture or configuration, the PD de-

vice can broadly have the following types:

e Plannar symmetric electrode PD: These have a simple archi-
tecture device configuration. The light-sensitive semiconductor
active layer is sandwiched between two electrodes side by side in

the planar configuration, as shown in Figure 1.2 (a).

e Lateral electrodes PD: The light-sensitive semiconductor ac-
tive layer is sandwiched between two electrodes in the lateral con-

figuration (Figure 1.2 (b)).
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a) b)

Figure 1.2: Schematic for basic device architecture a). planar or lateral
electrode, and b). vertical electrode configuration, respectively

Device physics-based classification

The PDs can be fabricated by selecting different combinations of
semiconductors and electrodes. These combinations of materials
give rise to different underlying device physics. Therefore, based

on the device physics, the following are the classifications of PDs:

Photoconductor: The photoconductor configuration consists of
two symmetrical ohmic contacts deposited over the active layer
of the device. An external bias voltage is applied to drift the
photo-excited electrons and holes towards their respective elec-
trodes, which leads to the flow of photocurrent. Usually, one
type of photo-excited charge carrier is trapped by a variety of
defects or trap states in the bandgap of the active layer, which
significantly increases the lifetime of the charge carriers and fa-
cilitates the recirculation of other charge carriers in the external

circuit, resulting in higher responsivity.

Photodiodes: The photodiode consists of a pn junction between
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a p-type and n-type semiconductor or a Schottky junction be-
tween a semiconductor and metal. The built-in the electric field
at the interface drifts the photo-excited charge carriers in op-
posite directions, towards their respective electrodes to generate

photocurrent.

e Phototransistors: Phototransistors are generally used as opto-
electronic amplifiers and switches in which the output signal can

be amplified and modulated by incident light.

Spectral response-based classification

The characteristic response curve corresponding to the wavelength of
incident light on the PD is used to classify them. Based on the nature
of the response curve, the PD can be classified into the following cate-

gories:

e Broadband photodetector: Broadband photodetectors are those
devices which are sensitive to larger sets of wavelengths with a
single flat band response curve. Figure 1.2 (a) shows a schematic
of a broadband response curve sensitive within the band from \;
to Ao. These devices have varied applications in machine vision,

artificial eyes, and telecommunication [10].

e Multiband or dual-band photodetector: When the sensitiv-
ity of the photodetector is within two or more bands of wave-
length, it is a multiband or dual-band photodetector. The re-
sponse curve of the device has multiple bands of sensitivity (Fig-
ure 1.2 (b)). These photodetectors have applications in environ-

mental monitoring and machine vision [11].

e Solarblind photodetector: Solarblind PDs are immune to solar

interference by rejecting the light with A>280 nm. Due to immu-

7
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Figure 1.3: Response curve schematic representing a). broadband, b).
multiband or dualband and ¢) solarblind photodetectors.

nity from background noise, solar-blind deep-ultraviolet (DUV)
PD performance is better compared to other PDs with similar fig-
ures of merit [12]. These PDs have potential applications in satel-
lite communication, UV astronomy, military defence, and flame

and missile plume detection [13].

Currently, Si-based photodetectors and photomultipliers are gener-
ally used as commercial UV, visible and NIR photodetectors due to
their extremely mature processing techniques and per unit low-cost
manufacturing. However, due to the smaller bandgap of 1.1 eV to 1.3
eV, intrinsic Si can only be used for detection in the visible and near-
infrared (NIR) spectral range. Silicon-based devices also have low in-
trinsic quantum efficiency and poor robustness. Additionally, with the
continuous evolution of technology, the demand for high-performing
photodetectors have been increasing in diverse applications. Moreover,
conventional Si-based photodetectors could not fulfil the requirements
of emerging portable and wearable optoelectronic technologies, such
as low manufacturing cost, transparency and flexibility. Therefore, to
satisfy the need for modern UV photodetectors, wideband metal ox-
ide semiconductors like WO3, SnO,, NiO, ZnO, Nby,O5 and Ga,O3 etc.
have been explored. The wide bandgap semiconducting materials ex-

hibit strong radiation hardness and high thermal and chemical stability:;

8
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therefore can be used in a harsh environment.

1.2 Cupric Oxide (CuO)

Cupric oxide (CuO), which is derived from the abundantly available
copper in the Earth’s crust, has garnered significant attention in tran-
sition metal-oxide research due to its intriguing characteristics as a
p-type semiconductor with a small bandgap (1.2 eV in bulk) [1]. More-
over, CuQO is fundamental to various high-temperature superconduc-
tors, and as a component of extensive magnetoresistance material, it is
a thoroughly researched material system [15-22]. Due to its high theo-
retical capacity, safety, and environmental friendliness, CuO nanostruc-
tures are also regarded as electrode materials for advanced rechargeable
lithium-ion batteries [23]. Perhaps CuO has potential applications in
gas sensors, bio-sensors, solar cells, field emissions, supercapacitors, re-

moval of inorganic pollutants, and magnetic storage media [24-30].

Although CuO has been explored for the above-mentioned applica-
tion, its characteristics for optoelectronic applications have been com-

paratively less explored. It has been

1.2.1 CuO lattice structure

The electronic shell configurations of Cu and O are [Ar]|3d'%4s' and
[He|2522p*, respectively. CuO is a transition metal-oxide with a mono-
clinic crystal structure [1, 34]. Figure 1.3 shows the crystal structure in
which one Cu atom is coordinated by four coplanar O atoms forming
a parallelogram, while O is coordinated by four Cu atoms forming a
distorted tetrahedron. The dimensions of unit cell are a=4.7, b=3.4,

c=5.1, $=99.5°, Cu and O bond length=1.96 [35, 36].

9
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Figure 1.4: Monoclinic lattice structure of CuO.

1.2.2 Band structure and optoelectronic properties

of CuO

Although CuO has been known among transition metal-oxides since
earlier, its convincing electronic band structure has been scantly re-
ported [36]. CuO falls under the category of compounds known as Mott
insulators, where general band theory fails. There have been some pre-
liminary theoretical studies to predict the electronic band structure,

but their results could not verify the experimental results [35, 37, 38|.

1.2.3 Magnetic property

The bulk transition metal monoxides, including MnO, FeO, CoO, NiO,
and CuO, are all antiferromagnets, where CuO occupies a special place
because of its unique magnetic properties. Unlike MnO, FeO, CoO,
and NiO, CuO has a low-symmetry monoclinic crystal structure and a
magnetic susceptibility temperature behaviour that is unusual for 3d

antiferromagnets.

10
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1.2.4 Transport mechanism

The polaron hopping mechanism is predominantly found responsible
for charge transport in CuO semiconductors at room temperature. In
this type of transport mechanism, the mobility of the charge carriers is
very low. However, due to the higher concentration of defects in CuO,
the concentration of holes is prominently high [39-41].

Defect-induced thermal activation and space charge limited current
(SCLC) are the transport mechanisms responsible at room temperature

39, 42].

1.3 Challenges

In today’s perspective, to cater to future applications, there is a quest
for semiconductors which offer a wide range of bandgaps upon which
different PDs could be fabricated. However, tuning the bandgap of
semiconductors for specific applications is done either through doping
of semiconductors or sandwiching of two semiconductors with differ-
ent combinations of bandgaps [12, 30, 32]. Although these are well-
practised methods, they are associated with the problem of synthesis
process complexity. Alternatively, tuning the surface morphology of
the semiconductor can be used to modify the bandgap effectively [32,
33].

Metal-oxide semiconductors offer various morphology nanostruc-
tures suitable for tuning the optoelectronic properties.

Very little study on the band structure of CuQO; therefore, only re-
cently has it gained attention concerning its optoelectronic applications.
CuO has a direct bandgap transition (1.2 eV) as well as an indirect
bandgap (2 eV) transition. Initially, it was largely believed that CuO
could only have a bandgap as large as 3 eV. However, Palker et al.

reported size-dependent phase transition in CuQO, and they argued that

11
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at smaller sizes Cu,O phase was more stable. Further, as different re-
search groups reported, the synthesis of CuO nanostructures with the
absorption bandgap varied from the NIR to the visible to the UV region
[43-46].

Usually, researchers have used basic 1D nanostructures such as
nanorods, nanopillars, nanocolumns, nanotubes, etc., for the devel-
opment of photodetectors, which eventually could not generate high
sensing responses due to their low charge transportation efficiency and
several other factors. Therefore, it has become quite critical to synthe-
sise more complex nanostructures that could provide a larger surface
area and better charge transportation between the electrodes at lower
fabrication costs. However, developing such a high-responsivity and
low-cost broadband photodetector is still a big challenge.

Therefore, for the development of UV-C to visible and NIR light
detection, the development of tunable bandgap nanostructures over the
glass substrate is highly likely. For the adhesivity of CuO over the glass
substrate, the seed layer-assisted growth is required.

As several reports suggest the deep UV absorption [45, 46|, the
demonstration of CuO-based solar-blind UV-C photodetector can pave
the way for attracting the interest of the scientific and engineering
community to carry on further research on optoelectronic properties

and applications of CuO.

1.4 Review of past work

CuO has both indirect and direct bandgap transitions with 1.2 eV and
2 eV E, values. However, the E; of the CuO has been reported widely
from 1.2 eV to 3.02 eV for nanostructures. The highest E, is reported as
high as of 4.13 eV for CuO quantum dots. Therefore, there are enough
reports suggesting the tunability of the bandgap in CuO depending

12
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upon the synthesising process, morphology, and size of the nanostruc-
ture.

The 1-V characteristics of the single CuO nanowire photodetector
device were measured in a dark room and under white illumination with
different light intensities. The conductance exhibits a relative increase
of 25-87% for light intensities from 1.62 mWcm ™2 to 45 mWem ™2, re-
spectively. Remarkably, an IR photodetector based on CuO nanowires
has been successfully fabricated and investigated by Wang et al. [94]
reported a visible light photodetector made of mesoporous CuO dan-
delion structures synthesised by a simple template-free hydrothermal
route. Therefore, the present status of the CuO-based photodetector
indicates that it can be explored for varied wavelength-tunable devices

sensitive from NIR to UV-C spectral region.

1.5 Objectives of this work

The main objective of this work is to develop and utilise the direct as
well as indirect bandgap of CuO to fabricate high-performance UV-C,
broadband and NIR photodetectors. The goals of this work in detail

are as follows:

1. To control and tune the morphology of CuO nanostructures of
hydrothermally grown ZnO nanostructures for the fabrication of

UV-C, broadband and NIR photodetectors.

2. To fabricate a smooth thin-film-based UV-C solar-blind photode-
tector and investigate the persistent photoconductivity (PPC) ef-
fect.

3. To develop a high-performance nanostructure-based UV-C solar-

blind photodetector.
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1.6

To develop an environmentally benign technique for the synthesis
of CuO nanostructures for the improvement of the device’s per-

formance.

Organisation of the thesis

. Chapter 1 includes the introduction to a different class and the

working principle of a photodetector. A detailed discussion about

the material properties and transport mechanisms has been done.

Chapter 2 discussed the material and the deposition process
used during this work. Further, the different structural and opti-
cal techniques used for device characterisation have been briefly

discussed.

Chapter 3 discusses the hydrothermal growth to control and
tune the CuO nanostructures by using additives in the precursor
solution. The fabrication of UV-C, broadband and NIR photode-

tectors has also been discussed.

Chapter 4 has demonstrated CuO thin-film-based UV-C solar-

blind photodetectors with the investigations on PPC effect.

Chapter 5 has developed a high-performance nanostructure-

based UV-C solar-blind photodetector.

Chapter 6 has developed an environmentally benign technique
for the synthesis of CuO nanostructures and demonstrated its

usage for the improvement of the device’s performance.

Chapter 7 is the conclusion of the work that has been presented
in the thesis and a small description of the future scope of this

work.

14
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1.7 Thesis Contributions

The key contributions of this thesis are to (i) exploration new optoelec-
tronic CuO-based device applications, (ii) tune the bandgap of CuO for
the fabrication of UV-C, broadband, and NIR photodetector, (iii) fab-
ricate CuO-based UV-C solar-blind photodetector as well as improve
its performance to comparable levels with devices based on other es-
tablished wide-bandgap semiconductors for UV-C photodetection, (iv)
developed PPC photonic set and reset mechanism for optical memory
application, and (v) developed an environmentally benign technique
for the post morphological transition engineering for transforming CuO

thin-film to nanostructure.
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Chapter 2

Experimental methods and

characterisation techniques

2.1 Introduction

Several key points need to be considered for the development of pho-
todetector devices, like the selection of proper material, the material
synthesis and deposition processes and the characterisation techniques
used to evaluate various device parameters. This chapter discussed a
variety of materials employed in the presented research work. Further,
it describes various material synthesis and nanostructures fabrication
processes. After that, different characterisation tools used throughout
the work are discussed in detail. This chapter discusses the synthesis
methods of the CuO semiconductor and the other experimental details.
Further, to investigate the phase purity and other properties of the
semiconductor, different spectroscopic techniques such as XRD, Raman
spectroscopy, Field emission secondary electron microscopy (FESEM),
UV-vis absorption spectroscopy, and X-ray photoelectron spectroscopy
(XPS) were performed. Upon optimisation of the CuO semiconductor
synthesis process, the photodetector device was fabricated. Electrodes

of the devices were deposited by the thermal evaporation technique
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(physical vapour deposition). The electrical characterisation of the de-
vices was first performed, followed by optical characterisation. The
experiments and characterisation techniques followed are discussed in

the following subsections.

2.2 Materials used for device fabrication

The device’s physics is governed by the materials used for the fabrica-
tion; therefore, choosing the proper materials is the criterion for efficient
device performance. The selection of the materials for the active layer
of the device is done in such a manner that satisfies the necessary con-
ditions of the energy bandgap, energy levels, and absorption spectra
peaks. For the design of different types of photodetectors, it is deci-
sive to select the material capable of offering different bandgaps and,
accordingly, having strong absorption for the particular set of wave-
lengths. All the materials are used as it is acquired from the vendor

without any further treatment.

2.2.1 CuO

Copper Oxide (cupric oxide, CuO) is a metal oxide semiconductor with
excellent electrical, optical and magnetic properties. It has a monoclinic
crystal structure with a varied bandgap ranging from 1 eV to 4 eV.
As the CuO semiconductor has an intrinsically variable bandgap, it
is potentially applicable for a large electromagnetic spectrum (NIR to
UV). For the sake of device fabrication, the CuO semiconductor was

deposited over the glass substrate through the hydrothermal process.
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2.2.2 Gold (Au)

Au is a noble metal usually used for making electrical contacts in de-
vices since it is non-reactive in ambient conditions. As Au has a work
function of 5.1 eV, it is widely used to make ohmic contact with CuO
semiconductor-based devices. PVD technique was employed to deposit

it, and the boiling point was 2700 °C.

2.2.3 Copper (Cu)

Cu is a relatively low-cost metal that has been used to form contact with
CuO semiconductors. It has a work function of 4.7 eV. It is deposited

by the PVD technique and has a boiling point of 2600 °C.

2.3 Substrate preparation

2.3.1 Glass substrate cleaning process

Substrate cleaning has been regarded as one of the most basic and crit-
ical steps for device fabrication. This is because commercially available
materials are contaminated with different kinds of impurities. During
the process of manufacturing, packaging and transportation, the sur-
face of substrate material gets congregated by the layers of organic and
inorganic impurities. However, for the purpose of device fabrication,
the quality of semiconductor deposition has to be ensured. Even the
smallest traces of contamination lead to undesired distortions and de-
fects in the crystal lattice. Therefore, a multi-step cleaning process has
to be followed to eliminate all undesired contaminations from the sur-
face of the substrate.

In this work, commercially available borosilicate glass has been used
as a substrate since it has properties such as a smooth surface, chemi-

cally inert in ambient conditions, and transparent to visible light. For
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the device fabrication, 1.5 cmx1.5 cmx0.1 cm pieces of glass were
cleaned to ensure the surface of the glass substrate is rid of all im-
purities. To clean the samples, they were dipped in an ultrasonic bath
of acetone, isopropanol and deionised (DI) water, respectively, for 10
min each. Then, the samples were allowed to dry in ambient air in a

clean environment.

2.3.2 Deposition of CuO over glass substtrate

The hydrothermal process is a chemical-based approach for synthesising
nanostructured semiconductors at controlled temperature and pressure
in solution. Nowadays, the hydrothermal technique has been as much
evolved as it is utilised in niche applications to synthesise good quality
semiconductors. Throughout this work, hydrothermal technique has

been used to deposit CuO over the substrate.

a) o < ib) ,
Cu(CH;C0O0), (5.5 mM) + H,O : ’\\\s
: )
! Spincoated
- .
Stired at 600 rpm . aqueous
for 4 hr : / Copper acetate
: o coated on glass
substrate

d) Cu(NO;), - Cu?*+ 2NO,: c)
(CeH15N,)+6H,0" :
LLLLLLLLLLLLL ST GHCHO + 4NHZ
T NH; + H,0 NH,* + OH:
Cuz*+20H- - Cu(OH), : Annealed at 250 °C

Cu(OH), —> CuO +H,0 E for 30 min

MnO, +2H,0+3e —> : A CuO

MnO, + 40H-:uniform seed
4MnO; +40H- —> i layer

Figure 2.1: Schematic representation of the growth process: a) seed
solution preparation technique, b) spin coating of seed solution over the
glass substrate, ¢) annealing of the sample for seed-layer deposition and
d) solution-process for nanostructure growth over seed-layer deposited
glass substrate and involved chemical reactions.
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Deposition of CuO thin-film

For the deposition of CuO thin-film over the glass substrate, a solution
of copper acetate (Cu(CH3COO),, Sigma-Aldrich, 99% purity) in the
DI water of concentration 2 M is prepared by continuously stirring the
solution for several hours. The obtained solution was spin-coated over
the substrate and annealed in an ambient oven at 200 ° C for 30 min.
Figure 2.1 (a-c) represents all the above steps. A black colour organic
residue is removed from the top of the sample by washing it in DI water.
After drying the sample, a transparent and smooth thin-film of CuO is

left over the glass substrate.

Growth of CuO nanostructures

For the growth of CuO nanostructures seed-layer assisted hydrothermal
technique has been followed. The thin-film deposited over the glass
substrate in the previous step has been used as a seed-layer for the
further growth of CuO nanostructures. In the process of the growth
of all types of nanostructures, discussed later, the precursor solution
composition and growth temperature were the same. Precursor solution

was

Growth in pristine solution Seed-layer assisted hydrothermal growth
of the CuO nanostructures over the glass substrate was performed in
the pristine solution of copper nitrate (Cu(NOj3)s, Sigma-Aldrich, 99%
purity) and hexamethylenetetramine ((CHs)gNy4) in deionised water.

The respective concentrations of copper nitrate and hexamethylenete-

tramine (HMTA, (CH3)gNy, Sigma-Aldrich, 99% purity) are

Growth in solution with additive For the growth of CuO nanos-
tructures, the seed layer-assisted hydrothermal growth technique is

used. The thin-film deposited using the technique mentioned previ-
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ously is used as the seed layer for the further growth of nanostructures.
For the pristine growth, a precursor solution of copper nitrate and
hexamethylenetetramine. To tune the growth of CuO nanostructures,
different concentrations of KMNQO, were used as an additive while the
precursor solution remains the same as mentioned above. Different mor-
phologies of CuO nanostructures were obtained by varying the KMnQOy,

concentration from 0.1 mM to 50 mM.

Morphological transition in CuO thin-film

The catalytic activity of Cu*? in dissociation of hydrogen peroxide
(H203) has been used for the morphological transition in CuO thin-film.
In this experiment, the CuO thin-film sample synthesised by the same
previously mentioned method was used for further synthesis. A few
drops of concentrated HyOy was disperssed over the sample uniformaly.
Further, the sample was allowed to get dry in the ambient oven. These
simple steps were followed to achieve the morphological transition in

the CuO thin-film.

2.4 Sample characterisation

2.4.1 Field emission scanning electron microscope

(FESEM)

FESEM is a non-destructive instrumentation tool primarily used to

investigate the morphology of the surface at the microscopic level.

2.4.2 X-ray diffraction (XRD) spectroscopy

X-ray diffraction (XRD) is a powerful, reliable, simple and non-destructive
technique to determine the crystal structures, lattice constants, orien-

tation of single crystals, defects, stresses and the chemical composition
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of the material. The wavelength of incident electromagnetic radiation
onto the substrate is of only a few angstroms (ranging between 0.7-2
A), i.e. the order of lattice spacing. In order to analyse a thin film or
powder sample, a monochromatic X-ray beam is directed at the sample,
and a detector is placed at the opposite angle of incidence. There are
different metals like Cu, Co, Mo, Cr, etc., which can be used as a cath-
ode for X-ray generation. In our work, Cu has been used as an X-ray
source, as its wavelength is close to the lattice parameters of ZnO, with
ease of cooling and availability of standard data. Generally, the X-ray
incident angle (26) is varied from 10° to 90°, and the diffracted light in-
tensity is measured from a detector to obtain a diffraction intensity plot
with respect to different angles of incidence. Diffraction peaks occur
only when constructive interference takes place between the reflected
X-rays. The condition for constructive interference is given by Bragg’s

law, defined as:

nA = x2dsin(0) (2.1)

where, n = Order of refraction A = X-ray wavelength d = spacing

between atomic planes § = Angle between X-ray and scattering planes

The relative intensity of diffraction peaks depends on the type and
arrangement of the atoms in the crystals [80]. The peak positions are
compared with the standard JCPDS files of the material, and based on
the shift in peak position or broadening in the peak, useful information
about the crystal lattice is obtained. In this work, a Rigaku D/Max-
2000 PC diffractometer was used, using CuKa radiation (A= 1.54056
A) at an X-Ray source operating voltage of 40 kV in the 260 range of

30°— 80° at a scanning rate of 2°/min.
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Figure 2.2: Schematic representation of XRD characterisation.

2.4.3 Ultraviolet-visible (UV-vis) absorption spec-

troscopy

When electromagnetic waves incident on a matter, a variety of phe-
nomena could take place like scattering, reflection, transmission, ab-
sorption and fluorescence/ phosphorescence. The incident wave would
be absorbed by the matter when the energy of the wave is equal to or
greater than the bandgap of the matter. The schematic of the operation
of a typical UV-Vis spectrophotometer is shown in Figure 2.5. As the
light is incident on the sample, it would transmit through the sample
or be absorbed by it. Therefore, the amount of light absorbed by the
sample could be calculated as the difference between the incident light
intensity (I,) and the transmitted light intensity (I). Quantitatively,

absorbance is described by the equation:

A= —logT = —log (Ii)] (2.2)

o

In the above equation, A is absorbance, T is transmittance, I, and I
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are the intensity of the incident light and the transmitted light, respec-
tively, at a given wavelength. The absorbance A of a material is a di-
mensionless quantity. In general, a UV-Vis spectrophotometer consists
of a broadband light source such as a tungsten-halogen or deuterium
lamp, a dispersion device for the separation of different wavelengths
and a detector to convert visible light intensity into an electrical sig-
nal. Firstly, the absorption of the bare substrate has been taken as
a baseline, which would be subtracted from the sample data to ob-
tain the absorption data of the sample only. The monochromatic light
coming from the dispersion device is passed through a beam splitter,
which would split the beam and now one beam fall on the sample and
another one falls on the reference cell. The light transmitted through
the sample and reference cells is detected and recorded by the detec-
tors. Absorption results of thin films are obtained by subtracting the
reference spectra from the substrates. Absorption of the materials also
depends on the sample thickness, which is given by the Beer-Lambert

law:

I(3) = LX exp—(a)(V)(d) (2.3)

Where I, is the incident light intensity, « is the absorption coeffi-

cient, and d is the thickness of the sample.

All absorption spectra included in this thesis were measured with a
Varian Cary 300 UV-Vis spectrophotometer. Optical UV-Visible (UV-
Vis) absorption measurements were taken within the wavelength range
of 300-800 nm in normal incidence mode from ZnO honeycomb struc-
tures, nanorods, thin film and nanocolumns grown over glass substrates.

Cleaned glass samples were used as a reference.

Low scattering of incident light by the solid thin film facilitates the
calculation of bandgap (Eg) for the absorption data. However, in the
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case of powder, nanostructures, or colloidal samples, where the scatter-
ing phenomenon is more dominant due to a large surface area, the dis-
persed light is also counted as absorbed light and is not distinguishable
from each other. Therefore, to overcome these difficulties in the mea-
surement of absorption spectra, diffuse reflectance spectroscopy (DRS)
has been used, which is based on the theory proposed by Kubelka and
Munk.

This theory uses diffuse reflectance measurements to estimate the Eg
values with good accuracy when the material scatters perfectly diffusely.
The diffuse reflectance R is related to the Kubelka-Munk function F(R)
by eq. (2.3):

F(R) = % (2.4)

Where R is the percentage reflectance from the sample. The graph
of [F(R)xE]? versus energy E in electron-volt is used to measure the
bandgap of the material. An attachment to a UV-Vis spectrometer
has been used to measure the diffuse reflectance. Here an integrating
sphere detector (Fig. 2.6(b)) is attached to Cary 60 (Agilent) UV-Vis
instrument (Fig. 2.6(a)).

In Cary 60 white lamp source (xenon lamp) is used and the grating
is used to select monochromatic wavelength. Here in this setup, the
initial beam split into two parts, one is taken as a reference beam and
the second goes on the sample. Finally, the output is compared to
the reference beam and data has been collected. Since output photons
come through scattering from the samples, so there is an integrating

sphere detector.
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: Excited electronic states

Virtual electronic states
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Figure 2.3: Different kinds of scattering phenomena.

2.4.4 Raman spectroscopy

The Raman spectroscopy is used to analyse lattice dynamics, struc-
tural properties, chemical composition, orientation, crystalline quality
and electronic and magnetic properties of the system. Raman is the
inelastic scattering of photons by phonons. As direct phonon-phonon
coupling is weak for UV-Vis photons, their interaction occurs mainly
through the mediation of electrons. As photons interact with the ma-
terial, an electron-hole pair is created. The electron-hole pair is then
scattered into another state by emitting or absorbing a phonon via
electron-phonon interaction. Finally, it recombines radiatively, emit-
ting the scattered photon with lower or higher energy, while leaving
the electronic states of the matter unchanged. If the scattered light
is of lower frequency, then it is denoted as Stokes Raman scattering,
and if the scattered light exhibits a higher frequency, then it is called
anti-Stokes Raman scattering.

The experimental set-up of Raman spectroscopy is shown in Fig.
2.4. The scattered light from the sample is collected with the help
of a lens. The major challenge here is to filter out the weak inelastic

scattered light from the intense Rayleigh scattered light. A notch or
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bandpass filter is used to filter the useful Raman scattered light and
discard Rayleigh scattered light [83, 84]. In this work, Raman measure-
ment was carried out on an Horiba, Labram HR Evolution, from 200
cm-1 to 800 cm-1, using a 532 nm line of a diode laser as an excitation

source with 75 mW power.

Stage
Plasma line
filter
(4 Microscope
Stp objective
Mirrors
Spectrograph \\
Focusing lens Notch filter

Figure 2.4: Experimental set-up of Raman spectroscopy.

2.5 Device fabrication

2.5.1 Physical vapour deposition (PVD)

: Thermal evaporation is a conventional method for the deposition of
metals, metal oxides and small organic molecules on a variety of rigid
as well as flexible substrates. The deposition process involves two ma-
jor steps: evaporation and condensation of the target material. In the
first steps, the target material is kept in the boat and is made of high
resistance materials like tungsten (W) and molybdenum (Mo). The
boat is heated to the melting temperature of the target material for
its evaporation (see Figure 2.4). The boat temperature is controlled
by changing the input electrical power. The deposition process takes

place in the ultra-high vacuum condition (usually 107% mbar to 107
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mbar) to avoid interactions between the evaporated material and im-
purities present in the air. Further, the mean free path of the vapour
under the high vacuum conditions is longer than the distance between
the boat and the samples. Therefore, the vapour of the target material
could travel without colliding with foreign species from the source to
the substrate. In the second step of the deposition process, the material
vapour condenses and is deposited over the substrate surface. A crystal
oscillator monitors the film thickness and deposition rate. One of the
major advantages of PVD techniques is that the evaporated material
has a gentle impact on the substrate surface; therefore, it is more suit-
able for soft substrate materials. Two planner Ag electrodes of 50um
x 2 mm x 100 nm (channel length x width x thickness) for the devel-
opment of planar photodetector were deposited using a PVD system
purchased from Hind High Vacuum Private Limited Company, India.
The schematic of the thermal evaporation set-up is shown in Figure
2.2. The initial rate of Ag deposition was kept at 0.1 A/s, which was

increased up to 1 A/s as the thickness reached 10 nm.

Bell ja Substrate Table
sample Crystal detector
Filament boat filled
I with evaporant
vacuum pump

Figure 2.5: Schematic representation of PVD system.
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2.6 Device characterisation

During the process of fabrication, the physical parameters like temper-
ature, pressure, humidity and other environmental conditions local to
the device under fabrication have an unintended effect on the device’s
performance. Therefore, post-device fabrication, characterising the de-
vice is the next step to investigating the behaviour of the device. For
the device characterisation, a voltage swap is applied across the device’s

terminals, and the corresponding current is recorded.

The plot of the device current (I) vs applied voltage (V), i.e. I-V
characteristics, has been predominantly used to investigate the qual-
ity of contact formation between the electrode and the semiconductor.
Broadly, there are two types of contacts, namely, ohmic and non-ohmic
contacts. Ohmic contacts are electrical interfaces between metal and
semiconductors distinguished by the linear I-V plot i.e. the current

linearly varies with the applied voltage.

1=~ (2.5)

here, I is the current, V is the voltage across the terminals, and R
is the resistance of the contact. The formation of an ohmic contact
can be ensured by ensuring the alignment of energy band levels. The
misaligned energy levels of the metal and semiconductor are the reason

behind the non-linear behaviour of the contact formed.

In non-ohmic contacts, the current nonlinearly varies with the ap-
plied voltage. In certain cases, this kind of contact shows rectification
behaviour, i.e., it allows for a unidirectional flow of current. The fol-

lowing is the current equation for the rectifier:

(2.6)
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here, J is the current density flowing through the cross-section, Jgr
is the reverse saturation current density, and V, is the applied voltage.
The ohmic and rectifying contacts are two ideal cases. However, the
practical contacts fall between the two extreme cases of ohmic and rec-
tifying contacts. The I-V characteristic plot tells the quality of contact

formation as desired by comparing it with the standard results.

2.6.1 Current-Voltage (I-V) characterisation: Keith-

ley current source

[-V characterisation is a widely used and essential method to measure
various device parameters of a photodetector. The photocurrent mea-
surement setup is shown in Figure 2.15. The electrical characteristics
of the photodetectors are measured by a Keithley 2612B source meter
unit. Current is measured under a swept voltage bias and a constant
bias voltage. All the devices are measured under dark first and then
measured under the monochromatic light source.

Further, in order to investigate the device photoresponse, IV mea-
surements have been taken, and various device parameters like sensi-
tivity, responsivity, specific detectivity, and external quantum efficiency
(EQE) and linear dynamic range (LDR) were calculated, which can be

explained as follows:

1. Dark Current (I;): The current present in the sample, when it
is kept in dark conditions, is known as dark current. The variety of
defects causes the dark current in the samples when the operating
temperature is more than absolute zero, which could produce a
large number of charge carriers under dark conditions. It restricts
the capability of the device to sense the low-intensity light and

reduce the overall device performance.

2. Photo Current (I,,: As the samples are shined by the light
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of energy more than the bandgap of the material, electron-hole
pairs are generated. In the presence of external or built-in electric
fields, the charge carriers are swept towards their respective elec-

trodes, leading to a large current flow known as the photocurrent.

3. Photosensitivity (S): It is defined as the ratio of the difference

between photocurrent and dark current to the dark current.

Ly — 1
Sensitivity(S) = %
d

(2.7)
4. Photoresponsivity (R): It is given by the ratio of photocurrent
to incident photon power (P,).

Ipn — 14

5 (2.8)

Responsitivity(R) =

5. Specific detectivity (D*): It is another critical figure of merits
for photodetectors. The device with a larger specific detectivity

can detect weak signals, which is comparable to the device’s noise.

[ A
Speci ficdetectivity = R %I, (2.9)

where A is the active area of the device, and e is the electronic
charge. The detectivity of a detector is the inverse of the noise
equivalent power (NEP). However, specific detectivity (D*) is
normalised detectivity to a 1 Hz bandwidth and a 1 ¢m? area,
assuming the noise proportional to rms value to area times the
bandwith. Simplistically, specific detectivity is the smallest inci-

dent power the detector can sense, equivalent to noise.

6. External quantum efficiency (EQE): To develop a highly sen-

sitive UV photodetector for flexible and wearable electronics over
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a flexible substrate, which could operate at low power to lengthen

the battery discharge time.

Throughout this work, the Keithley 2612A dual-channel source me-
ter has been used as an I-V characterisation tool. The specifications
related to this instrument can be referred to from Keithley’s official
website. This instrument has been used as a software-based voltage

swipe, constant voltage source, constant current source, and

2.6.2 Light source

ISS P110 monochromatic tunable light source (lembda from 250 nm —

900 nm) has been utilised for optoelectronic characterisation.
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Chapter 3

Bandgap engineering in CuO
nanostructures and fabrication
of wavelength tuneable

photodetectors

This chapter discusses the bandgap engineering of CuO from an indi-
rect bandgap of 1 eV to a direct bandgap of 4 eV just by tuning the
morphology of nanostructure and midgap defect states. The absorption
in near-infrared (NIR) and visible regions is ordinarily suppressed by
controlling the growth parameters. Considering the increasing scope
and demand of varying spectral range (UV-C to NIR) photodetectors,
the systematic variation of the available density of states (DOS) at a
particular energy level in CuO nanostructures has been utilised to fab-
ricate dual-band (250nm and 900 nm), broadband (250 nm-900 nm),
and UV-C (250 nm) photodetectors. The sensitivity and detectivity
of the photodetector for broadband detectors were 103 and 2.24x10'!
Jones for the wavelengths of 900nm and 122 and 2.74x10'° Jones for

250 nm wavelength light, respectively. The UV-C detector showed a
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sensitivity of 1.8 and a detectivity of 4x10° Jones for 250 nm wavelength
light. A plausible mechanism for photoconduction has been proposed
to explain the device operation and the effect of variation in available
DOS. The obtained photodetectors are potential candidates for future

optoelectronic applications.

3.1 Introduction

In recent years, the research on semiconductor-based photodetectors
with UV-C (200 nm-280 nm) [47, 48] wideband [i.e., UV-C to near-
infrared (NIR) (up to 1000 nm)]| [49,50] and multi-band or dual-band
spectra [51] has been given immense importance for a wide range of
applications (summarised in Table 3.1) by the scientific community. A
common approach for fabricating broadband photodetectors is to form
heterojunctions between the high and low-bandgap semiconductors.
Recently, high-performance photodetectors based on hetero-junctions
of perovskites [52] and 2D materials [53| with other semiconductors,
such as ZnO, NiO [54], etc., have been reported. However, these
semiconductors have certain associated disadvantages, viz., instabil-
ity of perovskites in the ambient environment [55] and a dearth of a
facile technique for synthesising graphene (other 2D material systems).
However, there are a few semiconductors such as ZnO, MoSs, BisSes,
and MoQOs, |52, 56-58] which have potential for broadband photodetec-
tion and, among these semiconductors, solution-processed metal oxide-
based photodetectors have some significant advantages, viz., facile and
low-cost synthesis process and stability toward the ambient environ-
ment which make them prominent candidates for photodetectors [47,
59|.

Generally, metal oxides are intrinsically n-type in nature. Mean-

while, the incorporation of p-type character through doping poses spe-
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cific challenges such as self-compensation, instability, and reproducibil-
ity issues [60,61]. CuO is one of the few metal oxide p-type semi-
conductors that have been utilised for optoelectronic applications [62]
and reported to have an indirect bandgap (1 eV-1.4 ¢V) and a direct
bandgap (2 eV-4 eV) depending on various process parameters [62].
The range of bandgaps offered by pristine CuO can be utilised to tune
the optoelectronic properties, and further, it can be made useful in dif-

ferent optoelectronic applications [63].

Table 3.1: Spectral band wise applications of photodetectors.

PD sensitive | UV-C Wideband | Multi-
spectral band in UV-C | band or
to NIR dual-
band
Applications Flame Machine Imaging
detection vision, technol-
and  ter- | artifi- ogy, envi-
restrial cial eyes, | ronment
communi- | telecom- monitor-
cation munica- ing, and
tion, and | machine
biomedical | vision
devices

Bandgap engineering is a technique that has been utilised to tune
the bandgap of semiconductors to improve the device performance of
solar cells, photodetectors, LEDs, gas sensing, biosensing, etc [51, 64,
65, 66]. There are several methods, such as doping, alloying, and mor-
phology modification [50, 66, 67|, which have been used to tune the
bandgap of a material. However, techniques such as doping and alloy-
ing are complex processes, and therefore, morphological variation is a
better option for tuning the optical bandgap of CuO.

In this work, a facile technique to deposit CuQO thin films over
the glass substrate is reported. Seed-layer assisted solution-processed

nanostructures were synthesised where KMnQy is used as an additive in
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the precursor solution to control the nanostructures’ growth and mor-
phology. The choice of KMnO, as the additive was due to the following

reasons:

e it provides an oxygen-rich environment in the precursor solution.

e it is ionic in nature, hence, homogeneous solubility in water com-

pared to other organic additives.

e its versatility as an additive in precursor solution for the growth

of numerous nanostructures.

As the bandgap of CuO depends on the condition of the synthesis and
surface morphology [66, 68|, the concentration of KMnQO, in the pre-
cursor solution was optimised to systematically engineer the bandgap
of CuO nanostructures from the indirect bandgap of 1 eV to the direct
bandgap of 4 eV. The as-synthesized CuO nanostructure with higher
available density of states (DOS) at energy levels corresponding to the
NIR light source was used to fabricate dual-band photodetectors with
a sensitivity and detectivity of 103 and 2.24x10!! Jones for the light
with wavelength of 900 nm and 122 and 2.74x10'° Jones corresponding
to a wavelength of 250 nm, respectively. As the DOS corresponding
to NIR light was relatively suppressed, the respective photodetector
shows broadband photodetection with sensitivity and detectivity of 1
and 2x10° Jones for UV-C light. A UV-C photodetector was fabri-
cated to further suppress DOS available at energy levels corresponding
to NIR light with a sensitivity of 1.8 and a detectivity of 4x10° Jones.
The as-fabricated devices have shown immense potential for fabricating
a large class of photodetectors and understanding the physical aspect

of bandgap engineering in CuO.
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Figure 3.1: Schematic representation of steps involved in Cuo nanos-
tructures growth.

3.2 Experimental details

The boro-silicate glass samples were cleaned by ultra-sonicating the
samples in acetone, isopropanol, and deionised (DI) water, respectively,
for 10 minutes each. Seed solution of 2 M concentration was prepared
by 4 hours of continuous stirring of copper acetate (Cu(CH3COO)2) in
DI water as shown in Fig. 3.1 (a). A spin coating technique was used
to deposit seed solution over the glass substrate and annealed at 250 °C
for 30 min in the oven (Fig. 3.1 (b)). The samples were cleaned with DI
water. CuQO nanostructures were grown via solution-process technique
where the nutrition solution comprised of copper nitrate (Cu(NOj3)2)
and hexamethylenetetramine ((CHs)gNy). A total of 12 samples were
prepared, which included the samples directly grown over the glass sub-
strate, grown over seed layer coated substrate, and the samples with
varied concentrations of potassium permanganate (KMnO,) ranging

from 0.2 mM to 50 mM. Three sets of synthesised CuO nanostructures
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samples corresponding to 0.2 mM, 25 mM, and 50 mM KMnQOy, concen-
trations were used to fabricate photo-detectors by depositing 150 nm
thick Cu electrodes (of 50 pm channel length) via physical vapour de-

position technique at 1 As~?

rate using shadow mask. The morphology
of CuO nanostructures was investigated using field emission scanning
electron microscopy (FESEM), Zeiss Supra-55. Crystallinity was anal-
ysed using X-ray diffraction (XRD) having Cu-Kea radiation source of
wavelength 1.54 A. UV-vis absorption spectra were obtained (Cary 60
UV-vis, Agilent Technologies) with a range of wavelengths from 200
nm to 800 nm. Raman spectroscopy was done using Horiba, Labram
HR Evolution, from 200 to 800 cm™!. Electrical characterisation was
performed using a Keithley 2612A dual-channel channel source me-
ter. Photoconductivity measurements were carried out using ISS P110
monochromatic tunable light source (A from 250 nm - 900 nm) at the

intensity of 2.11 mWem ™2,

3.3 Results and discussion

3.3.1 Morphology and basic characterisations

The experimental details to synthesise the CuO nanostructures and
possible chemical reactions involved in CuO formation are given above
(Fig. 3.1). The field emission scanning electron microscope (FESEM)
image in Fig. 3.2(a) shows the shuttle-like structures with the size of 2
pm, grown in pristine nutrient solution over the glass substrate (without
the incorporation of seed-layer). The nanostructures were nonuniform,
scattered, and poorly adhered to the substrate. Therefore, seed-layer
mediated growth has been performed, which has led to the formation
of nanorods with a cross-section of 50nm [Fig.3.2(b)]. Furthermore, by

adding various concentrations of KMnOQOy, viz., 0.2, 2, 5, 10, 25, and 50
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Figure 3.2: FESEM images of as-synthesized nanostructures a) without
seed-layer, b) with seed-layer mediated pristine growth and c-h) with
KMnO4 concentration of 0.2, 2, 5, 10, 25 and 50 mM, respectively..

mM in the nutrient solution, the growth of nanostructures was modu-
lated, and the obtained morphologies are shown in Figs. S2(c)-S2(h),
respectively. At a KMnOy4 concentration of 0.2 mM, nano-petals-like
structures were formed [Fig. 3.2(c)|. Furthermore, a gradual increase in
the KMnOy concentration (2 and 5 mM) has resulted in the formation
of nano-bundle-like structures [Figs. 3.2(d) and 3.2(e)|]. Moreover, at
a KMnOy concentration of 10 mM, there is a mixture of nano-bundles
and nano-semiparaboloid-like structures, whereas, for concentrations of

25 mM and 50 mM, nano-semi paraboloids are dominant structures.

At KMnOy concentrations below 10 mM, the growth of nanostruc-

tures took place through oriented attachment and was followed by the
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Ostwald ripening process [62]. At 10 mM and higher concentrations
of KMnQy, the oriented attachment process starts to dominate, which
results in an oval cross-section resembling the monoclinic lattice struc-
ture of CuO [62].

The phase purity of the as-synthesized CuO was confirmed by XRD
analysis [Fig. 3.3(a)|. The peaks at 32.5°, 35.54°, and 38.49° correspond
to planes [110], [-111], and [111] of CuO and are well-matched well-
matched with the standard JCPDS card no. 72-0629 of CuO [68|].
The Raman spectrum is shown in Fig. 3.3(b). The optical vibrational
Raman active modes present in CuO are at 290 ecm™" (A,), 340 cm™!
(B1y), and 620 cm™! (Bg,) [61]. The shifts in all three peaks can be
attributed to the variation in the nanostructure morphology [63]. As
these nanostructures were grown in the presence of KMnQy, there is
the possibility of Mn doping in the CuO lattice. However, the absence
of the Raman peak other than the peaks corresponding to the pure

CuO phase confirms that there was no doping in the CuO lattice.
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Figure 3.3: (a) XRD spectra, (b) Raman spectra, (¢) absorbance spec-
tra, and (d) Tauc-plot.
The absorption spectra [Fig. 3.3(a)] shows a systematic blueshift in
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the absorption edge for CuO nanostructures, with the increase in the
concentration of KMnQOy,. The indirect bandgap of the nanostructures
corresponding to the lower KMnQO, concentration was estimated to be
1 eV, and indirect transitions were found to be dominant in comparison
with direct transitions. The direct bandgap was calculated using the
Tauc plot [Fig. 3.3(d)]. As the concentration of KMnQOy increased from
0.2 to 50 mM, the direct bandgap was enhanced from 3.27 to 4 eV.
Such a significant variation in the optical properties can be attributed
to the variation in morphology of nanostructures |66, 68-70|, quantum
confinement effect, and suppression of defect states [71]. The defect
states act as the midgap or intragap states, which are located near the
conduction band edge and lead to the decreased bandgap [71]. Defect
states’ suppression is subjected to the growth condition and can be
attributed to the increased oxidative environment provided by KMnQO,
during the growth, and suppression of these midgap states manifests
in the increased bandgap [63]. Moreover, blueshift in the absorption
edge has suggested the suppression of indirect transitions and enhanced

direct transitions.

3.3.2 Devices I-V characterization

Furthermore, to investigate the photoresponse of the device, I-V anal-
ysis has been performed in the dark (Fig. 3.4(a) shows the device
schematic) and under illuminated conditions at room temperature (T=300K).
The non-linear response of the device could be attributed to the mis-
match between Ug, (4.7 V) and Ugyo (5.3 €V) [inset of Figs. 3.4(b)-
3.4(d)]. The devices corresponding to 0.2, 25, and 50 mM KMnO,
concentrations have shown systematic enhancement in the dark cur-
rent. At 20 V applied bias, current levels for devices corresponding to
0.2 mM, 25 mM, and 50 mM KMnQOy, concentrations were 0.18 nA, 5

nA, and 20 nA, respectively. Enhancement in the dark current may be
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Figure 3.4: (a) Device schematic, IV plot for illuminated conditions for
devices corresponding to sample with concentration (b) 0.2 mM, (c) 25
mM, and (d) 50 mM

attributed to the suppression of defect states [72], which are the cause
of electron scattering, which in turn reduces the mobility of charge
carriers. Figures 3.4(b)-3.4(d) show the photocurrent of the devices
corresponding to 0.2 mM, 25 mM, and 50 mM concentrations, respec-

tively, for the light source of 900 nm and 250 nm wavelengths.

All the devices show photodetection with varying spectral sensi-
tivities toward light at wavelengths ranging from 900 nm to 250 nm.
Below, a few parameters of the photodetectors are discussed, based on

which the performance of the devices was evaluated.

The device corresponds to a KMnOy concentration of 0.2 mM [Fig.
3.5(a)] has shown a responsivity of 80 mAW~! for the 900 nm light
source and for lower wavelengths; it first decreases and then remains
constant ( 4 mAW™! from 800 nm to 300 nm light). For 250 nm
light, the device’s responsivity was observed to be 10 mAW™!. Sen-
sitivity and detectivity [Figs. 3.5(b) and 3.5(c)] also followed the same
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Figure 3.5: (a) Responsivity, (b) sensitivity, (¢) detectivity, and (d)
EQE plot for the wavelengths from 250 nm to 900 nm at 20 V bias.
UV-C to visible and NIR rejection ratio for the devices.

trend. For 900 nm light, the sensitivity and detectivity were 10° and
2.24x10" cmHz% W1, respectively. Furthermore, these values got re-
duced for lower wavelengths and remained almost constant (for 500
nm, 50 and 1.1x10'% cmHz%> W~ respectively) and corresponding to
250 nm light, the sensitivity and detectivity were 122 and 2.74x10'
emHz? W™ respectively. The EQE [Fig. 3.5(d)] of the device at 900
nm was 11%, which was highest among all the devices. For lower wave-
length, it decreased and remained constant at 1% until 300 nm and
steeply increased to 4.5% for 250 nm light source. This device was more
sensitive toward wavelengths of light centred at 900 nm and 250 nm;
hence, a dual-band photodetector response characteristic is observed
in this device. The device corresponding to a KMnO, concentration

of 25 mM has device parameter values of responsivity, sensitivity, and
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detectivity highest for a wavelength of 250 nm, which are 2.6 mAW 1,
1.25, and 2x10% cmHz%5W ™1, respectively, whereas, at a wavelength of
500 nm, they decreased to 1 mAW~!, 0.5, and 7.2x10% cmHz’ W1,
respectively. Furthermore, no appreciable change in the EQE was ob-
served for the entire wavelength range from 250 nm to 900 nm. Hence,
broadband photodetection is observed with almost flat-band response
for this particular device. Similarly, the device fabricated with CuO
nanostructures corresponding to the KMnQO, concentration of 50 mM
has demonstrated the responsivity of 14.4 mAW™!, the sensitivity of
1.8, and the detectivity of 4x10° ¢cmHz%W~! on 250 nm wavelength
light illumination. The device performance is drastically reduced for
higher wavelengths. EQE of this device is 7.2% for 250 nm incident
light and decreases to 0.005% for 900 nm light. Hence, the device could
be assigned as a UV-C photodetector. The Fig. 3.6(d) shows the UV-C
(250 nm) to visible (500 nm) and NIR (900 nm) rejection ratio of all

the devices.
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Figure 3.6: Indirect and direct conduction valleys of CuO and
band diagram of the Cu/CuO/Cu device. Acronyms and symbols:
CBM-——conduction band minimum, VBM-valency band maximum,
ICBM-indirect conduction band minimum, Eg-indirect bandgap, and
Epg—direct bandgap.

It is evident from the band diagram (Fig. 3.6) that the transport
of photonically generated electrons is facilitated through the indirect

conduction band rather than the direct conduction band. Hence, the
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device corresponding to a KMnQO, concentration of 0.2 mM has a dual-
band character displaying more sensitivity toward 900 nm incident
light. However, with the increase in the KMnO, concentration (25
mM and 50 mM), DOS in the indirect conduction band significantly

reduced, which led to decreased NIR sensing response.
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Figure 3.7: Sensitivity plot for the device corresponding to sample (a)
0.2 mM, (b) 25 mM, (c¢) 50 mM concentrations and (d) UV-C to Visible
and UV-C to NIR ratio.

Bias-dependent sensitivity is shown in Figs. 3.7(a)-3.7(c). The sen-
sitivity corresponding to the 0.2mM KMnO, device was the highest at
a bias of 5V and reduced as the voltage was increased. This behaviour
can be attributed to the most nonlinear dark current of this device. For
the devices corresponding to KMnQO, concentrations of 25 mM and 50
mM, no appreciable change in sensitivity with the change in applied
bias has been observed, which could be assigned to the relatively linear
behaviour of dark current. Table 3.2 shows the type of device with
their corresponding bandgap and wavelength rejection ratio of the de-

vices. Table 3.3 provides a comparison between the previously reported
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Table 3.2: Trend of bandgap tuning and rejection ratio.

KMnO,; Con- | Bandgap (eV) | Wavelength

centration rejection ratio

(type of pho- of device

todetector)

02 mM (dual- | 3.27 242 (UV-C to

band) Vis)-20 (NIR to
Vis)

25 mM (broad- | 3.93 29 (UV-C to

band) Vis)-4.06 (UV-C
to NIR)

50 nM (UV-C) | 4.0 13.9 (UVC to
Vis)-400 (UV-C
to NIR)

CuO-based photodetectors and the devices reported in this work. The
dual-band photodetector reported in this work has demonstrated higher
sensitivity compared to other devices. The values of all the parameters

for the broadband device are calculated at a 250 nm light source.

3.3.3 Conclusion

In summary, we have demonstrated a facile and cost-effective solution-
based technique for CuO nanostructure growth on glass substrates.
The variation in the KMnQO, concentration in the nutrient solution
is used to tune the morphology and bandgap (from 1 eV to 4 eV)
of the CuO nanostructures. The bandgap of pristine CuO has been
systematically tuned by varying the KMnO, concentrations that were
utilised to fabricate different classes of photodetectors, such as dual-
band (wavelengths of 250 nm and 900 nm), broadband (250 nm-900
nm), and UV-C. This achievement of systematic bandgap engineering
may be utilised for many applications. Furthermore, the obtained va-
riety of CuO nanostructures was utilised to fabricate different classes
of photodetectors like dual-band (wavelengths 250 nm and 900 nm),
broadband (250 nm-900 nm), and UV-C. This work can pave the way
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for further research in solution-processed Cuo-based wide and varying

spectrum photodetectors.
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Table 3.3: Comparison between the previously reported CuO-based photodetectors and our photodetectors.

Type of pho- | Morphology Synthesis | Type of | Responsivitfensitivity| Detectivity References
todetector method substrate (Jones)

(excitation used

wavelength

and power)

Visible (404nm | Nanowire Thermal Cu foil - 4 - [73]
and 11.1 mW oxidation

cm™?)

NIR (808nm and | Nanorod Electrodeposifidicon (p- | 1.6 A W= | 7.2 - [74]
0.1 mW c¢m™2) type)

Visible (633nm | Thin film Sol-gel Si0, 170 10 6.38 x 10M [75]
and 0.5 W ¢cm™2) mAW !

NIR (808nm and | Nanowire Thermal SiOy - 1.3 - [76]
0.8 W ¢cm™?) oxidation

UV-C solar- | Thin film HydrothermalGlass 7TTAWT |82 3.08 x 10" [23]
blind  (254nm

and 2.11 mW

cm™?)

Dual-band Nano-bundles HydrothermalGlass 10 mAW—! | 122 and | 2.74 x 10'° and | This
(250nm and | and nano- and 80 | 1000 2.24 x 101 work
900nm and 5 | semiparaboloids mAW~!

mW c¢m™?)

Broadband (250 | Nano- HydrothermalGlass 26 mA | 1.25 2 x 10° This
nm-900nm and | semiparaboloids w1 work
5 mWem™?)

UV-C  (250nm | Nano- HydrothermalGlass 144 mA | 1.8 4 x 10° This
and 5 mWcm™2) | semiparaboloids w1 work

20









Chapter 4

CuO thin-film-based UV-C
photodetector and PPC effect

4.1 Introduction

Solar-blind photo-detection has many applications like space, satellite
communication, military and defence, etc. |78, 79]. In principle, wide
band gap semiconductors are required with high rejection for the light
with A > 280 nm in order to fabricate a solar blind photodetector.
In this context, semiconductors like Al-doped GaN, Mg-doped ZnO,
and diamond, etc., have been demonstrated for solar blind detection
[80, 81]. The Al-doped GaN and Mg-doped ZnO systems suffer from
the rapid deterioration of crystallinity and phase segregation, respec-
tively. The diamond has a large indirect band gap ( 5.5 eV); however,
it suffers from low quantum efficiency [82]. Wide-band gap oxide semi-
conductors are potential contenders for solar-blind photodetectors [83,
84]. Recently, 8-GayO3 has been demonstrated for solar blind pho-
todetection [85]. However, it requires high temperatures and complex
processing for growth [84]. Among oxide semiconductors, copper oxides
like CuO, Cus0, etc., are promising semiconductors for optoelectronic

applications. CuO thin films and nanostructures have been used for
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visible and near-infrared (NIR) photodetection by using their indirect
transition ( 1 eV-1.5 V) [86-89]. It is important to mention here that
CuO has both direct and indirect transitions [90, 91]. The direct tran-
sition falls in the UV region and thus can be used for UV detection.
Various deposition techniques, such as sputtering, pulsed laser deposi-
tion, etc., have been employed to grow CuO thin films/nanostructures,
but, in general, these are complex and require high-temperature pro-
cessing [92, 93|. The most common technique to grow CuO thin film-
s/nanostructures involves annealing of Cu foil at 500 ° C in an oxygen
environment [93, 94]. This process is limited to Cu foil or Cu-coated
substrates and, therefore, unsuitable for transparent optoelectronic de-
vices.

With the above background and motivation, in this chapter, we will
be discussing a very simple and reliable technique to synthesise CuO
thin-films using a solution process for the development of solar blind

photodetectors and optical memory [95-98].

4.2 Experimental details

CuO thin films were coated using a simple solution process. Firstly, 0.1
M solution of copper acetate monohydrate, i.e. Cu(CO2CH3),H20 in
de-ionised (DI) water, was stirred for 2 hours in order to get a stable
colloid. After that, the solution was spin-coated at a rate of 1500 rpm
for 30 s. Finally, the solution-coated glass substrates were annealed at
200 °C for 20 minutes to get uniform CuO thin films. The obtained
films were rinsed with ethanol and finally with DI water to remove im-
purities. The crystal structure was investigated by grazing incidence
X-ray diffraction (GIXRD Rigaku Smart Lab®) system) at a small in-
cident angle (0.3°). The Raman studies were carried out by HORIBA
LabRAM with \.,; of 488 nm. X-ray photoelectron spectroscopy (XPS)
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was performed by the Axis-Ultra DLD system. Absorbance spectra
were recorded by a Perkin Elmer LAMBDA 950 UV-VIS-NIR Spec-
trophotometer in the 200 to 2500 nm range. CuO thin films based
photoconductor was fabricated by depositing 50 nm thick lateral Au
electrodes (spacing of 50 pm) using thermal evaporation. Electrical
characterisation was performed using a Keithley 2612A dual-channel
source meter. Photoconductivity measurements were carried out using

ISS P110 monochromatic tunable light source (A from 250 - 800 nm).

4.3 Results and discussion

4.3.1 Basic characterizations

The FESEM image of the thin film, as shown in Fig. 4.1(a) confirms
the uniformity of the film. The thickness of the film was observed to
be in the order of 50 nm. The phase purity of the film was confirmed
by performing Grazing incidence X-ray diffraction (GIXRD) at an in-
cidence angle of 0.3°. The GIXRD data was compared with standard
JCPDS data [91], and all the peaks corresponded to the monoclinic
crystal structure of CuO (Fig. 4.1(b)). The Scherrer equation used to

calculate the mean crystallite size was given as:

kA
~ [cosb

(4.1)

where D is the mean crystallite size, & is the shape factor, A is the
X-ray wavelength, [ is line broadening at half the maximum intensity,
and 0 is the Bragg angle. The calculated average crystallite size was
around 10 nm.

Raman spectra of the thin film in Fig. 4.1(c) show three different
peaks. All these peaks belong to 3 Raman active modes (Ag+2Bg).
The peak at 300 cm™! belongs to A, and the peak at 323 cm™' and
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Figure 4.1: a) FESEM image, b) XRD spectra, ¢) Raman spectra and
d) XPS spectra of CuO thin-film.

640 cm ™" belongs to B) and B2 modes of CuO. XPS analysis of the
CuO film was performed to further investigate the phase purity of the
sample. Fig. 4.1(d). shows the XPS survey scan and all the peaks well
matched with the pure CuO [96].

To investigate the optical property of the as-synthesised CuO film
UV-Vis spectroscopy was performed (Fig. 4.2(a)). The CuO thin films
were observed to be highly transparent, with a transmittance of more
than 90 % in the visible region. The absorption edge was found to be
near 300 nm, and the film was highly transparent in the visible region.
Fig. 4.2(b) shows the Tauc plot, with the bandgap of the as-synthesised
CuO film at 3.67 eV. The as-synthesised CuO thin-film could find novel

applications in transparent photovoltaic windows.

4.3.2 Device I-V characterisation

A planner device with a top electrode configuration was fabricated (the

device schematic is shown in Fig. 4.3(a)) as specified in the experimen-
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Figure 4.2: a) Absorption spectra, and b) Tauc Plot.

tal section. The I-V characterisation of the device in dark conditions
has been shown in Fig. 4.3(b). At 20 V applied bias, the dark current

value was 1 pA.

The dark current curve was linear in nature, which indicated the
formation of ohmic contact between the CuO (¢cuo = 5.3 €V) and Au
(pau = 5.1 V) electrodes. To perform optical characterisation, the
device was illuminated with a light source of wavelengths ranging from
254 nm to 800 nm. It was observed that an as-synthesised CuO thin-
film-based device is almost insensitive towards a wavelength of more
than 290 nm. In convergence with the absorbance data, the device has
shown solar-blind behaviour, which can be utilised for many other opto-
electronic applications, viz., flame detection, missile tracking systems,
etc. Upon exposing the device with a 254 nm light source (incident
power of 5 mWem™2), the photo-current saturates to the value of 4.05
1A, As the light was switched off, rather than instantaneous suppres-
sion, there was a very gradual decrease in photo-current (Fig. 3(c)).
The residual photocurrent persists for 90 h (3.75 days), and it takes
even more time to suppress completely, which could be attributed to
the formation of a metastable state. The photo-responsivity value for

the present device was calculated to be 7.77 AW~!. In addition to
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this, the photo-detectivity value was calculated to be nearly 3.08x10!!
cmHz/?W~1. The device has shown large responsivity in the deep UV
region and large Ry (photo-responsivity in UV region) to Ry;s.(photo-
responsivity in the visible region) ratio ( 5430) with a unique feature
of solar blind detection.

In the dark state, I-V characteristics were found to be linear in
nature, even at low voltage ranges (-0.5 to 0.5 V). It indicated that
Au forms ohmic contacts with CuO and is in good agreement with the
reported literature. Moreover, Kelvin probe force microscopy (KPFM)
measurements were performed on CuQ thin-films and the work function
of CuO was nearly ¢c,0=5.3 eV, which is close to the work function
of Au (¢a,=5.1 eV); therefore, it is certain that CuO is making ohmic
contacts with Au [28].
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Figure 4.3: (a) Device schematic, (b) I-V characteristic of the device in
dark, illuminated and after switching off the 254 nm light source, (c)
current value with respect to time at a fixed bias of 20 V and (d) sheet
resistance variation with respect to time and inset shows a schematic
representation of the arrangement for resistivity measurement..

Figure 4.3(c) shows a clear view of device characteristics i.e. current
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values at -20 V for different time intervals. It can be seen that the device
has been showing PPC for several days (measured up to 5 days). We did
not measure the I-V characteristics after 5 days, but expect the values
to remain saturated for longer days by extrapolation of the graph [19].
The decay curve for the off-current, I(t), can be fitted with the well-

known Kohlrausch’s law [32].

—1 —1 —t
I(t) = ]1exp(7—1)6 + ]gexp(T—z)’B + ]gemp(T—S)ﬁ (4.2)

T1, To and 73 are three decay times for the charge carriers. Although
the decay time cannot be given exact values, however, it can be seen
that the decay time is several orders of magnitude higher than the
carrier lifetime. [ is the deviation from a single-exponential decay,
and it can take values from 0 to 1. Acceptor vacancies, like copper
vacancies, are the prominent defect sites in CuO, which can capture

holes and cause persistent photoconductivity [99, 100].

3.5 15.0
a) = NIR light illumination- - = | D) o
3.0 __12.51
< o, ! T g
=1 Ambient condition 3.10.0
=25{ © =
R -
5 \ g 7.54
220 o = .
5 % 5501 /
o %, o o T—e—e

1.5 — 254

—
oo
1.0

0.0
40 80 120 160 200 290 300 310 320 330 340
Time (min) Temperature (K)

= 4

Figure 4.4: Value of current (VB = 20 V) with respect to (a) time
during the optical reset process by NIR (800 nm) light source and (b)
temperature.

The observed persistent photoconductivity was further investigated
by measuring the sheet resistance of the CuO thin film by using the van
der Pauw method [101]. Four contact points A, B, C and D were made
at the four corners of the square CuO thin film sample (1.5 cmx 1.5 cm)

(inset of Fig. 3(d)). After illuminating the sample with 254 nm wave-
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length light, the sheet resistance of CuO thin film decreases by 2 orders
(Fig. 4.3(d)). As the light is switched off again, the semiconductor
does not attain its original sheet resistance value till the measurement

is last performed (54 h).
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Figure 4.5: Band diagram of CuO showing the shift in quasi-Fermi level
with respect to temperature.

In order to make use of the PPC phenomenon, both the Set and
Reset mechanisms are required. As we have already discussed, the
device was ‘Set’ by inducing the metastable state in the CuO thin
film via UV-C illumination. Now, to make this effect usable, a ‘reset’
mechanism has been established. The device was reset to its high-
resistivity state by thermal annealing. After annealing the device at
50 °C for 10 minutes, the PPC effect was observed to be completely
suppressed, and the device recovered to its original conduction state.

Another possible way to optically reset the device is to illuminate
the sample with NIR light. Therefore, in order to reset the device, which
was already in a set condition, it was illuminated with an 800 nm light
source. As shown in Fig. 4.4(a), after the NIR light is switched on,
the photocurrent starts to decrease rapidly. Interestingly, the current

continues to decrease even after the NIR light is switched off, which sug-
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gests that NIR illumination has triggered the reset mechanism, which
was responsible for the continuous decrease in the photo-current. In
comparison to the PPC retention time of more than 90 hours, it took
only 200 minutes to reset the device using this method. This optical
reset mechanism achieved in transparent CuO thin film can be further

utilised in optically defined transparent electronics applications.

The optical reset mechanism was performed at room temperature,
which indicates that PPC in CuO is due to random local potential fluc-
tuations induced by defect states [102], which indicates that there are
defect states present in the as-synthesised CuO. Additionally, changing
the semiconductor’s conductivity by light illumination and getting back
to its pristine conduction state by thermal annealing is clear evidence
that there is a presence of trap levels or sub-band levels that hold the
charge carriers, and this process contributes to the conduction mecha-
nism [103)].

Notably, Bhatnagar et al. have probed the trap levels by the mea-
surement of thermally stimulated currents (TSC) [103]. To probe trap
states in the CuO thin-film, temperature-dependent I-V characterisa-
tion of the device was performed in the pristine state with no prior
optical excitation (Fig. 4.4(b)). A bias voltage (Vg) of 20 V was ap-
plied across the electrodes, and the temperature was varied from 290 K
to 343 K. With the increase in temperature, the current first increases
from 1 pA at 290 K to 4 pA at 298 K. As the temperature increased
above 298 K, the current started to decrease, and beyond 323 K, it

again started to increase.

This behaviour of current variation in pristine CuO can be explained
by assuming that the charge carriers are already in a trap state without
any external stimulus. As shown in Fig. 4.5, at temperature T—290
K, the quasi-Fermi level of holes (EP;) is very near and just above the

trap state (E;). Therefore, the trapped charge carriers would be in
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thermal equilibrium with the valence band. Consequently, the rate of
hole transfer (R; ) from E, to the valence band is higher as compared
to the rate of charge carrier recombination (R). As the temperature
increases, the quasi-Fermi level EP; gradually shifts towards the mid of
the bandgap. The peak current of 4 mua was observed at T=298 K,
which was assigned to the maximum hole concentration in the valence
band. Beyond this temperature, R overtakes Ry, and the concentration
of holes in the valence band starts to decrease; hence, the current also
decreases. Further, as the temperature is increased beyond 323 K, the
thermal generation of the rate of electron and hole pairs exceeds R, and

hence, the conductivity is enhanced with the temperature.

From the above discussion, it is inferred that CuO has trap levels
which are active at room temperature, and these trap states are capable
of holding the charge carrier for a long duration. Hence, as this device
is illuminated with the light source of photon energy more than the
bandgap, i.e. 3.67 eV, the charge carriers will be trapped, which results
in a decreased rate of recombination, due to which carrier lifetime is
also increased. Therefore, photoconductivity persists for a very long

time.

Transmittance analysis of the pristine and illuminated sample of
CuO thin film was also performed to investigate the effect of UV-C
exposure on the optical property of the sample (as discussed in our
previous work [10]). Tt was observed that after UV-C illumination,
CuO thin film transmittance is decreased in the range of 400 nm to 300
nm, which suggests that there is the formation of defect states near the
conduction band edge. These defect states, which were created after
the illumination of the sample, could also behave as trap states apart
from the already present trap states. This will be probed in our future

work.

The technique to set and reset the CuO thin films at different re-
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sistivity levels using deep UV illumination and thermal annealing can
open wide applications like optoelectronic devices, memory, holographic

storage and energy conversion.

4.4 Conclusion

Highly transparent CuO thin films were synthesised using a simple
and cost-effective solution process technique. For the first time, CuO
thin films were used for solar blind photodetection with the photo-
responsivity value of 7.77 AW~! and photo-detectivity of 3.08x10!
cmHz!'/2W~'. A very large PPC was observed, which lasted for more
than 90 hours. Two reset mechanisms were demonstrated, viz., thermal
annealing and NIR light illumination. NIR light was able to suppress
the PPC effect after 200 minutes of illumination. The trap states which
are active at room temperature are responsible for PPC. Set and reset
mechanisms can be utilised in future applications like optical memory
and making reconfigurable optical contacts between the communicating

devices.
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Chapter 5

Ultra-widebandgap CuO
thin-film nanostructure based
improved Solar-blind

photodetection

5.1 Introduction

In Chapter 4, a solution-processed low-cost CuO thin-film-based solar-
blind PD was discussed. In this chapter, an improved high-performance
solar-blind photo-detection using highly transparent CuO nanostruc-
tures (with a bandgap of 4.15 eV) has been demonstrated. The device
shows the dark current as low as 0.2 nA (-10 V applied bias) and no sig-
nature of breakdown even at a bias up to £175 V. The device has shown
record photo-sensitivity of 610, photo-responsivity of 14.02 A/W and
photo-detectivity of 3.59x10'® ¢cmHz!/2W~! in the UV-C region. The
ratio of photo-responsivities at 210 nm and 500 nm, i.e., R210/R500,
was found to be 5.05x10*. Additionally, the device has shown external
quantum efficiency of 5900 % at 210 nm excitation. This letter will
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establish CuO as one of the most promising ultra-wide bandgap semi-

conductors for cost-effective solar-blind photo-detection.

5.2 Introduction

Solar-blind photo-detection has enormous potential for applications like
flame detection, water purification, missile tracking, non-line of sight
and optical communication, bio-medicine, harmful ultraviolet radia-
tion sensing, etc. [104, 105]. The state-of-the-art technology for solar-
blind photodetectors is based on ultra-wide bandgap (UWBG) semi-
conductors, i.e., materials with bandgap considerably higher than GaN
(Eg=3.4eV) [106]. Among them, the potential contenders are Al-doped
GaN (6.2 eV < E; > 3.4 V), Mg-doped ZnO (E; 3.6 V), diamond
(E, = 5.47 V), and $-Gay03 (Eg = 4.69 €V) [105, 106]. In the case of
doped and/or alloyed materials like AlGaN, MgZnO, etc., the complex
growth process and difficulty of getting high-quality semiconductors
limit their viability [105]. The other disadvantages are the deteriora-
tion of the samples as well as phase segregation with time. Additionally,
the bandgap of the diamond can not be easily tuned at room temper-
ature [107]. Moreover, diamond-based detectors also agonise from low
external quantum efficiency [106].

Recently, we have demonstrated solar-blind photo-detection in CuO
thin films [10]. We have explored direct band transitions in CuO and
utilised it for deep UV (DUV) detection. It must be pointed out here
that CuO has been traditionally believed to be a material sensitive
towards the near-infrared (NIR) spectral region owing to its indirect
bandgap nature [108]-[110|. Semiconducting nanostructures (NSs) have
several advantages over their corresponding thin films, such as a large
surface-to-volume ratio, improved physical and chemical properties, etc.

Here, we have optimised the process parameters to get CuO NSs with a
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bandgap higher than GaN. We demonstrate CuO NSs with a bandgap
of 4.15 eV and transparency of >92%, along with excellent solar-blind
photo-detection. The research work will establish CuO NSs as a promis-

ing candidate for UWBG-based nano/opto-electronic devices.

5.3 Experimental details

Prior to CuO NSs growth, seed layer coating was done using a sim-
ple solution-based spin-coating technique, and the details are discussed
elsewhere [111]. Afterwards, 0.1 M copper acetate hemi-pentahydrate
(Cu(NO3)3.2.5H20) with equimolar hexamethylenetetramine ((CHs )Ny,
HMTA) was mixed in 40 ml deionised (DI) water for making precursor
solution. For the growth of NSs, the CuO seed layer coated samples
were kept in the beaker, which was placed in a preheated oven at a tem-
perature of 110 ° C for 30 minutes. Subsequently, the as-grown samples
were washed with DI water multiple times and finally dried. For the
fabrication of CuO NSs-based photodetector, Au was chosen as an elec-
trode; concisely, 50 nm thick Au electrodes (50 pym (channel length) x
1 mm (channel width)) were deposited using the thermal evaporation
technique. A Keithley 2450 source meter was used for electrical mea-
surements. 150 W Xenon lamp was used as a broadband light source

(200-800 nm) for the photo-detection measurements.

5.4 Results and discussion

5.4.1 Morphological investigation and basic charac-

terisation

The morphology of the CuO NSs was characterised using a field emis-

sion scanning electron microscope (FESEM), as shown in Fig. 5.1(a).
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It was found that the nano-bundles were formed, which appear like a
bunch of smaller NSs organised in a specific fashion. The maximum size
of the nano-bundles was around 100+5 nm. The inset of Fig. 5.1(a)
shows the FESEM image taken at 25 K times magnification to exhibit
that the growth is uniform. The Raman spectra of the CuO NSs were
recorded by the HORIBA LabRAM system with \., of 488 nm, shown
in Fig. 5.1(b). The Raman spectra show three major peaks at 275
cm™t (Aj, mode), 323 ecm™! (By, mode) and 630 cm™! (By, mode)
[1]. In order to get an idea about the crystallinity, the X-ray diffrac-
tion (XRD) measurements were performed (shown in the inset of Fig.
5.1(b)). XRD data has shown the crystalline CuO phase formation with
peak positions at 35.6° and 38.8°, which can be assigned to [002] and
[111] peaks of CuO, respectively. The results are in good agreement

with PDF 48-1548 of CuO [112].

The UV-Vis-NIR absorption spectrum of the sample (Perkin Elmer
LAMBDA-950 spectrophotometer) is shown in Fig. 5.1(c). Interest-
ingly, a substantial absorption in the UV-C region was observed, which
can be attributed to the dominating direct band transitions [46, 113].
The absorption edge was found to be around 248 nm. Moreover, an
extra peak was also observed at 206 nm; its origin is still under inves-
tigation. The Tauc plot shows a bandgap of nearly 4.15 eV, which is
higher than the previously reported value of 3.87 eV [10]. Most im-
portantly, the bandgap of CuO is highly dependent on the morphology
(size and shape) of the nanostructures [46, 90]. The Urbach energy
(EU) has been calculated, and the value is nearly 109 meV (the plot
is shown in the inset of Fig. 5.1(c)), which is much lower than the
previously reported value and suggests high purity of the samples [90].
The oxidation state of Cu (i.e., Cu?") has been confirmed using XPS
studies (Fig. 5.1(d)). The high-resolution spectra show the presence
of Cu 2p3/, and Cu 2p;/, peaks at 937.9 eV and 958.2 eV, respectively
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Figure 5.1: (a) FESEM images of CuO NSs at 100 K X magnification;
while the inset figure was taken at 25 K X magnification; (b) Raman
spectra of CuO NSs is shown in green colour; XRD plot (inset of Fig 1
(b)); (¢) Absorption spectra of CuO NSs; Tauc plot (inset of Fig. 1(c))
and linear fit of Urbach tail for CuO samples; (d) Survey spectrum
of XPS of CuO NSs; high-resolution spectrum of Cu 2p (inset of Fig.

1(d)).

[114]. The XPS study confirms the formation of CuO.

5.4.2 Device I-V characterisation

A schematic of the CuO NSs-based device is depicted in Fig. 5.2(a).
High voltage operation has been performed to check the electrical prop-
erties of CuO NSs. The CuO NSs-based planar conductor has shown
a dark current of nearly 1.7 nA at £175 V applied bias without break-
down (shown in Fig. 5.2(b)). This excellent electrical property can be
attributed to the large energy bandgap of CuO NSs and the material
properties. T. C. Wei et al. have shown similar trends in Ga;O3 based
photodetector, where the device has been used up to £200 V with-

out breakdown [115]. The typical Si-based devices have a much lower
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breakdown voltage range of 50 V. Additionally, the dark current has
shown non-linear behaviour, especially for voltages more than +£10 V.

This non-linear behaviour is mainly because of the space charge limited

currents (SCLC) [116].
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Figure 5.2: (a) FESEM images of CuO NSs at 100 K X magnification;
while the inset figure was taken at 25 K X magnification; (b) Raman
spectra of CuO NSs is shown in green colour; XRD plot (inset fig 1 (b));
(c) Absorption spectra of CuO NSs; Tauc plot (inset of Fig. 1(c)) and
linear fit of Urbach tail for CuO samples; (d) Survey spectrum of XPS
of CuO NSs; high-resolution spectrum of Cu 2p (inset of Fig. 1(d)).

For photo-detection measurements, the current (I)-voltage (V) char-
acteristics were performed from 0 V to -10 V applied bias range (Fig.
5.2(c)) and from 0 V to +10 V (Fig. 5.2(d)). The as-fabricated CuO
NSs-based device has shown near-linear I-V behaviour with a dark cur-
rent value of 0.23 nA at £10 V. The photo-induced effects on the
CuO NSs-based device were studied by illuminating the device with
a tunable light source. The excitation wavelengths and corresponding
intensity values are shown in Fig. 5.2(c, d), which can be used for both

figures. The device was found to be blind in NIR, visible, and UV-A
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regions and has started showing sensitivity to UV-C radiation. We can
clearly see a significant enhancement in the photocurrent at 285 nm of
excitation. Interestingly, CuO NSs-based photodetector has shown a
systematic increment in the photocurrent till 220 nm, with a maximum
photocurrent of 150 nA at 220 nm excitation. However, the non-linear
behaviour suggests a gain mechanism in Au/CuO/Au planar photocon-

ductors [116-118].

Photo-sensitivity (plot shown in Fig. 5.3(a)) clearly confirms an
onset of photo-detection below 300 nm of excitation. The maximum
photo-sensitivity was found to be nearly 610 at 220 nm excitation. The
as-fabricated photoconductor has shown excellent photo-sensitivity be-
tween 210 nm to 250 nm spectral range, which has never been demon-
strated in CuO-based devices. Photo-responsivity has been calculated
for all the excitation wavelengths and is shown in the inset of Fig. 5.3(a)
[119]. A photo-responsivity value of 14.02 AW~! was observed at 210
nm excitation. The ratio of photo-responsivities calculated at 210 nm
and 500 nm is found to be 5x10% This unique feature of excellent
photo-responsivity between 210 nm and 280 nm establishes CuO as a
potential candidate for solar-blind detection. Fig. 5.3(b) shows the
schematic for the mechanism behind enhanced photo-response in the
UV region. The presence of traps and photogenerated carriers will ease
the charge transfer and thus increase the device’s gain. Moreover, tail
states and other defect states like V2* ¢, will also contribute to the gain
mechanism [120]. This will promote internal gain under illumination

(shown in the second part of Fig. 5.3(b)).

For better understanding, the variation of photo-responsivity with
applied bias has been plotted (Fig. 5.3(c)). There is a linear varia-
tion in photo-responsivity with voltage for 270 nm excitation, while
a non-linear variation was observed for 220 nm excitation. There are

several reasons behind the non-linearity, which are: a) trap-assisted
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Figure 5.3: Fig. 3. (a) Sensitivity plot as a function of wavelength;
the inset shows the photo-responsivity plot; (b) Schematic energy band
diagrams of the device (i) in the dark, (ii) under illumination; (c) Bias
dependent photo-responsivity plot at 220 nm and 270 nm; (d) Photo-
detectivity plot, the inset shows the time-dependent photo-response of

the device.

photocurrent generation, b) space charge limited current, ¢) back-to-
back Schottky junction, etc. [116-118, 121, 122|. It must be noted
here that there is an Ohmic contact between Au (®,4, = 5.1 V) and
CuO(Pcyo = 5.3 €V); therefore, the possibility of Schottky junction can
be discarded [116]. Planar photoconductors are generally not expected
to exhibit an internal gain. The gain at 220 nm excitation can cause
the generation of a large number of charge carriers with higher energy
radiation, thereby causing SCLC. Additionally, non-linear behaviour
can also be assigned to trap-assisted transport, which is also evident in

the Urbach energy plot. Along with copper vacancies, tail states can

8 6 -4 2
Voltage (V)

0

200 300 400 500 600 700 800
Wavelength (nm)

also be a root of non-linear transport [120, 123].

We have calculated photo-detectivity for all the excitation wave-

lengths (Fig. 5.3(d)). The plot shows a photo-detectivity of 3.59x 10"
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cmHz'/?W~! at 210 nm excitation, comparable to state-of-the-art solar-
blind photodetectors. Linear dynamic range (LDR) is defined as the
range of current as a function of illumination power over which the de-
vice response is linear. Typically, LDR is defined as: (LDR = 20log 1.,/
I;), where I, is the current in the dark state, and Iph is the photocur-
rent, calculated at 1 mW /cm? incident light intensity [119]. The value
of LDR was found to be nearly 61 dB. Finally, the external quantum
efficiency (EQE) of the photodetector was calculated. Nearly 5900%
EQE was found at A., of 210 nm, which sets CuO as a potential semi-
conductor for solar-blind detection. The device mentioned with the
above parameters is compared with previously reported solar-blind de-
tectors using AlGaN, GayO3, doped GasO3 system, ZnS, and ZnsTasOs5
(shown in Table I) [124, 115, 125-130]. The inset of Fig. 5.3(d) shows
the time-dependent photo-response with an applied bias of -10 V and
Aez = 220 nm, where the rise time was 31 s and decay time was found

to be 23 s.

5.5 Conclusion

A new candidate, i.e., CuO, has been added in the category of ultra-
wide bandgap semiconductors, with excellent structural, optical, and
electrical properties. Highly transparent CuO nanostructures were em-
ployed for the fabrication of solar-blind photo-detection with excel-
lent device performance in terms of high sensitivity (610), responsivity
(14.02 A/W), detectivity (3.59x10'* cmHz!/2W~1), LDR (61 dB), and
EQE (5900%). The work can pave the path for the development of

low-cost solar-blind detectors.
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Table 5.1: Comparison of Important Device Characteristics of Recent Literature Based on Solarblind-Detector With Our Device.

Material Dark Cur- | Spectral R(AW-!) | LDR Rpuv/Rasso | References
rent and S | range and D* | (dB) and
(nm) (Jones) EQE(%
AlGaN 0.535 nA 250-290 0.15 - 5% 103 [27]
Gag03 0.1 nA and | 185-285 0.32 x 1073 | - - [18]
14 and 2.8 X
HOE
Zn3TasO5 | 2.5 pA Upto 380 0.052 and | - - [28]
9.88 x 104
Gas03 10 nA 250-290 0.292 1.34 - [29]
Al-doped 0.96 pA 200-290 1.38 708 % 103 [5]
Q&w@w
Grahene-f- | 1 pA and | 200-280 39.3 and | 1.9 x 10* % | >100 [30]
Gay03 103 5.92 x 10'3
ZnS QDs 0.5 nA and | 254-290 0.0016 and | - - [31]
8 5.51 x 10?
Gag03 < 10710 A | 200-290 0.829 444 % - [32]
CuO NSs < 0.23 nA | 210-290 14.02 and | 61and 5.9x | 4.6 x 10° This work
and 610 3.59 x 101 | 103
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Chapter 6

Improving the photodetector
performance via MTE

technique

Synthesis of semiconductor thin-films is a well-established process. How-
ever, obtaining features of nano-size over the thin-film surface is a time-
consuming, complex and costly process. Post-synthesis morphological
modification in semiconductors can be an extremely useful technique
to obtain nanostructures and tune their properties on demand. In this
work, a swift, facile, large-area, implementable, economical and en-
vironmentally benign post-synthesis method to tune the morphology
of CuO nanostructures has been reported. The developed morpho-
logical transition engineering (MTE) technique was used to transform
the surface of CuO thin-film into honeycomb-like nanostructures. A
plausible mechanism based on the catalytic activity of Cu?* ions in
the dissociation of HyOy has been proposed for such a morphological
transition in CuQO. Further, a photodetector fabricated using CuO thin-
film has dark current, sensitivity and detectivity of 0.26 pA, 2.5 and
3.4x10" cmHz'/2W~1, respectively. Whereas MTE-based photodetec-

tor has shown improved dark current, sensitivity and detectivity of 27
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nA, 19.4 and 8.45%x10' cmHz'/?W~1, respectively. This work could
lead research towards establishing M'TE to obtain desired nanostruc-

tures over semiconductor thin-film surfaces.

6.1 Introduction

Since Richard Feynman’s famous talk on “There’s Plenty of Room at
the Bottom,” the world has seen unprecedented miniaturisation in semi-
conductor electronics through nanotechnology to achieve desired func-
tionality and properties for prospective applications [131, 132, 133]. In
most cases, the nanostructured semiconductor can have very different
properties from those corresponding to the bulk. Moreover, to capitalise
upon the improved semiconductor properties, such as optical and elec-
tronic properties, offered by nanostructured surfaces, nanofabrication
techniques are employed. Notably, nanofabrication is a synthesis pro-
cess to design, construct, and manipulate materials of minimum feature
size at the scale of 1 to 100 nm [134]. Supramolecular chemistry ad-
vancements have made it possible to self-assemble molecules into larger,
well-defined entities on the nanoscale through non-covalent interactions.
These self-assemblies are categorised as bottom-up nanofabrication ap-
proaches (Fig. 1 [132]). However, the other way out is the top-down
approach. In the top-down approach, selective etching of the semicon-
ductor is done to obtain the desired nanostructures [135, 136]. Further-
more, in the top-down approach of nanofabrication, the nanostructures
are synthesised through lithographic techniques or via chemical-based
processes. Physical lithographic techniques require heavy capital in-
vestment and rely on very complex technologies [132|. Therefore, re-
cently, the research pursued has been heading towards chemical-based
routes, which are cost-effective and less complex [132, 137]. The chem-

ical route techniques reported so far are template etching, selective
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dealloying, anisotropic dissolution, thermal decomposition [132], and

morphological transition engineering [137], as shown in Fig. 1.

‘ Nanofabrication ‘

‘ Top-down ‘ ‘ Bottom-up ‘

— \

Hydrothermal, chemical vapor
deposition, physical vapor
deposition etc.

Physical route .
Chemical route

Template etching, selective dealloying,
anisotropic dissolution,thermal
decomposition and

Photo-lithography,
electron beam

lithograthy, ion . Nr
beam lithography morphological transition

engineering

Figure 6.1: Nanofabrication methods.

Today, nanotechnology has been exquisitely developed so that we
can fabricate nanostructures with limiting dimensions [138]. However,
the need for a facile, cost-effective, large-area, implementable and quick
approach to nanofabrication has always been a wishful quest. MTE,
a technique for nanofabrication with control over the transition of the
morphology of the semiconductor surface [137, 139|, has the potential to
be a technique of choice for producing desired nanostructures. However,
after the literature survey, it is concluded that presently, the MTE tech-
nique is in an embryonic stage, which has been predominantly demon-
strated in the solution phase [137]. Perhaps chemical-based MTE could

be utilised further to obtain nanostructures in thin-films on demand.
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So, in this work, we have developed a facile and cost-effective chemical
route MTE technique to transform the CuO thin-film to honeycomb-

like nanostructures via catalytic dissociation of HyOs.

It is worth noting here that CuO is a p-type semiconductor with
the unique feature of high tunability of the bandgap from 1 eV to 4
eV [140, 62|, desirable optoelectronic properties [141]|, phase stability
[62], etc. It has been demonstrated for various applications like a pho-
tovoltaic solar cell [143|, photodetector [141, 143|, photocatalysis [144],
gas sensors [145], biosensors [146, 147, etc. Although CuO is a semicon-
ductor with good prospects for device applications, certain issues need
to be addressed. Simple and reproducible nanostructure synthesis and
doping schemes are required to be established [62]. Additionally, syn-
thesising nanostructures via a pollution-free method is desirable [148,
149]. Owing to the above discussions, the developed MTE technique
involves simple steps and is a reproducible method, and it has been en-
sured that there is minimal chemical usage and results in eco-friendly
by-products (HoO and O3). Hence, this technique can be categorised as

an environmentally benign method for CuO nanostructure synthesis.

In the present work, the effect of morphological change on optoelec-
tronic properties is also investigated. Thereafter, due to morphological
changes, the bandgap of the film is shifted. The effect of MTE on
the electronic transport parameter was investigated, and the activation
energy (E,) for the CuO thin-film and nanostructure was obtained.
Further, the optical response of the photodetector was improved af-
ter the MTE. However, the catalytic MTE approach in CuO thin-film
resulted in increased effective channel length, which results in overall

decreased responsivity of the catalytic MTE-based device.
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6.2 Experimental details

Commercially available borosilicate glass substrates were ultrasonicated
in acetone, isopropanol, and deionised water, respectively, for 10 min-
utes each. Hydrophilic treatment of all samples was performed for 20
min at 60 °C in a solution of HyO:H5O9:NH,OH with a ratio of 5:1:1 by
volume. All the chemicals used were of reagent grade and were supplied
by Sigma Aldrich. No further treatment or purification of the chemicals
was performed. Figure 2. shows the steps followed to synthesise the
CuO film over the substrate. Firstly, the seed solution was prepared
by the continuous stirring of an aqueous colloidal solution of copper
acetate for 24 hours. The second step was to spin-coat the prepared
seed solution at 1000 rpm for 20 seconds over the glass substrate. Next,
the sample was annealed at 250 °C for 30 min in an ambient oven. The
obtained sample was cleaned in deionised water to remove the organic
residue layer, and a smooth thin-film of CuO was obtained and adhered

to the substrate. The obtained sample has been labelled as TF.

Seed solution I

- /
=
- ° 250°C “~

‘ P
° ]l B —

Step 1 Step 2 Step 3

Figure 6.2: Procedure followed to synthesise CuO thin film.

Figure 3. represents the steps followed in the MTE technique. In
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step 1, hydrogen peroxide (14 M) was simply dispersed drop by drop
and spin-coated over the surface of the CuO thin-film. The dispersed
H,04 was left to soak over the sample and evaporate completely. The
sample obtained after treating with HyO, is denoted as NS throughout
the manuscript. Notably, as compared to other solution processes (e.g.,
hydrothermal process) for nanostructure synthesis, this technique con-

sumes fewer chemicals.

Step 1: Step 2: Step 3: Step 4:
Already synthesised H,0, dispersed over the CuO thin Spincoated to the After complete evaporation of
CuO thin filmwas film surface drop by drop by the sample to H,0, from the surface, the
taken. micro-pipette or spray directly disperse the H,0, morphology changed to
over the surface by the atomiser. uniformly. honeycomb-like

nanostructures.

Figure 6.3: Steps involved in solution-processed morphological transi-
tion engineering technique.

Further, this article is arranged in the following manner. Firstly, a
morphological investigation has been performed. Field emission scan-
ning electron microscopy (FESEM, Zeiss Supra-55) was used to probe
the morphology of the nanostructures. The synthesised semiconduc-
tor’s phase purity is investigated by Raman spectroscopy. Horiba,
Labram HR Evolution, from 200 cm ™! to 800 cm~! was used for Raman
spectroscopy. Subsequently, the process of MTE in CuO is discussed
in detail. Then, the optical characterisation is discussed for which UV-
Vis spectroscopy of the film was performed on Cary 60 UV-Vis, Agilent

Technologies, in the range of 200 nm to 800 nm.
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In the later section of this article, the device fabricated with CuO
thin-films for UV-C light detection has been reported. The variation in
the photodetector parameter has been investigated to argue for the ef-
fect of morphological transitions in the thin-film. The copper electrodes
were deposited at a 1 A/ s rate by a physical vapour deposition tech-
nique, and a shadow mask was employed to define the channel region
(50 pm). The electrodes were deposited up to an estimated thickness
of 150 nm. The schematic of the device is shown in Fig. 6.4. The
electrical characterisation of the fabricated device was performed using
a Keithley 2612A dual-channel source meter. An optical light source of
wavelength 254 nm at an intensity of 2.11 mWem ™2 was used to per-

form optical characterisation of the device.

Cu electrode

Figure 6.4: Schematic of the fabricated photodetector device

6.3 Results and discussion

6.3.1 Morphological investigation and basic charac-

terisation

Fig. 6.5. shows the FESEM images for the morphological investiga-
tions of the TEF and NS samples. Fig. 5(a). shows the TF surface

texture, which confirms the formation of the smooth thin-film of CuO.
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For detailed characterisation-related information about the TEF (CuO
thin-film) sample, reference |10] can be further referred. Thereafter,
upon catalytic MTE, the morphology of sample TF completely trans-
forms to honeycomb-like nanostructures (Fig. 6.5(b)). Moreover, the
honeycomb-like nanostructure could be the manifestation of the net-
work of nanoplates (further discussed in detail). Fig. 6.5(c) shows the
cross-sectional image of the sample NS. The nanoplates formed observ-

ably have a thickness in the range of a few tens of nanometers.

400 600
Raman shift (cm‘l)

Figure 6.5: FESEM images for morphological investigation. a) TF sam-
ple, b) NS sample, ¢) NS sample cross-sectional image, and d) Raman
spectra of TF and NS samples.

To confirm the formation of CuO, Raman spectroscopy was per-
formed. The Raman spectra recorded for the TF and NS samples,
respectively, are shown in Fig. 6.6. Raman spectra for TF shows A, at
289 cm ™!, B, at 337 cm™!, and By, at 590 cm™! modes, respectively,
which are the three Raman active peaks of CuO. Further, the Raman

L and

spectra for the NS sample were at A, at 270 cm ™!, B, at 314 cm™
By, at 589 cm™!, respectively. Table 1. below summarises the corre-
sponding Raman peak values of the TF and NS samples. The shift in

the peaks of the NS sample as compared to TF can be attributed to
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the nanostructure formation [44]. To investigate the optical properties
of the samples, UV-Vis spectroscopy was performed. The absorption
spectra in Fig. 6.6(a) show the absorption edge at 300 nm for both
samples. The absorption in the TF sample is lower than the NS sample
when the incident wavelength is lower than the absorption band edge.
The absorption in the visible region is appreciably feeble as compared
to the UV region. Moreover, in Fig. 6.5(b), the magnified image shows
the effect of MTE over the absorbance of the TF sample. For the wave-
length of the incident light above 300 nm, the absorption coefficient
appreciably decreases in the NS sample compared to the TF sample.
Similarly, the transmittance of the NS sample is higher for wavelengths
higher than 300 nm as compared to the TF (Fig. 6.5(c)). Here, the
change in the absorption of the NS sample can possibly be due to the
suppression of midgap states [71]. The tauc-plot in Fig. 5 (d) shows
the bandgap to be 4.08 eV and 4.12 eV for TF and NS samples, respec-
tively. The blue shift in the bandgap after the MTE in the NS sample
can again be attributed to the nanostructure formation and quantum
confinement effect [46, 32, 140|. Further, in CuQ, the electronic transi-
tions are due to direct and indirect band transitions. However, as the
bandgap of both samples is more than 3 eV, it is possibly due to direct

band transitions.

6.3.2 Mechanism for morphological transition

The deposition of CuO thin-film over the glass substrate with the chem-
ical bath deposition process is already a well-studied phenomenon. The
mechanism for the same has been reported in the past [143, 150]. How-
ever, morphological transition in CuO nanostructures needs to be stud-
ied phenomenologically. In the MTE process, the CuO thin-film surface
was transformed into a honeycomb-like nanostructure by treating the

CuO surface with HyO,. It is well established that Cu?* ions catalyse
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Figure 6.6: Wavelength-dependent absorption plot for TF and NS sam-
ples, b) magnified image of absorption plot for visible, ¢) transmission
plot for TF and NS samples, and d) Tauc-plot showing the optical
bandgap of the TF and NS samples.

the HyOs dissociation reaction [151]. Here, we propose that the cat-
alytic activity of Cuyy in the dissociation of HoOy might have led to the
transformation in the morphology. As HyO, is dispersed over the CuO
surface, the HyOy molecules get dissociated, henceforth Cu?T and OH~
ions combine and result in Cu(OH), (Fig. 6.6(a)). Further, as illus-
trated in Fig. 6.6(b), OH™ ions present in the solution have a tendency
to combine with Cu(OH)s,, giving rise to Cu,,(OH),42*" chain, which
results in strip-like structures formation. Fig. 6.6(b) also shows the
possible chemical reactions involved. As the decomposition of HyOs is
an exothermic reaction, these chains of Cu,(OH)a,2*" get thermally
decomposed to CuO strips (Fig. 6.6(c)). The network of these CuO

strips manifests itself in honeycomb-like nanostructures.

The above discussion presents the potential mechanism for the CuO
thin-film transformation into honeycomb-like nanostructures via MTE.
The above mechanism can be read in tandem with the references [151,

152, 153, 154]. It is noteworthy that the overall by-product of the

86



CHAPTER 6. IMPROVING THE PHOTODETECTOR PERFORMANCE VIA MTE TECHNIQUE

reactions involved is HoO and O,. As this method does not produce
any chemical wastes and ensures the least usage of chemical reagents
compared to other solution-process techniques, therefore, it is an envi-

ronmentally benign method to synthesise CuO nanostructures [148].

© Oxygenatom
° Copper atom
() Hydrogen atom

2Cu0 + 2H,0, » 2Cu(OH), + 0,

a)

b) Cu(OH),+20H - Cu(OH)?"
cu (02 2Cu(0H)%™ - Cu,(OH)2™+20H™
Cu(OH)3~+Cu,_,(0H)3,—20H™ + Cu,, (0H)%,,,

A . S
Cu, (OH)%;,,~nCu0 + nH,0 + 20H - | -

Figure 6.7: Growth mechanism of CuO nanoplates. a) upon dispersion
of HyO4 over the CuO surface, the schematic representing the formation
of Cu(OH)s, b) chemical equations involved in the strip formation by
aggregation of Cun(OH)? 5,5 chains, and ¢) network of strips mani-
festing in honeycomb-like nanostructures.

To investigate the optoelectronic properties of the CuO samples,
the planar electrode devices were fabricated (details provided in the
experimental section). The active area of all the devices was 1073 c¢m?.
In the device TF, the dark current varies linearly as the applied bias
is varied between —20 V to +20 V range (Fig. 7). This confirms the
formation of ohmic contact between the Cu electrode and the CuO thin-
film. The temperature-dependent I-V curve is shown in the inset of Fig.
7. The enhancement in device current with the increase in temperature

could be attributed to the thermal generation of charge carriers. The
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temperature-dependent I-V plot confirms the almost linear curve at
higher temperatures. The Arrhenius plot of resistance versus reciprocal
temperature was plotted to analyse the activation energy (E,) of the
trap states. In the case of semiconductors, the temperature dependence

of resistance is governed by the equation:
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Figure 6.8: a) The top figure shows the room temperature I-V plot,
and the inset shows the temperature-dependent I-V plot for the TF
device. The below figure shows the Arrhenius plot of resistance versus
reciprocal temperature; b) The top figure shows the room temperature
[-V plot and the inset shows the temperature-dependent I-V plot for
the NS device. The figure below shows the Arrhenius plot of resistance
versus reciprocal temperature.

In the above equation, Ry is the pre-exponential factor, k is the
Boltzmann constant, and T is the temperature. Fig. 7 shows the re-
ciprocal temperature-dependent resistance of the TF device. The value
of E, was extracted by curve fitting, which was found to be 674 meV.
Hence, there is a trap level above the valence band of CuO, which is

predominantly due to the presence of copper vacancies [39, 150]. Sim-
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ilarly, Fig. 8 (a). shows the I-V plot for the NS device in ambient,
and the inset shows the temperature-dependent plot. It is evident that
the I-V curve is linear, hence again confirming the formation of ohmic
behaviour in the transport of charge carriers. Fig. 8 (b). shows the
temperature-dependent resistance offered by the CuO semiconductor
thin-film after MTE. The activation energy of the NS sample is ex-
tracted to be 742 meV. The change in the activation energy reflects
the change in the energy levels of the trap states, which is related to
the MTE process. The change in the activation energy reflects that
the MTE process may even have affected the other properties of the
CuO thin-film. Further, to investigate the changes in the optoelectronic
properties, UV-C light was illuminated over the devices, and different
photodetector parameters were evaluated for both devices. Further-
more, here, the choice of the excitation wavelength (254 nm) was based
on the spectra of light absorption, as the TF and NS samples absorb
appreciably in the deep UV region.

Device fabricated with TF The TF device fabricated has a dark
current, Id 0.26 1A at the applied voltage bias of 20 V (Fig. 9). Under
254 nm wavelength light illumination conditions, the device current of
0.9 pA for the bias of 20 V was recorded. The device photoresponsivity,
R, was found to be 308 mAW ~! and photosensitivity, S of 2.5. Similarly,
detectivity, D* was calculated to be 3.4x10'° J, and EQE was 211%.

Device fabricated with NS The dark current recorded was 27 nA
for 20 V bias voltage (Fig. 10). Further, the photocurrent under 254
nm light illumination was 0.55 pA. This device’s R was 248 mAW ™!
and S was 19.4. The D* was 8.45x10' J, and the EQE of the device
was 128%.
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Figure 6.9: a) I-V plot in dark and illuminated conditions for TF de-
vice.; b) I-V plot in dark and illuminated conditions for NS device.

Table 2. shows the summary of the devices’ performance. It is ev-
ident that most of the photodetector device parameters are improved
upon applying the MTE process. The dark current reduction in de-
vice NS in comparison to device TF can be attributed to nanostructure
formation in the NS sample. The effective resistive path length in the
channel region is enhanced since the charge carriers have to traverse
a zig-zag path, unlike the smooth thin-film device 30. However, the
responsivity of the TF device is better. This could possibly be again
due to the shorter channel length offered by the TF device. The pho-
togenerated carriers in TF have a better probability of reaching the
other electrode before recombination. But in the case of the NS device,
there is much possibility that the generated carriers get recombined
while travelling through the zig-zag path. Therefore, the photo-current
is higher in TF and is much better compared to the NS device. Al-
though NS offers improved sensitivity and detectivity. This could be
attributed to the improved dark current in the NS device, i.e., reduced

dark current as compared to the TF device.
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6.4 Conclusions

In summary, solution-processed CuO nanostructures were utilised to
fabricate UV-C (254 nm) photodetector with dark current, specific
detectivity, and photosensitivity of 260 nA, 3.4x10'° Jones, and 2.5,
respectively. A novel method has been developed for the morpho-
logical transformation of the as-synthesised smooth thin-film into a
honeycomb-like nanostructured surface. The developed MTE technique
also tunes the absorbance and, hence, the bandgap of the CuO film.
The device fabricated by the MTE technique shows dark current 27 nA,
specific detectivity, and photosensitivity of 8.5x10 Jones, and 19.4,
respectively. This article highlights that the developed novel chemical-
based MTE process can be used to improve the device’s performance.
This achievement could pave the way for further maturing of the chem-
ical route for nanofabrication for the fabrication of devices. This work
might also open a new avenue for research in alternative device fabrica-
tion techniques that can be cheaper and more facile than the existing
ones.

The main highlights of this technique are:
1. Cheaper, fast, facile and environmentally benign.

2. The morphological transition from CuO thin-film to honey-comb-

like nanostructure.
3. Bandgap tuning of the CuO semiconductor.
4. Performance of photodetector improved.

5. Future scope of this could be to achieve doping certain elements

in CuO lattice.
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Chapter 7

Conclusion and Future Work

7.1 Conclusions

In summary, a hydrothermal seed-layer-assisted growth technique has
been employed to synthesise CuO nanostructure. Potassium perman-
ganate (KMnQO,) has been used as an additive in the precursor solution.
To control the morphology and optoelectronic properties of the CuO
nanostructures, the concentration of KMnQO, is varied. Bandgap-tuned
CuO nanostructures were synthesised from broadband absorption to
UV-C absorbance with the varied available density of states for direct
and indirect bandgap transitions. Bandgap-tuned CuO nanostructure-
based UV-C, broadband, and NIR photodetectors have been fabricated
and demonstrated.

The CuO seed layer synthesised was used as a thin-film for the
fabrication of the photodetector device. The synthesised thin-film has
shown more than 90 % transparency for the visible spectral region and
had appreciable absorption in the UV region for wavelengths smaller
than 300 nm. The fabricated device shows the least response to the light
source of wavelengths in the visible region. The device’s Rpyy /Ryis
ratio is close to 5400, which confirms the solar-blind photodetection. In

addition, the device has also shown PPC effect with a huge retention
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time. To project the applicability of the PPC in real applications,
we have developed a technique for set and reset mechanisms based on
thermal and NIR heating.

Further, to improve the solar-blind characteristics of the device, the
quality of the thin-flim was enhanced. A pristine half-hour growth
of nanostructure over the seed layer was performed. The resulting
nanostructured thin-film shows enhanced transparency in the visible
region and absorption in the UV region due to improved crystallinity
and quantum confinement effect. The synthesised nanostructured thin-
flim has a bandgap of 4.13 €V, which categorises it into an ultrawide-
bandgap semiconductor. Compared to the smooth thin-film-based de-
vice, the nanostructured thin-film-based device has shown improved
photodetection based on all parameters like responsivity, sensitivity,
detectivity, and response time. This device’s performance, if not bet-
ter, is comparable to the other reported devices based on different wide-
bandgap semiconductors.

Lastly, a unique environmentally benign technique for the synthesis
of CuO nanostructure has been developed. This post synthesise mor-
phological transition engineering (MTE) technique was employed over
the smooth thin-flim to transform it into a nanostructured thin-flim.
In this technique, hydrogen peroxide (HoO5) is dispersed over the CuO
thin-film and let it evapourate. The catalytic activity of Cu?" ions
driven reaction results in a chain-like reaction, which ultimately results
in a strip-like structure. These strip-like structures form a network of

strips and manifest into honeycomb-like structures.

7.2 Future Work

We have explored CuO semiconductors for varied bandgaps and, hence,

fabricated photodetector devices with variable spectral ranges. The

94



CHAPTER 7. CONCLUSION AND FUTURE WORK

direct and indirect transition bandgaps are tuned to obtain the desired
bandgap. We have employed a photoconductor device configuration
with planar electrodes for the fabrication of the devices. Following are

the limitations of this work and the scope for future works:

1. In this thesis, we have only considered pristine CuO semiconduc-
tors to attain desirable optoelectronic characteristics. However,
appropriate dopping with careful selection of the dopant can re-

sult in desirable optoelectronic properties.

2. Different synthesis processes could be explored to synthesise CuO

semiconductors with varied bandgap.

3. Different device configurations like photodiodes based on the Schot-
tky junction could be employed for improving the transient re-

sponse time of the photodetector.

4. Heterojunction device could be fabricated with the proper selec-
tion of the n-type semiconductor like ZnO to improve the tran-

sient response and spectral selectivity of the device.

5. The phenomena of the PPC effect in CuO could be a topic for

further investigation.

6. The process of MTE can offer huge potential for on-demand CuO
nanostructure synthesis. In addition to HyO,, other reactants
could be employed to modify the reaction rate or the mechanism

to attain the desirable morphology of nanostructures.
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