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ABSTRACT

Investigation of performance of oxide and TMD based

photodetecting structures

by
Ruchi Singh
Hybrid Nanodevice Research Group
Department of Electrical Engineering
Indian Institute of Technology Indore
Supervisor: Prof. Shaibal Mukherjee and Dr. Pankaj Misra

With the innovation of photodetectors (PDs), new applications in flexible
and wearable electronics, foldable displays, nano generators, and health
patches are now being investigated. High bandgap and 2D transition metal
dichalcogenides (TMDs) materials are now being investigated in various
PD device structures. ZnO and its alloys have been extensively studied for
their potential applications as a wide bandgap semiconducting material due
to low lattice mismatch, resistance to radiation damage, availability of
native substrates, wet chemical processing capability, and the ability to
produce high-quality films. One of the most studied TMDs for electrical,
optoelectronic, photovoltaic, and photocatalytic applications is S-Mo-S
covalently bonded MoS; because of its two-dimensional structure, layer
dependent conductivity, chemical composition, device miniaturization, and
low power requirements. The goal of this entire project is to observe
progress in the field of photodetector in terms of analytical modelling prior
to actual fabrication of multilayer devices, newer materials for
photodetecting applications, and flexible device electronics.

Prior to the actual experimental fabrication of the p-i-n homojunction PD,
it is critical to conduct an analytical study of the PD's performance
parameters under various conditions. In the analysed models, standard

values of the constant parameters such as surface recombination velocity,
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diffusion constant and diffusion length, minority carrier lifetime are used
for ZnO material system along with some mathematically derived
parameters like surface to bulk recomibination velocity, built-in potential,
etc. The model consider the individual components of current density:
diffusion, generation-recombination, tunneling to produce total dark
current density as a summation of individual components. Similarly, the
total quantum efficiency is calculated as the summation of quantum
efficiency of p-, i- and n-regions, respectively. The spectral response and
peak responsivity with reverse bias voltage of the PD with varying
thickness of individual regions is analysed in the model. The parameters of
the DIBS deposited Sb doped ZnO as p-type (SZ0O), intrinsic ZnO as i-type
(Zn0), and Ga doped ZnO as n-type (GZO), resepectively, is utilized.

The developed model of homojunction p-i-n PD is even further evaluated
for validation by comparing with the published experimental results
gathered by other reasearchers on the same material system. On the based
of this developed model, the dark current and spectral response of the
sputtered grown Doped ZnO homojunction p-i-n PD is estimated. The PD
shows a wavelength seelctivity in the UV region near the absorbtion edge
endorsing the analytical study of UV PD as expected due to wide bandgap
value of ZnO. The optimized thicknesses of 50 nm and 80 nm of top p-type
SZO region and sandwiched i-type ZnO region, respectively are obtained
in this study. The outcomes show that the responsivity grows by 98.56%
while intrinsic i-type film thickness rises from 20 to 80 nm and it decreases
by 42.13% as topmost acceptor doped p-type film thickness increases from
50 to 200 nm.

In order to explore the different regime of 2d TMD in light detection
application, MoS> monolayer has been deposited utilizing CVD system
over SiO2/Si substrate. Intially a seed layer of MoOs is deposited over the
substrate via spin coating, this seed layer is then interect with sulfur fumes
in the CVD furnace to produce MoSz monolayer, confirmed by optical
microscopy, Raman spectroscopy and sectroscopic ellipsometry analysis.
Surface assisted wet transfer process is exploited for transferring of CVD

deposited MoS, monolayer over interdigitated Pt electrode over glass
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substrate. A solution of polystrene and toluene as used for peeling off MoS;
monolayer from SiO2/Si substrate and its placing over the electrode.

A number of device performance metrics, including dark and light current-
voltage (I-V), spectral responsivity, external quantum efficiency,
detectivity, noise equivalent power, and photo switching characteristics, are
procured on the MoS, monolayer MSM PD. The photodetector
performance is analyzed, at 5 V, wherein the dark current of the device
increases to 1.61x107 A from 5.37x10® A as operating temperature
increases from 25 °C to75 °C, while photocurrent increases from 3.02x10"
® A to 8.43x10° A with decrease in 28.17 %, respectively. The peak
detectivity and NEP are 1.11x10! cm.Hz®°W? and 1.24x1071! w,
respectively. The rise and fall time are 0.06 ms and 0.14 ms, respectively,
and the photocurrent on/off ratio is 256.

The wearable and flexible electronic applications of sputtered grown ZnO
MSM PD over polyimide flexible substrate is investigated. Examination of
the complete device is performed at normal (flat) and different bending
conditions, respectively. 1-V analysis in both dark and incident light
wavelength along with different bending conditions is performed for
varifying wavelength selectivity and impact of bending (strain) on the
device. Classic thermionic field emission transport theory and piezo-
phototronic effect is used for analytical scrutinization of the performace of
the PD. The device is also explored for spectral response with different
biased and bending condition in addition to measurement of the quantum
efficiency of the MSM PD.

The piezo-phototronic effect describe the impact of strain and the biased
voltage on the change in SBH and charge carrier accumulation at the metal-
semiconductor Schottky junction. The higher value in the relative change
of SBH under bending results in reduction of photocurrent initially, which
is compensated by increased electric field at higher biased voltage in the
UV PD. The ZnO based flexible UV PD provides the maximum
photocurrent for 325 nm wavelength, with an lon/loff ratio of 215 at 6 V in
normal condition. The spectral response of the device suggests that it is
suitability for UV PD with a peak responsivity of 0.5 A/W.
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Chapter 1

Introduction and Fundamental Concepts
1.1. Introduction of Photodetectors

The range of electromagnetic spectrum varies from very short
wavelength of 0.1 A to thousands of kilometres corresponding to X-ray
and radio waves, respectively. A subset of these wavelength ranging
from 10 nm to 50 um constitutes optical region of spectrum combining
ultraviolet, visible and infrared. Radiation detectors capable to operate
in the mentioned region of spectrum are called photodetectors. In other
words, photodetectors are the electronic device capable of sensing of
optical region (light) of electromagnetic spectrum [1]. These devices are
mainly classified into two sub categories of thermal and photon
detectors. A material with a strongly temperature-dependent property is
used to make a thermal detector. The material will change as the incident
radiation is absorbed, and by measuring the change, the amount of
energy absorbed can be determined, such as when an electrical
conductivity or gas expansion occurs. A black surface coating typically
absorbs the radiation, resulting in a broad and uniform spectral response.
However, the sensitivity is typically lower than that of a photon detector,
where the material's electrons are excited by the incident radiation and
an electrical output signal is observed. The photoemissive device and
the solid state sensor are the two distinct categories of photon detectors
that can be distinguished by observing this output signal. In the first
case, the photosensitive electrode releases excited electrons into the
surrounding medium, which can be a vacuum or a gas [1-2]. In contrast,
in a solid-state detector, the photons alter the material's electronic energy
distribution. An output signal is produced by this change in energy. The
conductivity change that results from changing the number of free
electrons or holes, for instance, is measured in a photoconductor. These
photoconductors are the most common type of photodetectors discussed

and explored in solid state electronics i.e. optoelectronics [2-3].
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1.2. Motivation

An optoelectronic device known as a photodetector uses a variety of
photo-related phenomena to transform a light signal into an electrical
signal. With the progression of photodetectors (PDs), arising
applications in the field of adaptable and wearable gadgets, foldable
showcases, nano generators, wellbeing patches, are currently being
investigated. Communication, radiation detection (smoke, flame, and
missile plume), water sterilization, atomic force microscopy, laser-based
devices, inter-satellite communication, ozone layer monitoring, and
automotive anti-collision optical radar are some other common
applications for PDs [4]. Systems interfacing photodetector with read-
out circuits are now been implemented for exploring photodetector
based internet of things (10T) applications [5-6].

Major Applications of Photodetector
f

¥ y v v v
Space to space | | Pollution Used in modern oil| | AFM (Atomic | |used with lasers
communication| | monitoring | |burning furnaces Force to form security

as a safety feature Microscope) system

Y
As switch on relays
for street lighting

Figure 1.1  Common applications of photodetectors.

The primary concerns for these applications are a high signal-to-noise
ratio, high precision, self-powered, sensitive, and fast response, as well
as a low power consumption and greater miniaturization. In various
device structures of PDs, high bandgap and 2D transition metal
dichalcogenides (TMDs) materials have recently been investigated [7].
The PD's low sensitivity and efficiency, high order filters, high voltage
supply requirement, device degradation, and ultra-high vacuum
requirement, however, limit its widespread application [8]. The
wavelength spectrum that needs to be detected is the determining factor
in selecting the detecting material for PD fabrication. Many researchers
have looked into wide bandgap semiconductor materials like SiC,
AlGaN/GaN, and ZnSe for UV and deep UV wavelength detection. Zinc
Oxide (ZnO) and its alloys have been the subject of extensive research

over the past ten years for potential uses as a wide bandgap
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semiconducting material. This is for the most part inferable from
elements, for example, negligible cross section crisscross, protection
from radiation harm, the accessibility of local substrates, amiability to
wet synthetic handling, and the chance of creating great movies. [7-8].
The determination of a proper material with explicit highlights is of
essential significance for the development of PDs that navigate an
assortment of electromagnetic range ranges. Numerous ground-breaking
research was carried out, including band engineering with
heterostructure. Due to its remarkable two-dimensional structure, layer-
dependent conductivity, chemical composition, device miniaturization,
and low power requirements, TMDs are one of the upcoming electronic
and optoelectronic materials. One of the most extensively studied
multilayer TMDs for electrical, optoelectronic, photovoltaic, and
photocatalytic applications is S-Mo-S covalently bonded Molybdenum
disulphide (MoSz) [9]. MoS2 monolayer's outstanding properties include
a direct energy bandgap of 1.8 eV at room temperature, high mobility
(700 cm?/V.s), significant optical absorption for the visible spectrum, a
high current on/off ratio, and a prominent photoluminescence peak,
making it an ideal candidate for PDs devices. MoS, monolayer has
opened the door to a variety of research platforms, including
photodetection properties in the visible region [9]. The wavelength
detection range varies depending on doping and the number of MoS;

layers in the device structure.
1.3.  Working Principle

The bundles of energetic particles are called photon, and these particles
composes optical spectrum. The Planck-Einstein relation describes each
photon's energy, which is proportional to its wavelength in the
electromagnetic spectrum (light) [10]. The relation is given by:

_hc

. (1.1)

where h - Planck constant, ¢ - speed of light, and 4 - light wavelength.



The photoelectric effect, or the direct conversion of optical photon
energy into electricity, is the foundation upon which photodetectors
operate. There are basically three processes in the photon energy
conversion flow [11] as depicted in Figure 1.2:

Generation of Separation of

Charge Carrier Charge Carrier

Figure 1.2  Process flow of photon energy conversion.
1.3.1 Generation of Charge Carrier:

The absorption of photons by the materials that make up the p-n junction
is the first step in the process of creating charge carriers. Photons with
an energy that is greater than or equal to the material's energy bandgap
generate charge carriers; on the other hand, photons with a lower energy
pass through the material without being absorbed and will not contribute

to the generation of charge carriers.
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Figure 1.3  (a) Energy band diagram showing generation of charge
carrier by the absorption of photons (b) Simple p-n junction model of
photodetector showing separation and collection of charge carrier and

then flow of electron through external circuit.
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This process of creating carriers results in the formation of electron hole
pairs. The electron leaves the hole in the lower energy state (valence
band) in this generated pair and moves to the higher energy state
(conduction band) as shown in Figure 1.3 (a).

1.3.2  Separation of Charge Carrier:

Recombination of the charge carrier may occur after its lifetime;
consequently, the generated charge carrier must be separated prior to
recombination in order to generate electricity. As can be seen in Figure
1.3 (b), the edge of the depletion width present on both sides of the
absorber layer (depletion region) allow electrons to pass through one and
holes to pass through the other. This depletion regions are essentially

framed by the p-and n-type materials.
1.3.3 Collection of Charge Carrier:

In the final step, the separated charge carriers are collected at the
contacts so that electrons can flow through the external circuit to
generate electricity and recombine with the holes at the other contact, as
shown in Figure 1.3 (b).

1.4. Structures of PD and Figure of Merits

The structures of PD are broadly classified in three configurations as
metal-semiconductor-metal (MSM), p-n and p-i-n PDs [11-12]. MSM
PDs have the advantages of planer structure hence easy to fabricate and
suitable for integrated circuit technology, low strain capacitance, wide
bandwidth, and fast response due close placing of metal contacts [13].
The primary purpose of the p-n junction PD is to permit light to pass
through the metallurgical junction's peripheral region. Due to limited
carrier diffusion, the p-n homojunction and heterojunction are slower
but more sensitive to incident light [14]. However, because they operate
quickly, have a high value of sensitivity, and exhibit photo-generated
gain, p-n Avalanche PD can enhance their response [15]. These are

typically used in a configuration with reverse bias, with the applied bias
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close to the breakdown bias voltage. Photo-generated carriers are able
to produce an impact ionization process because of the intensely high
applied electric field. They travel across the junction at saturation
velocity. More carriers can be produced by these drifted electrons and
holes [12,16]. The impact ionization process, is the phenomenon which
results in carrier multiplication and thus, provide gain in the device. The
p-i-n homojunction structure is the preferred option out of all of them
because of its superior interface quality throughout, making the junction
electrically and metallurgically superior. In comparison to conventional
p-n architecture, the i-layer in p-i-n architecture makes it possible to
absorb incident photons more effectively [17-18]. Additionally, the p-i-
n PD's response speed can be improved due to the addition of a high-

field intrinsic layer between the p and n regions.

()

(b)

(©)

Figure 1.4  Different structures of PD (a) MSM, (b) p-n junction, and
(c) p-i-n junction.



The vital performance figure of merits of PDs are [19-21]:
1.4.1 Dark Current (Io) and Photocurrent (lpc):

When no photons (no radiation from the outside enters the detector)
enter a photosensitive device, a small electric current known as dark
current flows through it. In non-optical devices, it is known as reverse
bias leakage current and is present in all diodes. Physically, dark current
is caused in the device's depletion region by random generation of
electrons and holes [22-23].

The electric current that flows through a photosensitive device, like a
photodiode, when it is exposed to incident optical power (Pin) is known
as photocurrent. The photoelectric, photoemissive, or photovoltaic
effects may cause the generation of photocurrent [24].

1.4.2 Responsivity (R):

The ratio of the photocurrent output (in amperes) to the incident optical
power (in watts) is known as responsivity. The quantity is expressed in
amps per watt (A/W). Thusly, responsivity is the measure of the
semiconductor device effectiveness for converting the electromagnetic
radiation to the electrical current [25]. Temperature, bias voltage, and
wavelength all have an impact on responsivity. Reflection and
absorption qualities of the detector material is wavelength depend
quantities and consequently responsivity likewise changes with

wavelength.

Ipc 19
R=2>r_-21 (1.2)
Pin hv
Where n is external quantum efficiency, q is charge of electron and v is

frequency of incident light.

1.4.3 Quantum Efficiency (n):
The ratio of an electron generation rate to a number of incident photons
is known as the quantum efficiency (QE) of a photodetector and it is

often measured in % [26].



_ toc/q _Ipe hv (1.3)
Pin/hv q.Pin

1.4.4 Noise Equivalent Power (NEP):

NEP is the smallest trespassing optical power that a detector can
distinguish from the noise [27] and is given as in equation 1.4:

_ (2qBIp)2 (1.4)

Where B is bandwidth.
1.4.5 Specific Detectivity (D*):

Specific detectivity is equal to the reciprocal of NEP multiplied with
square root of area [28], which can be expressed as in equation (1.5):
1
RA2
D' =—— (1.5)
(2qBIp)?

Where A is the active area of the device.
1.4.6 Rise and Fall time:

When the detector is being irradiated with pulsed radiation, in which the
rise and fall times are so brief that it appears as a square wave, then the
response time is defined as the time taken for the photocurrent to rise
from the 10% of the base value to 90% of the peak value is called rise
time. Similarly, the time taken to decay from 90% of the peak value to
10% of the base value is termed as fall time [29-30].

1.5. ZnO and MoS; Semiconductor Materials

Zinc oxide (ZnO) is a direct wide bandgap (3.37 eV at room
temperature) semiconductor which solidifies in two principal structures,
hexagonal wurtzite [31] and cubic zinc blende [32]. Figure provides a
schematic representation of the arrangement of these structural phases
for easier comprehension. 1.5. The Zn atom and the O atom are both
denoted by yellow circles in the schematic. The wurtzite structure is

more prevalent among these two structures and is thermodynamically
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stable at ambient temperatures. At room temperature, the lattice
parameters of hexagonal wurtzite ZnO are a = 3.25 and ¢ = 5.20 [33].
Like other 11-VI semiconductors, wurtzite ZnO can be transformed into
rocksalt (NaCl) at external moderate hydrostatic pressures.

(b)

Figure 1.5 The representation of crystal structures of ZnO: (a)
Wurtzite (b) Zinc blende.

ZnO's large refractive indices from ultraviolet to visible, high
breakdown strength, high saturation velocity for electronic device
applications, and existence of well-established thin film growth
processes are additional unique features. Alloying with other oxide is

often implemented to tune the ZnO bandgap [34-35].

MoS: is one of the layered TMDs that has received the most research
because of its widespread nature as molybdenite. Due to its mechanical
flexibility, MoS; with an odd number of layers could produce oscillating
piezoelectric voltage and current outputs [36]. This suggests that MoS>
could be used to power nanodevices and stretchable electronics. The

thickness of each MoS: layer is ~0.65 nm.

(b)

Figure 1.6 Crystallographic representation of monolayer MoSz:

(a) top view and (b) front view.



Semiconducting monolayer MoS; with a trigonal prismatic polytype is
referred to as 2H, while metallic monolayer MoS; with an octahedral
crystal symmetry configuration is referred to as 1T [37-38]. Due to the
planar exciton confinement effect, MoS> has strong light-matter
interactions and tunable band gaps in the visible and near-infrared
wavebands. Monolayer MoS; exhibits direct band-gaps and bound
excitons in the single-layer limit, which are fundamentally intriguing for
achieving applications in nanophotonics and optoelectronics [39].

1.6. Problem Formulation and Execution Plan

The purpose of this entire work is to examine the development of
analytical modeling in the photodetector field, before actually
fabricating multilayer devices, newer materials for photodetecting
applications, and flexible device electronics. It is essential to have a
solid understanding of a number of variables, including electrical,
optical, and structural aspects, in order to construct high-performance
optoelectronic devices. Also that examination of various part of
photodetecting gadget requires different testimony strategy for the
statement of the semiconducting materials.

Sputtering is replacing traditional plasma-based deposition methods for
large-scale fabrication because it allows for independent control of beam
energy, direction, and current density. The faltering based strategies are
practical and appropriate for huge region testimony. High-quality thin
films with greater compositional stoichiometry, homogeneity, and film
adhesion on larger substrate surface areas are characteristic of the dual
ion beam sputtering (DIBS) method [40]. However, non-conductive
dielectric target materials can be deposited using the reactive magnetron
sputtering technique at a significantly lower pressure, with a high

sputtering yield, and uniform layer deposition.

Many MoS> monolayer deposition methods are currently being studied
and regulated, but they do not allow for homogeneous film growth.

Chemical vapor deposition (CVD) is one of the most straightforward
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and efficient methods for fabricating MoS, monolayers [41-42]. This is
due to the fact that it has a high degree of adaptability in terms of
substrates and growth conditions. As a result, the CVD system is used
to grow the MoS. monolayer for MSM PD fabrication.

The following are the necessary steps to accomplish the above goal:

* The formulation of an analytical model for the photoresponsivity and
dark current analyses of a UV photodetector (PD) based on a DIBS-
grown ZnO thin film

* CVD deposition of a MoS, monolayer and evaluation of a MoS;
monolayer MSM device for various photodetecting application

performance parameters

* An examination of the performance of sputtered ZnO-based MSM UV
flexible PD under both standard and irregular device bending conditions.

1.7. Thesis Organization

The research in this thesis describe the analytical modelling, fabrication
and measurement of performance of wide bandgap and 2d MoS; based
photodetector for various electronics application including foldable

electronics. Based on this, the thesis is organised as follows:

Chapter 1 presents the motivation and introduction for the research
work presented in behind doing this thesis. The chapter summarize
the basic properties of the ZnO and MoS; materials and their
advantages for the realization of PDs application, along with
discussion of the prior state-of-art research work in this field.

Chapter 2 covers the deposition and characterization technologies
used in the fabrication and testing of ZnO and MoS: PDs. DIBS,
CVD, and reactive magnetron sputtering are utilized to deposit the
materials.  Variable-angle-variable-wavelength  Spectroscopic
Ellipsometry (SE), Source meter, Solar Simulator (Photo Emission
Tech Inc.), Current-Voltage (I-V), and Bentham PVE300 incident

photon conversion efficiency (IPCE) measurement system, Keithley
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DMMG6500, Horiba LabRam Raman spectroscopy, and Carl Zeiss
Axio Vert.Al inverted microscope are used to perform the various
device characteristics.

Chapter 3 labels the developed analytical model for ZnO-based p-
i-n homojunction UV PD and analyzing the performance, in terms
of dark current and responsivity, of homojunction p-i-n UV PDs by
proper optimization of the thickness of different layers.

Chapter 4 describes the chemical vapor deposition (CVD)-
deposited MoS> monolayer, its verification followed by surface
energy assisted wet transfer. Performance analysis of MoS:
monolayer MSM PD for dark and light current, responsivity,
quantum efficiency and switching response.

Chapter 5 consists a discussion of ZnO based MSM PD structure
over flexible polyimide substrate. The PD is then evaluated for
relevant performance parameters, both in normal and different
bending conditions. The classic thermionic emission model under
bending condition is also conversed.

Chapter 6 illustrates the summary of the research work from the
thesis and proposes the scope for future works for the continuation
of the research on this topic.
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Chapter 2

Fabrication and characterization techniques
for PDs

2.1. Introduction

The exploration of novel materials with diverse characteristics and
applications has made a decisive role in the advancing science and
technology. This chapter briefly describes all the equipment used in the
deposition of ZnO thin film and MoS> monolayer along with different
characterization tools for the analysis of the deposited thin film and
fabricated PDs. Dual ion beam sputtering (DIBS) and reactive
magnetron sputtering system has been deployed for the deposition of
ZnO thin films. Furthermore, chemical vapor deposition (CVD) system
is deployed for growth of MoS, monolayer. MATLAB R15a tool is
exploited for the analytical modelling of the p-i-n PD. Distinct
characterization techniques are utilized to study the structural, electrical,
and optical properties of the thin films. The Spectroscopic ellipsometry
measurement system and optical microscopy system are used to measure
the optical properties of the thin film. The spectral photoresponse of
fabricated PDs is measured using incident photon conversion efficiency
(IPCE) measurement system. Raman spectroscopy, solar simulator and
various instruments of Keithley is used for different performance
analysis of the photodetector under observation.

2.2. Substrate Selection and Cleaning Process

The type and state of the substrate's surface play a crucial role in high-
quality thin film growth, despite the fact that the quality of the deposited
thin film depends on the deposition technique. Low chemical reactivity,
low surface roughness, and high mechanical strength are all desirable

characteristics of the substrate. The device's application type, cost,
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manufacturing process, and packaging all play a role in determining the

substrate of choice. The substrates for the deposition of thin films in this

thesis are silicon and corning glass. The purity of the films and their

ability to adhere to the substrates are affected by contamination at the

surface of the substrate; consequently, the substrate must be properly

cleaned prior to the deposition of the sensing film [1]. A suitable

cleaning method was used to clean the substrates based on the kind of

substrate and any potential contaminants that might be on it.

2.2.1 Procedure for Cleaning Silicon Substrates

In this thesis, the Si substrates were cleaned using the following steps:

Before cleaning the substrates, use a pipette-like blower to get
rid of the dust.

Ultrasonic cleaning with a diluted TCE solution to get rid of any
heavy residue or fingerprints on the wafer.

Use DI water to rinse off any remaining TCE.

Wafers are cleaned using ultrasonics in acetone to get rid of any
organic debris or contaminants.

To get rid of any remaining acetone, rinse with DI water.
Ultrasonic cleaning with diluted isopropanol to dissolve non-
polar contaminants remaining on the wafers.

To get rid of any remaining isopropanol, rinse with DI water.
To remove native silicon dioxide from wafers, dip in HF
solution.

Wash with DI water.

Use high-purity nitrogen gas to purge the substrate of any

remaining water.

2.1.2 Procedure for Cleaning the Glass Substrates

In this thesis, the following steps were used to clean the glass substrates:

Methanol-based ultrasonic cleaning to get rid of any oil or

fingerprints.
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e Use DI water to rinse off any remaining soap.

e Using acetone and ultrasonic cleaning to agitate the surface to
get rid of small dust particles.

e To get rid of any remaining acetone, rinse with DI water.

e Ultrasonic cleaning with diluted isopropanol to dissolve non-
polar contaminants remaining on the wafers.

e Use DI water to rinse and blow out the water droplets.

e Use high-purity nitrogen gas to purge the substrate of any

remaining water.
2.3.  Thin Film Deposition tools

In this research work, the growth of the polycrystalline ZnO to fabricate
PD on different substrate, Elettrorava-DIBS and PVD75 pro reactive
magnetron sputtering system is used. Quazar tech CVD system is used
for MoS; deposition. The following sub-sections are described these

system in detailed manner.

2.3.1 DIBS System

Multiple thin films are deposited using the DIBS system to create the
thin film PD structure. The DIBS System is based on the physical vapour
deposition method, which is used to deposit thin films in ultrahigh
vacuum conditions for various electronics and optoelectronic devices
like photodetector, photovoltaic, and light-emitting diode devices [2-4].
When it comes to producing high-quality thin films with precise element
composition, superior film adhesion to the substrate, reduced surface
roughness, and the ability to pre-clean substrates in situ prior to film
deposition, the DIBS system excels [5]. The DIBS system also has the
advantage of uniform deposition over a large area, making it useful for
making a photovoltaic cell with a large area.

The benefits of the DIBS framework comes from the two particle
sources: (1) depositing source, also known as a primary ion source, and

(2) supporting source, also known as a secondary ion source [4]. The
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schematic of the deposition chamber (DPC) and visual picture of DIBS
framework are displayed in Figure 2.1 and 2.2, individually.

Sputtering materials from a target onto the substrate with the primary
ion source is the method of choice. The DIBS system allows for the
selection of an appropriate target for the deposition of thin film by
mounting four distinct targets simultaneously on a rotating and water-
cooled target assembly.

Both the pre-cleaning (etching) of the substrate surface prior to the start
of the thin film deposition process and the removal of any island
formation during the deposition process are carried out using the
secondary ion source that is aimed at the substrate holder assembly.
Between the target assembly and the primary ion source, a 45-degree
angle is maintained, and between the substrate holder assembly and the
assist ion source, a 60-degree angle is maintained. The inside view of

DPC is shown below:

Substrate Shaft
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User Interface
System

Substrafe Holder

Sputtered M

erials
Assist Ion \

Source
Target Assembly \
Ton Beam

Vacuum Pump
(Turbo)

Primary Deposition

Ton Source

Deposition
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‘Water flow Controller Unit

Figure 2.1  Pictorial schematic of DIBS system.

The DIBS contains two chambers: 1) the DPC deposition chamber and
2) the LLC load lock chamber The LLC is only used for loading and
unloading the sample from the DPC, so there is no need to vent the DPC
each time a sample needs to be loaded or unloaded. The deposition

process is carried out in the DPC. The gate valve separates the two
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chambers. The vacuum in both DPC and LLC is maintained by two
separate turbo pumps that rotate at 27 and 51 KRPM, respectively, with
support from separate rotary pumps. The DPC and LLC are connected
to the vacuum gauges for background and working conditions
measurement and monitoring. Within the DPC and LLC, the
background pressure is maintained between 10 and 8 mbar. Pyrex glass
or stainless steel are used to make the DPC because they are
nonmagnetic, easy to repair with welding, non-corrosive, and highly
malleable [3]. During the annealing and deposition processes, the
substrate holder is placed just below the heater assembly to maintain the
desired temperature, which ranges from room temperature to 1000 °C.
The system for cooling the deposition chamber, vacuum pumps, and
targets assembly includes the water chiller. The auto controller and
various power supply units associated with the DIBS system control

deposition parameters in the DIBS system, such as gas pressure, gas

composition, deposition temperature, and RF power.

Figure 2.2 Camera Image of DIBS system.

Using ion sources developed by Kauffman Robinson [2], the DIBS
system generates plasma containing an electron and an Ar+ ion. The
21



essential particle source which is utilized to create plasma, comprise of
three key parts: discharge chamber, grids, and neutralizer with a hollow
cathode An RF-powered coil is encircled alumina or quartz chamber
before the Ar gas, which will be ionized through inductive coupling, is
introduced. The RF field stimulates the free electrons until they attain
sufficient energy to generate Ar+ and an electron pair from Ar gas. In
order to eject and focus the Ar+ ions, voltages are applied on three grids
within the primary source. The neutralizer of the essential particle
source gathering is utilized to kill the Ar+ shaft [2]. Figure 2.3 (a) depicts

the primary ion source's schematic diagram.
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Figure 2.3  Flow diagram of (a) Primary ion beam and (b) assist ion

source.

As depicted in Figure 2.3 (b), the assist ion source consists of an auto

controller, three power supplies (keeper, emission, and discharge), and
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a hollow cathode neutralizer assembly. The hollow cathode is ignited by
the keeper power supply, which also keeps the cathode hot enough for
thermionic electron emission. The electron current generated by the
hollow cathode is controlled by the emission voltage, which provides a
negative voltage. In order to produce the Ar+ ion beam, the discharge
power supply supplies voltage and current to the assist ion source's
anode [3].

2.3.2 CVD System

Chemical vapor deposition is one of the prominent technique of
deposition of TMD material. In this thesis Quazar tech crystal CVD
1100-4 system is used for growth of MoS, monolayer via chemical root
[5-6].

Figure 2.4  Camera image of Crystal CVD 1100-4 system.

The system require 200-230 V, 50 Hz single phase electric power
supply. The furnace of the system has a shell like construction made up
of aluminium to provide sufficient rigidity to the system. The heating
tube is made of fused quartz alumina and has 12 different heating zones
with PID controllers. The dimension of tube is 45 mm X 1400 mm, while
the heating zones are separated by high purity Al.Os for proper
insulation between them. Kenthal Al heating wires are used. Type—N
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thermocouples are used for heating the individual zones which provide
heating upto 1200 °C and hence independent heating or manual heating
of the zones is possible. Cooling fans are assembled at the back of the
furnace for proper cooling. Furnace stand and panel box is attached in
the system which also provide space for various controller assemblies
and CPU. The maximum working temperature of the tube is 1100 °C
with a ramp rate of 5 °C/min at highest temperature. Four line gas
manifolds using precision mass flow controller (MFC) with digital
display is provided for gas supply system. This system is compatible
with argon, nitrogen, oxygen, hydrogen and methane with a controlled
flow rate of 0-1000 sccm. Pneumatic valves having flow controlled
through computer operated MFC are installed for better precision and
safety. Vapour gas outlet tube for exhausting the residue gases is
assembled along with the vacuum pump assembly for maintaining
proper operating pressure inside the tube. The system is compatible with
alumina boat sample holder and capable of handling different substrates
such as silicon wafer, quartz wafer, and fibre fabrics. The entire system
is thoroughly checked for leak (leak rate should be less than 1072 cc/s).
On/Off valves are mounted for flashing the gases at 5000 sccm during
the cleaning of the tube. High grade corrosion resistant and high pressure
stainless steel pipeline connections are provide in the system along with
a gas mixing chamber at the gas inlet side of the tube. Computer
controlled solenoid valves with dependable pneumatic piston actuators.
Different safety features like auto purge, manual valves, python coded
step by step recipe, alarmed pop-ups and auto shutdown are incorporated

by proper handling of the system by end users.

2.3.3 PVD75 Reactive Magnetron Sputtering System

Figure 2.4 depicts a diagram of the reactive DC magnetic sputtering
process. A load lock is included in the system to keep the high vacuum
from being disturbed while the sample is being loaded into the chamber.

The chamber is outfitted with halogen heat lights to warm the substrates
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from RT to 800 °C. Within the DC magnetron sputtering gun that is
shuttered, a Lesker 99.99% Zinc target with a diameter of two inches is
utilized. Oxygen gas is carried close to the substrate while argon gas is
carried to the source. The flow rates are controlled by mass flow
controllers. lon gauges are used to monitor the base pressure, and
capacitive nanometers are used to monitor pressure during deposition.
A cleaned substrate is initially inserted into the robotic arm or an Inconel
substrate holder. The substrate holder is then inserted face down into the
robotic arm's load lock. The substrate holder is moved to the column that
is connected to the heater assembly after the load lock is pumped down.
The gate valve is closed and the robotic arm is released. After that
chamber is loaded up with Ar-O> gas up to an ideal strain (30 mtorr). A
high bad potential is applied across the anodes to speed up the electrons.
Plasma will be produced as a result of the ionization of the Ar-O; gas
atoms by the energetic electrons [7]. The target atoms will be ejected as
a result of the Ar+ ions being accelerated toward the cathode and
bombarding it. By chemically reacting with oxygen ions, the target
material by bombarding their surfaces with energetic Ar+ ions, the

sputtered atom forms an oxide film are deposited over the substrate.
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Figure 2.5  Schematic of reactive magnetron sputtering system.
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Based on the proven PVD 75 platform, the Kurt J. Lesker Company
PRO Line PVD 75 is the next-generation thin film deposition system.
With improved system base pressures and pump down times, PRO Line
PVD 75 builds on the design's successes. Among the key benefits of this
innovative, world-class design are an industry-leading software control
system with advanced programming capabilities, automatic substrate
loading, and numerous features for optimized thin film performance. In
addition to a dependable, uninterruptible processing module that enables
process completion regardless of the state of the computer user interface,
KJLC's software makes recipe creation simple. One of Kurt J. Lesker's
most adaptable thin film deposition systems, the PRO Line PVD 75
offers thermal evaporation, magnetron sputtering, and electron beam

deposition as single or multiple techniques [8].

Kurt J. Lesker

q PROCESS EQUIPMENT
SO

Figure 2.6 Camera image of Proline PVD75 reactive magnetron

sputtering system.

https://www.lesker.com/newweb/vacuum_systems/jpg/Photo/PhotoSY

-K-ProLinePVD75-OpenFrameStandard-001.jpg
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Only KILC offers Mag-Keeper sputter sources with a magnetically
coupled target and zero o-rings in the cathode body, making it simple to
change targets. It can run at power densities up to 200 watts per square
inch (depending on the material) thanks to its cooling well design.
Sputter targets up to 0.375" thick with this cathode. This cathode can
operate at a temperature of less than 1 mTorr in the absence of a hold-
down clamp or dark space shield. Standard flip or swing shutters
necessitate additional cross-contamination shielding, which is not
necessary with the novel dome shutter design. KJLC E-bar sources are
likewise intended to kill pointless o-rings, seals, and feedthroughs to
bring down pump down times and give phenomenal base tensions. The
KJLC E-beam source only requires three feedthroughs, and the absence
of a dynamic water-to-vacuum o-ring seal significantly reduces the
likelihood of a water leak in the vacuum chamber.

In order to achieve better uniformity, the thermal evaporation sources
that are normally located on the substrate fixture have been moved to
the fixture's outer edges. The fixtures permit source adjustment of up to

an inch for application-specific optimization [9].

Substrates

* Suitable for substrates with a diameter of up to 6 inches (150 mm)
* 20 RPM, 850°C heat or water cooled

* Up to 100W RF bias

» Automated transfer

lon source

eH400 End-Hall permanent magnet or KDC40 gridded ion source:

« KDC40 Gridded ion source enables precise beam shaping with
interchangeable ion optics and independent operation of important ion
beam properties

» eH400 End-hall source is a versatile ion source that is capable of high
current, low energy ion cleaning or etching while minimizing damage to

substrate surfaces.
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2.3.4 E-beam Evaporation System

E-beam evaporation is another method of vapor deposition used to
produce thin films. The metal pellets that are the source material are
evaporated with an electron beam, and the condensed material forms a
thin film on the cooled substrate. A more advanced version of thermal
evaporation is the e-beam evaporation method. In E-beam evaporation,
the source material is heated by an electron beam, whereas in thermal
evaporation, the material is heated resistively [10-11]. E-beam involves
bombarding a target anode with an electron beam produced by a charged
tungsten filament in a high vacuum. The anode material covers
everything in the vacuum chamber (within sight) in a thin layer as these
atoms precipitate into a solid. Thermionic emission, field electron
emission, and the anodic arc method are all methods that can produce
electron beams. The evaporation material is targeted by accelerating the
generated electron beam to a high kinetic energy. The electrons will
rapidly lose energy upon striking the evaporation material. Interactions
with the evaporation material convert the electrons' kinetic energy into
other forms of energy. The evaporation material is heated by the
generated thermal energy, causing it to melt or sublimate. The

subsequent fume can then be utilized to cover surfaces [12].
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Figure 2.7  Schematic of E-beam evaporation system.
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The following are the primary components of an E-beam evaporation
system:

e Substrate holder

e Electron Beam Evaporation Unit

e Substrate and E-Beam Unit Cooler System

e Pressure Gauge

e Thickness Monitor Unit

e Vacuum Pump

e Chiller and Other Parameter Controlling Units

The following are important steps in the E-Beam Evaporation process.
Initially, the crucible is filled with the source material, typically
graphite. The substrate is then loaded with its face down above the
sample, and the entire chamber is kept at an extremely high vacuum of
10 Torr. The source material is heated to it’s evaporate point by heating
the filament beneath the crucible with a high current once the desire
chamber condition has been reached. A high electric field accelerates
the hot electrons that are emitted from the filament, which results in an
emission current. In order to bombard the source material and cause its
evaporation, an electromagnetic coil is used to control the size and shape
of the emitted electron beam. Atoms that have been vaporized condense
on the chamber wall and the cooled substrate.

2.4. Brief introduction of MATLAB

MATLAB is a programming platform made for scientists and engineers
to analyze and design products and systems that change our world. The
MATLAB language, a matrix-based language that enables the most
natural expression of computational mathematics, is the core of
MATLAB. It is equipped for dissecting information, creating
calculations, and Make models and applications from examination to

creation by sending installed gadgets, as well as coordinating with
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Simulink and Model-Based Plan. Using a variety of modeling
approaches and levels of abstraction, engineers can collaborate to
describe, analyze, simulate, and verify their multidomain systems with
the help of MATLAB and Simulink, which make it easier to explore
design space and design semiconductor devices from the top down.
Software, analog, digital, RF, and thermal are examples of domains; and
the level of abstraction can vary from transistor to algorithm [12]. In this
work MATLAB-Simulink version R15a is used for the analytical

modelling.
2.5. Thin Film and Device Characterization tools

In this research work, the characterization of thin film and performance
analysis of the fabricate PD require different measurement tools. The
following sub-sections are described these system in detailed manner.

2.5.1 Spectroscopic Ellipsometry Measurement System

The thickness and energy bandgap of thin films produced in any
deposition systems was measured using the M-2000D J. A. Woollam
Variable Angle Variable Wavelength Spectroscopic Ellipsometer,
which allows for measurements at a variety of angles to the sample
plane. The Variable Angle Variable Wavelength Spectroscopic
Ellipsometer is depicted in Figure 2.8. Ellipsometry is used to measure
the polarization shift that occurs when light reflects or transmits from a
material structure [13]. The symbols for the polarization change's
amplitude ratio and phase difference are, respectively. The measured
reaction is influenced by the optical properties and thickness of each
particular material. Consequently, ellipsometry is mostly used to
calculate film thickness and optical constants. This method can also be
used to estimate the composition, crystallinity, roughness, doping
concentration, and other material parameters associated with a change

in optical response.

Each sample's optical properties were determined by measuring light
incident at various points on the sample multiple times. The optical

bandgap of the examples is determined utilizing the ingestion coefficient
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that outcomes from fitting the ¥ and A as opposed to differing
occurrence frequencies. Because the sample and film are largely
transparent, the Ellipsometer calculates the transmission coefficient.
The energy bandgap of the developed film is immediately derived from
the transmission coefficient of the bare substrate, which was measured
prior to the film being deposited [14]. The primary components of the
ellipsometry system are a light source, polarization generator, sample,
polarization analyzer, and detector. The polarization generator and
analyzer are constructed with polarizers, compensators, and phase
modulators to alter polarization. A different sample stage called
transmission stage is used for measuring the transmission spectra of the
thin film.
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Figure 2.8 Camera image of Variable angle spectroscopic

ellipsometry measurement system.
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2.5.2 Optical Microscopy Measurement System

In this thesis, Carl Zeiss Axio Vert Al inverted microscope for material
is used for optical imaging and surface morphological analysis of the
MoS; monolayer and device dimension measurement. The system is a
powerful, inverted, and small microscope. Numerous traditional and
cutting-edge contrast techniques make it possible to examine
substantial, heavy samples. In reflected light, you can easily switch
between brightfield, darkfield, DIC, C-DIC, fluorescence, and
polarization contrast. IT utilize phase contrast, polarization, and
brightfield for transmitted light. Alternately, you might decide to
combine a number of contrast methods to get the most information. A
change in objectives is automatically recognized by the 5x encoded

nosepiece turret [15-16].

Microscope
Figure 2.9  Image of Zeiss Axio Vert Al Inverted Microscope.

Additionally, it makes it possible to save and retrieve light intensity
values using a light manager. You can accurately quantify your structure
and evaluate the materials' properties and quality. Improve preparation
or production procedures and gain valuable new insight and then take
the necessary steps. The system has a magnigying setup with sample
stand, vibration free table stand and an assembled computer system with
microscope compatible software. The system is provided with upright
frame with built in transformer and power supply. 5X zoom capability
having a magnifying level of 5X, 10X, 25X, 50X and 100X. Frame
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mounted LED illumination intensity control, with multi step manual
focus drive. Built-in and adjustable color coded aperture and field
diaphgram. It has a rotatable 4 position turrets and 5 position rotatable
universal nosepiece. 360° rotatable polarizer and analyser with 3 click
stop of 0°, 45°, and 90°.

2.5.3 Raman Spectroscopy System

A Horiba LabRam HR Evolution spectrometer close-fitting by liquid
nitrogen chilled Charge Coupled Device (CCD) detector is utilized for
Raman spectroscopy measurement of the dropped MoS2 monolayer. The
true confocal Raman microscope enables the most precise images and
analyses to be obtained with speed and confidence. The LabRAM HR
Evolution Raman microscopes are ideal for both micro and macro
measurements and offer advanced confocal imaging capabilities in 2D
and 3D. The LabRAM HR Evolution is the best Raman spectroscopy
instrument because it guarantees high performance and is easy to use.
Standard Raman analysis, Photoluminescence (PL), Tip Enhanced
Raman Spectroscopy (TERS), and other hybrid techniques all make
extensive use of them. Similarity with a large number of laser
frequencies and the chance of mounting up to three identifiers empowers
the estimation frequency reach to be stretched out from 200nm to
2200nm. The best option for UV Raman analysis at wavelengths below
400 nm is the optimized UV configuration [17]. Because of this
performance, additional spectroscopic methods like UV Raman,
resonance Raman, and photoluminescence are now available, making it
possible to thoroughly characterize samples made of a wide variety of
materials. The exclusive SWIFTTM and DuoScanTM fast Raman
imaging technologies are included in the LabRAM HR Evolution.

DuoScan is a confocal imaging mode, with high accuracy, super quick
rastering mirrors making variable measured laser large scale spots, and

furthermore permitting nano-step planning from profound UV to NIR.

Confocal Raman mapping is available with SWIFTTM, and CCD
integration times are as low as 1 millisecond per point. The LabRAM
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HR Development joins basic admittance to exceptionally low
frequencies down to 5cm™ with a high throughput single stage
spectrometer, utilizing the ULF Module. Additional sample
characterization in a spectral region that is rarely accessible with other
basic spectrometers is now possible thanks to the most recent generation
of notch and bandpass filters. For analytical measurements, system offer
comprehensive Raman spectroscopy solutions. These include
transmission Raman analyzers, specialized in situ process Raman
spectrometers, miniaturized Raman instruments for high volume OEM
manufacturers, hybrid Raman systems like AFM-Raman, and modular

Raman systems [18].
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Figure 2.10 Image of LabRam Raman Spectroscopy System.

https://www.horiba.com/int/scientific/products/detail/action/show/Prod

uct/labram-hr-evolution-1083/#gallery-002
2.5.4 Solar Cell Tester System

The solar cell tester is essentially an integrated system that includes an
I-V measurement system and a solar simulator. Figure 2.11 depicts the
photographic image of the solar tester. Here is a brief explanation of the

various units of the solar cell tester:

(@) The Connection and Sample Placement Stage: The sample is
positioned on the chuck. The connection to the solar cell that is currently
being measured is then made using adjustable pins. By pressing the
vacuum button, the sample that has been placed on the chuck is held in
place with great force.
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b) Unit for the Temperature and Vacuum Controller: The analysis of the
operation temperature is crucial because it has a significant impact on
the performance of the solar cell. Additionally, this system makes it
possible to alter the device under measurement's temperature. By
pressing the vacuum button, the sample that has been placed on the

chuck is held in place with great force.

Display
Control Unit

Keithely for I-V
measurement

Sample
- placement
chuck

Temperature
= and vacuum
control unit

Figure 2.11 Image of Solar Cell Tester System.

c) Unit for the Intensity Controller: The SCs are operated in non-STC,
just like in real-world applications. This means that the level of solar
irradiance varies depending on where you are, the weather, and the time
of day. The solar simulator can be used to analyze solar cells under

different levels of solar irradiance.
d) System of Measurement: Keithley is utilized for estimating I-V
Attributes of the Cell in dim and light condition.

A portion of the striking elements of the Sunlight based cell analyzers
are [19]:

e Computer-controlled, fully automated and integrated system.
e Stability-enhancing feedback control and measurement of light

intensity.
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A variety of adaptable cell test fixture configurations, including

the option of controlling the cell temperature (from -10°C to
70°C £0.5°C).

e The genuine four-probe cell contacting method.

e Temperature controlled throw with vacuum hold.

e The capability to normalize the data points to Standard Test
Conditions (STC) or other user-specified conditions for
intensity and temperature measurements.

e Cutting-edge I-V curve software with three distinct curve fitting

models and 17 distinct weight function models, as well as potent

curve fitting algorithms.

The capacity to identify various cell parameter Thermal

Coefficients.

Table 2.1 contains a list of some of the solar cell tester's technical
specifications [20].

Table 2.1: Technical specifications of solar cell tester

Feature description Specification

Type of lamp Xenon Short Arc

Lamp Power 150 W

Max. llluminated area 2”7 (50 mm) x 2” (50 mm)

Air Mass AM1.5G Standard: AM1.5D or
AM1 optional

Adjustment Range of light | 100 mW/cm? +/- 15%
intensity

Spectral Range 350 nm - >2,700 nm

Spatial Non-uniformity  of | <2% or better

irradiance*
Degree of Collimation < 2 degrees
Phase/Voltage/Frequency Single Phase/110-220 AC Volts

/50-60 Hz

Max. Power Consumption (W) 0.5 KVA
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The instrument that is used to measure the solar cell's I-V and PV
characteristics in both dark and light conditions is called a solar cell
tester. The performance parameters, such as short-circuit current, open-
circuit voltage, fill factor, maximum peak power, voltage and current
corresponding to maximum power, shunt and series resistance, and
conversion efficiency, are directly derived from these characteristics.
For various purposes, various AM filters can be utilized in this system

to measure the performance of solar cells.

2.5.5 Incident Photon Conversion Efficiency (IPCE) System

The PVE300 is a complete system for figuring out the IQE and spectral
response of solar cells. The PVE300 is a crucial component in research
and production-line quality processes due to its ability to characterize
photovoltaic devices and materials. The PVE300 makes it possible to
quickly and precisely determine the characteristics of solar cells by
utilizing a monochromatic probe and NMI traceable, calibrated
reference diodes. Measurement of total reflectance and transmittance
Convert EQE to internal quantum efficiency. Measurement of spectral
response/external quantum efficiency (IPCE). Monochromatic Probe of
the PVE300 System, a TMc300, 300mm focal length monochromator
and a dual Xenon/quartz halogen source provide optimal illumination
from the UV to the NIR. To enable the measurement of total reflectance
and total transmittance, the DTR6 integrating sphere is mounted on an
optical rail to the upper portion of the PVE300 chamber. Constant
Current Power is required for each light source (xenon, quartz halogen,

and solar simulator) [21].

In this work, the Bentham PVE300 Incident Photon Conversion
efficiency (IPCE) system was used to characterize the spectral
photoresponse of fabricated UV PDs. This is important for determining
the Device characterization is typically carried out with the PVE300
system in both the research industry and academia. Photovoltaic devices
can be quickly and precisely measured with this tool [22]. The Bentham

PVE300's primary features are as follows:
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(i) Direct device spectral photoresponse calculation

(ii) The up-front calculation of reflectance and transmittance.
(iii) The extensive operating range (300-2500 nm).

(iv) USB based fully automated control software for Windows.

(v) Lock-in-based detection employing a transformer or amplifier.

Dual light source having xenon and

quartz halogen sources, a swing away \
mirror (SAM), a fan and an optical TMc300 Monochromator |
chopper e

Mirror-Based Relay Optic |

Detection electronics |

DTRS Integrating Sphere

Bl Vacuum chuck with probes and
temperature control from VC-20-TE

| -~
Three constant current lamp power
supplies

g

Figure 2.12 Image of Incident Photon Conversion Efficiency (IPCE)
System.

2.5.6 1-V and Temporal Response Measurement System

In the present thesis, the 1-V analysis of the PD in photon incidence
condition for different monochromatic wavelength is measured by
utilizing Keithley 2612A system [23]. The 2612A System SourceMeter
instruments can be used to build multi-channel I-V test systems or as
benchtop 1-V characterization tools. The embedded TSP Express
Software Tool in Series 2600A instruments for benchtop use makes it
simple and quick to perform common I-V tests without having to install
or program software. The highest throughput in the industry and the
lowest cost of test are provided by the Series 2600A's Test Script
Processor (TSP) architecture for system-level applications and other

new features like parallel test execution and precision timing [24].

e The following products belong to the family: 1 fA to 50 Ampere,
and 1 volt to 200 volt

e Faster test times and the ability to record transient device
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e Dbehavior are provided by 20,000 rdg/s.

e USB port for saving data and test scripts for precise timing and
channel synchronization (500 ns).

e High-speed data transfer is supported by LXI Class C

compliance.

Apart from 2612A, the system also use Keithley DMM 6500 ¥ system
for measuring the time stamp during the variation of PD current between
dark and photocurrent. Transient capture, data visualization, and
analysis are just some of the additional measurement capabilities offered
by this touchscreen bench 6.5-digit multimeter. There are fifteen built-
in measurement functions, including temperature, capacitance, and
digitizing. With great precision and high resolution, measure low current
and resistance on low-power devices. Utilize the integrated 16-bit
digitizer to capture transient signals. To get the most out of the test data,
look at two measurements at once. There is no need for additional
instruments with the DMM®6500 6.5-digit multimeter [25].

022.642000 ¥ | %Bﬁn%l? A -

Srct+10.0000uR LinA120,0000 U

000048 mv~ Z

- . — "

Figure 2.13 Image of Keithley 2612A and DMM 6500 %2 System.

2.6. Conclusion

In this chapter, details of different deposition and measurement system
are discussed which are used for during the analysis of fabricated PD.
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Chapter 3

Analytical study of sputter-grown ZnO-

based p-i-n homojunction UV photodetector

3.1. Introduction

In the recent past years, ultraviolet (UV) photodetectors (PDs) have
emerged as a widely developed and extensively studied topic in the field
of semiconductor devices [1-3]. Among all the materials available for
fabricating the UV PDs, the ZnO-based material systems have become
increasingly popular due to their inherent benefits. ZnO has a wide
energy bandgap (3.37 eV), which can be further enhanced by the
incorporation of Mg and Be [4-6], large exciton binding energy (60
meV), high radiation hardness, high chemical stability and abundancy
on earth [5, 7]. Several architectures for ZnO-based photodetectors are
developed such as metal-semiconductor-metal (MSM),
photoconductors, Schottky, p-n, and p-i-n [8-15]. Amid of these all, the
p-i-n homojunction structure is a more desirable choice owing to the
superior interface quality possessed integrally by the structure making
the junction electrically and metallurgically superior. Due to the
presence of i-layer in p-i-n architecture, it provides more efficient
absorption of incident photons, as compared to that in conventional p-n
architecture [16-18].

From the beginning of exploring ZnO as a semiconductor material,
obtaining good and reproducible p-type conduction in ZnO materials
which had remained a bottleneck due to low solubility of dopants and
various compensation effects [2, 7, 19, 20]. However, a reproducible and
reliable dual ion beam sputtered (DIBS) grown p-type Sb-doped ZnO
has been achieved and reported in our earlier work [21]. DIBS offer
several advantages over other conventional deposition techniques such
as superior film growth quality with better compositional stoichiometry
[7, 14, 21].
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Due to the unavailability of rigorous experimental as well as simulation
reports in the literature on ZnO-based p-i-n homojunction UV PD, a
comprehensive analytical model is essential to assess the performance
metrics of such UV PD with varied material thickness layers.
Experimental reports are available in the literature for ZnO based p-i-n
homojunction photodetector [16, 22], however, these reports have not
detailed the performance variation with material thickness. To the best
of the authors’ knowledge, the detailed analytical modeling to estimate
the performance of ZnO homojunction based p-i-n UV PD is not

available in the literature.

Here, report an analytical model for ZnO-based p-i-n homojunction UV
PD and validation with the experimental results of UV PDs available in
the literature. The model is helpful in analyzing the performance, in
terms of dark current and responsivity, of homojunction p-i-n UV PDs
and obtaining the optimal thickness of Sb doped p-type ZnO (SZO) and
undoped ZnO (i-ZnO) on top of Ga doped n-type ZnO (GZO) before the
actual fabrication of the device grown by DIBS.

3.2. Device Structure and Model Formulation

The structure under consideration is a homojunction p-SZO/i-ZnO/n-
GZO photodiode grown on sapphire substrate. A schematic diagram of
the UV PDs is shown in Figure 3.1 with corresponding energy band
diagram at thermodynamic equilibrium. In the p-i-n structure, each
region has different carrier concentration and carrier mobility, as
mentioned in Table 3.1. The top SZO layer acts as a transparent window
for transmission of incident photons, which are intended to be absorbed
in the active ZnO region [16]. The homojunction energy band diagram

is drawn by applying Anderson’s classical theory [23].

3.2.1 Modeling of current density

The functionality of PD is strongly affected by the total current density
generated by the thermally created carriers. In the following section,
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various current density components of homojunction p-i-n UV PDs are
modeled which in summation gives the dark current density of the

device. The major current density components are as follows:

(@)
Zn0O
Sapphire
- dp
-—V
Eg on N\
“ E
5P i Ees
(b)

Figure 3.1  (a) Device Structure and (b) Energy Band Diagram of
Homojunction p-i-n UV PD.

3.2.1.1 Diffusion current density (Jgifs)

The thermally diffused minority carrier current density is generated as a
result of the diffusion of charge carriers due to the concentration gradient
[24, 25]. The equation governing this current density component in a p-
i-n PD is given in equations (1-3) [24]:

Jairr = Udpt Up)i (3.1)
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(Jp)i and (J;), are the diffusion components of current due to the

injection of electrons and holes in the p- and i- regions diffused from i-
and p-regions, respectively, summing up the total diffusion current.
Un, Uy, Tn, and T, are the mobility and carrier lifetime values of electron
and hole, respectively. N; and N, are the concentration of undoped ZnO
region and acceptors in SZO region, respectively, n; is the intrinsic
carrier concentration of the ZnO material system at thermodynamic
equilibrium; T is the temperature in Kelvin; q is charge of electron; K
is the Boltzmann constant; V is the bias voltage; t, and d are the
thicknesses of SZO and ZnO layers, respectively; y, and y, are the
surface to bulk recombination velocities for p- and i-regions; L, and
L,, are the diffusion lengths for electrons and holes, respectively; and x,,
and x; are the widths of the depletion region on the p- and i-regions,
respectively. The surface to bulk recombination velocities are given by
equations (4-5) [18]:

Snln

Yn = 3.4
S,L

=5 (35)

where S, and S, are the surface recombination velocity of electrons and

holes, respectively at interface of p- and i- regions, and Dn and D, are

the diffusion coefficients of electrons and holes, respectively.
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3.2.1.2 Generation-recombination current density (Jgr)

The defects lying within the depletion region act as intermediate states
for thermal generation and recombination of charge carriers [19]. These
transition states are called Shockley-Read centers. The existing electric
field in the depletion region separates out the carriers photo-generated
in the region. The transport of these photo generated carriers across the
homojunction under concern is strongly affected by the trap levels at the
interface inside the depletion region [18]. The transport of these carriers
is termed as generation-recombination current. This generation-
recombination current density is governed by Shockley-Read-Hall
equation [26].

Jgrarising in the depletion region can be formulated as given in
equations (6-8):

]gr = Un)gr + (]p) (1.6)

aqgr

2KTn;x ’3KT

(]n)gr = % an " (3.7
TnVitn my
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Un)yy == v |7 (3.8)
VeV My

where m,* and m,," are the effective mass values of hole and electron

in the p- and i-regions, respectively; V,;, is the thermal carrier velocity,
and t,, and 7,, are Shockley-Read-Hall recombination lifetimes of holes

and electrons, respectively.

3.2.1.3 Tunneling current density (Jeun)

The two components of tunneling current density depend on two
tunneling mechanisms such as trap-assisted tunneling and quantum
mechanical tunneling. The overall tunneling current is actually the sum
of the current provided by the individual tunneling mechanisms. When
minority carriers tunnel from the occupied trap states on the quasi-

neutral side to vacant band states on the other side of the junction
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through trap states present in the depletion region, then the mechanism
is called trap-assisted tunneling [24]. These intermediate energy states,
commonly known as the trap centers, are created by the impurities
present in the material. The trap-assisted tunneling component of current
density is governed by trap states, as proposed by Gopal et al [27]. When
the width of the depletion region is sufficiently thin, then electrons and
holes having energy below the barrier potential can cross the interface
by quantum mechanical tunneling. The components of the current stand
up from quantum mechanical tunneling can be obtained by numerical
model based on the WKB approximation [25]. For the p-i-n PD,
quantum mechanical tunneling is the dominating phenomenon. The

resultant tunneling current density is given by equations (9-11) [28]

Jtun = Usn)Tun + Usp)Tun (2-9)
Vian+6n
Un)run = AT?pn €xp (— dk—;) (3.10)
Vipt6
Up)run = A'T?ppexp (— %) (3.11)

where A* is the effective Richardson’s constant [29], &, is the energy
difference between the conduction band minima and Fermi level of i-
region; &, is the energy difference between Fermi level and valence
band maxima of p-region; p, and p, are the tunneling factors for
electrons and holes, respectively. The total built-in potential (V) is
given by equation (12) in terms of V,, and Vg, which are represented in

the energy band diagram shown in Figure 3.1(b).

Vd == Vdn + Vdp (312)
Since the entire discussion is about UV PDs, the band to band (BTB)

direct tunneling is insignificant due to its major role at high reverse bias

in narrow bandgap semiconductors [27].
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3.2.2 Modeling of quantum efficiency

The three components contributing towards the analytical modeling of
the net quantum efficiency (7) of the p-i-n photodetector arises from the
three different regions of the structure i.e. neutral n-region (n,,), neutral
p-region (1), and i-region (depletion region) (14,). The equations (13-

18) describing these components of efficiency are [24]

N = Ndep +1, t Ny (4-13)
Naep = (1 - Rp)(l —R)(1—Ry) X
(exp (—ap (¢, — xp)) —exp (3.14)
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Where A= (3.16)
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where R, R; and R,, are the Fresnel reflection coefficients at the various
interfaces; a, and a, are the absorption coefficients of the p- and n-
regions, respectively; t,, and d are the thicknesses of p- and i-regions,
respectively; x,, and x; are the depletion widths in p- and i-regions,
respectively; L, and L, are the electron and hole diffusion lengths,

respectively. The equations governing the diffusion length and Fresnel

reflection coefficient are

1 1
2 2

L _(KTunrn) L _(KTuprp) (5.19)
VU q PN g

(ny —ny)?

=< 7 3.20
Reo (ny +ny)? (3.20)

where x can be p, i, or n; n, and n, are the refractive indices of the two

media at the interface [30].

The ratio of photocurrent to incident optical power is called responsivity

(R) of a UV PD, which is directly proportional to n, as given by [21, 24]

Pl (6.21)
hc

where c is the speed of light, h is Planck constant and A is the incident
light wavelength.
3.3. Experimental Data

Table 3.1: Provides the Experimental Parameter Values of Layers Used

for Modeling
1.3 x 107 7.2 2.8 x 101°
x 1018

DIBS system is used for the deposition of SZO, ZnO and GZO layers.

Details of the DIBS growth process are mentioned elsewhere [31-32].
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Some of the electrical and optical parameters used in the simulation are

obtained from our previous experimental work.

Table 3.1 provide the values of the experimental parameters for p-, i-,
and n-regions grown by DIBS and used in the analytical modeling. Table
3.2 provides the values of the some other parameters used during the
analysis [33]. Here in the Table 3.2, me is the mass of electron [34].

Table 3.2: Provides Value of Some Other Parameters Used During

Modeling

0.1688 0.354
6 x 105 4x10°
1.299 x 105 3.25 X 1075
1%107° 3% 107°
0.318 m, 0.25m,

3.4. Results and Discussion

In order to validate the analytical model formulation, the computed
results are matched with the experimental results obtained by Feng Sun
et al [22], where they studied Li-N ZnO/i-ZnO/n-ZnO UV PD. In Figure
3.2, acomparison of computed and experimental results is shown for the
variation of responsivity with wavelength at zero bias voltage and the
dark current in the reverse bias. A close agreement is observed between
the computed and experimental results and this validates the presented

analytical model.

After validation, the analytical model is used to predict the performance
of homojunction p-i-n UV PDs based on ZnO-material system. The
responsivity variation with respect to the wavelength at zero bias voltage
for the p-SZO/i-ZnO/n-GZO UV PD structure with varying thickness

(t,,) of the topmost illuminated p-region while the thickness of the i- and
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n-layer remain constant at 50 and 300 nm, respectively, is shown in
Figure 3.3.
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Figure 3.2  Graphical Comparison of the Simulated and
Experimental results for (a) Spectral Responsivity and (b) Dark Current
Variation with Reverse Bias Voltage.

The inset in Figure 3.3 indicates that the peak responsivity of the p-
SZ0/i-ZnO/n-GZO UV PD structure at zero bias is at 362 nm which is
due to the high bandgap about 3.37 eV in ZnO and doped ZnO family.
The peak responsivity value, with the p-layer thickness of 50 nm, in
SZ0/ZnO/GZ0O UV PD, is found to be ~5.3 mA/W at 362 nm.
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In the UV PDs, it is observed that the peak responsivity appears around
the band edge. An increase in the responsivity peaks in the device is also

observed with a reduction in the thickness (t,) of p-layer from 200 to 50

nm.
6.0 —_
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Figure 3.3  Peak Responsivity Variation for SZO/ZnO/GZ0O UV PD
with Different SZO (p-layer) Thickness (tp). Inset shows the Spectral
Response Curve for p-i-n UV PD at Zero Bias.

Thus, a thinner acceptor-doped ZnO layer allows a greater number of
the photons to reach the depletion region, due to which large number of
charge carriers is photogenerated in the region [35-36]. The equation
governing the charge carrier photogeneration with distance from the
surface is given by N(D) =Ne, where N(D) is the number of photons
at a distance of D from material surface and a is the absorption
coefficient of material as function of wavelength [37]. Therefore, a
thinner p-layer results in higher responsivity in all wavelengths shorter
than the wavelength corresponding to the bandgap of the illuminated
material (for higher wavelength, the material become transparent as
shown in the inset of Figure 3.3) for the homojunction UV PDs [36].
The peak responsivity reduces to ~3.08 mA/W at zero bias for 200 nm

of p-layer thickness.

53



The variation in the responsivity with respect to wavelength at 0 V bias
is shown in Figure 3.4. The thickness (d) of the sandwiched i-region is
varied from 20 to 80 nm for the p-SZO/i-ZnO/n-GZO UV PD structure
when the thicknesses of the SZO and GZO layers are kept constant at 50

and 300 nm, respectively.

8
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—e— d=50 nm
6F —a—d=80 nm
SZ0=50 nm
GZ0=300 nm

Spectral Response (MA/W)
SN

300 350 400 450
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Figure 3.4  Spectral Responsivity Curve for p-i-n UV PD with

Different i-ZnO Thickness.

As seen in Figure 3.4, the peak responsivity changes from 3.5 to 7.3
mA/W as the thickness (d) of ZnO layer changes from 20 to 80 nm.

The device responsivity increases as the absorber layer thickness
increases. This observation can be drawn from the fact that when UV
illumination falls on top of p-i-n homojunction detector, the
corresponding photons are absorbed in the depletion region in the
vicinity of the SZO/ ZnO interface, and the hole-electron pairs are
photogenerated [38]. Due to the internal electric field in ZnO layer, there
is the formation of spatial separation between the photogenerated
carriers, and the number of hole-electron pair recombinations may
decrease. As a result, the photogenerated electrons drift into the n-GZO,
whereas the photogenerated holes are accelerated into p-SZO by the
depletion electric field in ZnO layer. A larger depletion region results in

higher photogeneration of the minority carriers, which, in turn, increases
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the gain, photocurrent, efficiency as well as the responsivity of the
device [35]. Therefore, a thick absorber region is required to achieve
large value of quantum efficiency. The depletion region thickness at the
SZ0/ZnO interface can be estimated by equations 22 and 23 [39-40]:

2e(Ny + N) oy
X, +X; = j s anaNil l (3.22)
xpNa = xiNi (723)

where x,, is the width of the depletion region in SZO and x; is that in i-
ZnO layer, q is the charge of electron, N, is the concentration of SZO
layer, N; is the carrier concentration of i-ZnQO, ¢,,; is the interface barrier
potential and & is the dielectric constant of ZnO.

The peak responsivity change with corresponding change in applied
reverse bias across the p-i-n homojunction device is presented in Figure
3.5. With the increment in the reverse bias voltage, the responsivity of
the device increases correspondingly.
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Figure 3.5  Variation of Peak Responsivity for SZO/ZnO/GZO UV
PDs with Reverse Bias. Inset shows variation of peak responsivity for
different thickness of ZnO.

The observation validates the fact that a wider depletion region is

obtained with a larger reverse bias, which in turn results in the

generation of larger number of photogenerated charge carriers in the
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depletion region before being swept away by the built-in electric
potential [40-41]. A similar trend of increment in the responsivity with

applied reverse bias was observed by Lin et al [16].
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Figure 3.6  Dark Current Variation for SZO/ZnO/GZO UV PDs with

Reverse Bias.

The dark current variation in SZO/Zn0O/GZO p-i-n UV PD with applied
reverse bias voltage is shown in Figure 3.6. In the figure it is clearly
shown that the dark current of the p-i-n UV homojunction photodetector
increases with the increase in the reverse bias voltage. This trend
suggests that the major current component contributing to this kind of
behavior is tunneling current [42-43]. The dark current increment with
the applied reverse bias voltage increment is also consistent with that in
other UV photodetector structures reported in the literature earlier [5,
44-45].

Table 3.3 shows the comparison of responsivity and the dark current of
experimentally reported [22] with the simulated results presented in this
work for a similar p-i-n UV photodetector structure. From the data
presented in Table 3.3, it is evident that the DIBS-grown p-SZO
influences the performance parameter of the UV photodetector with an
improvement in peak responsivity and dark current making the structure
superior over the p-i-n UV photodetectors earlier reported for the same

material system.
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Table 3.3: Comparision of Performance Parameter of the Present Work

with the Literature

150/50/300

3.5. Conclusion

In comparision to the reported results of Li-N ZnO/i-ZnO/n-ZnO UV
PD, the analytically predicted DIBS-grown SZO/ZnO/GZO p-i-n UV
PD provides with better performance parameters in terms of peak
responsivity and dark current. With the increase in p-SZO layer
thickness from 50 to 200 nm, responsivity of the UV PD decreases from
5.34 to 3.09 mA/W. Also, with the rise in i-ZnO layer thickness from 20
to 80 nm, the responsivity shows an increase of 108.6%. In comparison
to already existing ZnO-based UV p-i-n PD, the DIBS-grown p-i-n PD
with SZO as acceptor-doped ZnO has shown an improvement of ~7.6-
fold and reduction of ~2.1-fold in the peak responsivity at 0 V and dark
current at -15 V, respectively, at room temperature. The obtained results
are crucial in predicting the improvement and optimization of the
existing ZnO-based p-i-n UV PD performance parameters, which lead

to the development of efficient and cost-effective UV PDs.
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Chapter 4

High Detectivity and Fast MoS; Monolayer
MSM Photodetector

4.1. Introduction

In the last decade, two-dimensional (2D) materials, specifically
transition metal dichalcogenides (TMDs), have gained remarkable
interest due to many interesting electrical and optoelectrical properties,
such as chemical composition and structural configuration dependent
conductivity, low-power requirement, ultra-small size, and many more;
which opens the door for multiple research platform including
photodetection and optoelectronics [1-3]. These extraordinary
properties encourage the development of many 2D material such as
molybdenum  disulfide (Mo0Sz), tungsten disulphide (WSy),
molybdenum diselenide (MoSez), tungsten diselenide (WSey),
borophene (2D boron), hexagonal boron nitride (h-BN), silicene (2D
silicon), MXenes (2D carbides/nitrides), and germanene (2D
germanium) that are capable of formation of atomic sheets [2-5]. One of
the highly studied layered TMDs for electronics, optoelectronics,
photovoltaics, and photocatalytic applications is S-Mo-S covalently
bonded MoS,. The exceptional properties of MoS2 monolayer include
direct energy bandgap (1.8 eV) at room temperature, substantial
mobility (=700 cm?/V.s), significant optical absorption for visible
spectrum of light, a high current on/off ratio, and a massive

photoluminescence peak [1,6-8].

Various methods of MoS, monolayer deposition, are investigated,

however, are restricted in obtaining controlled and homogeneous film

growth. One of the most simple and efficient techniques of synthesizing

MoS2 monolayer is chemical vapor deposition (CVD) due to its feature

of wide tunability in growth parameters and substrates [9-10].

Photodetection is one of the promising optoelectronic applications of
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MoS; layered TMD because of its low dark current due variation of
TMD layer property with field effect modulation [11-12]. The dominant
structures for MoS; detectors are transistor and metal-semiconductor-
metal (MSM) based architectures. In MSM detector, TMD layer used as
semiconducting material paired with a vast variety of metals. MSM
structure provides the freedom of physical positioning and fabrication
layout of contact, making the device more robust. Moreover, autonomy
of contact metal and device structure provides wide disparity in different
figures of merit of photodetector [13]. MoS; monolayer MSM
photodetector are widely studied for dark- and photocurrent,
responsivity and external quantum efficiency measurements in the
literature [14-15]. However, various photodetecting performance
parameters, like detectivity, noise equivalent power (NEP), and
variation of these parameters with external bias voltage are not
adequately investigated. This leads to the unexplored capability of MoS>
monolayer MSM photodetector, due to lack of studies covering the

detailed investigation of CVD-grown MoS> monolayer based devices.

In this work, | have fabricated MoS2 monolayer MSM photodetector in
which the fabrication process starts with lithographical designing of
interdigitated metallic contacts over glass substrate followed by wet
transfer of CVD-grown MoS, monolayer on top. Platinum (Pt) based
interdigital electrode structure is used to investigate the performance of
the CVD-grown MoS> monolayer. In addition, surface energy assisted
wet transfer process is employed for transferring the MoS, monolayer
from Si/SiO2 onto the glass substrate containing interdigital electrodes
(IDEs). Subsequently, the relevant performance parameters in the form
of dark- and photo-current, responsivity, quantum efficiency, detectivity
and NEP are evaluated for MoS, MSM detector. Furthermore, the
variation of responsivity, quantum efficiency, detectivity and NEP with
bias voltage is examined. This study exhibits a detailed investigation of
CVD-grown MoS, monolayer MSM photodetecting application.
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4.2. Experimental Details
4.2.1 Deposition of MoS:

The SiO2/Si substrate with a SiO2 thickness of 300 nm on Si(001)
substrate (resistivity ~5-100 Q-cm) is initially sonicated for 10 min in
acetone and isopropyl alcohol each, then rinsed with deionized water
and finally purged with dry nitrogen gas of 5N-purity before deposition.
To prepare MoOs solution, 10 mL NH4OH is mixed with 200 mg of
MoO3z powder and 50 mg of NaCl; and this mixture is magnetically
stirred till the solution becomes completely transparent. From 0.5 pL (20
mg/ml) of this solution, a seed layer of MoOz is deposited via spin
coating at 3500 rpm over the substrate and followed by preheating of the
substrate. Subsequently, in the CVD furnace, 600 mg of sulphur powder
is placed in an alumina boat in the direction of carrier gas, while, in
another alumina boat, the preheated MoO3 deposited substrate is placed,
as shown in Figure 4.1. During the deposition, a deposition temperature
800 °C, a constant flow rate of Ar at 150 sccm and O at 2 sccm for 10
min of deposition time are maintained. The flowchart of the complete
process of MoS> deposition using the CVD furnace is shown in figure
4.1.

4.2.2 \Wet Transfer Process

The flowchart of Figure 4.1(b) includes all the major steps of the MoS;
transfer process. Initially, a 9 g polystyrene is dissolved in 100 ml of
toluene solution and continuously magnetically stirred, till the solution
becomes completely transparent without any precipitate. 1.2 mL of this
solution is then spin-coated over the MoS2/SiO2/Si sample at 3500 rpm.
The sample is then heated for 30 min at 85 °C in hot air oven for
increasing the adhesion of spin coated film with the deposited MoS>
monolayer. The sample is then slightly etched from the sides to remove
the spin-coated film of polystyrene solution from the sample and to
provide a way for penetration of deionized water between the MoS>
monolayer and SiO>/Si substrate. The sample is then carefully dipped
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Figure4.1  (a) Schematic of the Complete Deposition Process of
MoS, Monolayer and (b) Wet Transfer Process on Interdigitated Pt

Electrode.

into the deionized water from the etched corner. Due to the hydrophilic

nature of MoSy,, after deionized water penetration, the MoS, monolayer

can be easily peeled off from the SiO2/Si substrate with the spin-coated

film of polystyrene-toluene. After this, the lifted-off MoS, monolayer is
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placed on the glass substrate with IDEs. The fabricated device is then
mildly heated for 1-2 min at 50 °C on hot plate for enhancing the
adhesion between the placed MoS> monolayer with the electrodes. The
residues of the polystyrene-toluene film on the device is removed by
rinsing and dipping of the device in toluene solution [16]. The outcome
of this process is MSM photodetector, as systematically illustrated in
Figure 4.1 (b). Figure 4.2 (a) and (b) depict the normal camera image
and microscopically measured electrode dimension of the MSM

Figure 4.2  (a) Camera Image of PD, and (b) Electrode Dimensions.

Optical image of (c) Deposited MoS,, (d) Maximum Dimensions, (e)
SiO2/Si Substrate after Wet Transfer Process, and (f) Transferred MoS;
Monolayer on IDEs.
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device, respectively. The interelectrode spacing of 25 um, electrode
thickness of 50 um, electrode (connected to contact pad) thickness of

200 um, and the active device area of 12.625 mm? are measured.

4.2.3 Details of Measuring Instruments

For verifying the proper deposition and wet transfer of the MoS>
monolayer, a Carl Zeiss Axio Vert.Al inverted microscope is used for
imaging. A spectroscopic ellipsometry (SE, M-2000D from J. A.
Woollam Co., Inc) instrument is used for obtaining the optical
parameters of the MoS, monolayer. A solar simulator (Photo Emission
Tech Inc.) under standard conditions (AM 1.5 and 10000 mW cm2) is
used under dark mode for measuring temperature dependent current-
voltage (I-V) and under light mode for obtaining photovoltaic
characteristics of the device. A Bentham PV-300 photovoltaic
characterization system is used for measuring spectral photoresponse,
quantum efficiency and photo switching characteristics (when
interfaced with DMM®6500 digital multimeter from Keithley and
sourcemeter) [17]. I-V measurements at different wavelength is carried
out by interfacing a PV-300 system with Keithley 2612A sourcemeter
at room temperature. A Horiba LabRam HR Evolution spectrometer
fitted with liquid nitrogen cooled Charge Coupled Device (CCD)
detector is used for Raman spectroscopy measurement of the deposited
MoS. monolayer.

Figure 4.2 (c) shows the constant contrast of the deposited MoS; in
optical image, suggesting that a distributed single crystal of MoS>
monolayer of perfect triangular shape having an average side length of
~45 um is obtained while the maximum side length obtained is 120 um,
as shown in Figure 4.2 (d). Figure 4.2 (e) is the optical image of the
sample after wet transfer process, revealing the residue of the deionized
water and polystyrene toluene film, confirming the complete lifting-off
of MoS,. Figure 4.2 (f) shows the successfully transferred MoS;
monolayer over the interdigitated Pt electrode confirming the fabrication
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of the MSM photodetector device [7-10]. The positive difference in the
work function at the junction of Pt and MoS; due to n-type nature of

MoS:, emphasize on the Schottky nature of the contact between them.

4.3. Results and Discussion

Before the wet transfer process, Raman spectroscopy and spectroscopic
ellipsometry analysis of the MoS> monolayer are performed. Figure 4.3
presents two Raman peaks at 383.92 and 404.40 cm™, attributed to the
in-plane (Elz) and out-of-plane (Aly) vibrations, respectively. The
energy difference (Ak) between these two peaks is 20.48 cm™, which
strongly validates the formation of MoS, monolayer [7,10]. In
spectroscopic ellipsometry analysis, the MoS; monolayer is analysed by
a four-layer optical model, as earlier used by Yim et al, and the obtained
thickness values of MoS; and SiO> layers are 0.70 and 309.68 nm,
respectively, with an mean square error (MSE) of 7.738 [18]. The
calculated bandgap of the MoS, monolayer via Tauc plot is 1.82 eV,
which corresponds to the bandgap of MoS. monolayer. The results of
Raman spectroscopy and ellipsometry confirm the growth of MoS>
monolayer [18].
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Figure 4.3 Raman Spectrum of MoS2 Monolayer.
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Figure 4.4 depicts the temperature-dependent 1-V curves of the device
performed using solar simulator in dark condition. The plot suggests
that, as the temperature across the MSM device increases, the dark
current increases [15,19]. The reverse saturation current, as well as
current of any semiconducting device, is a temperature-dependent
quantity and it increases with temperature due to the energy bandgap
variation?®. Researchers have discussed the potential of MoS, for
photovoltaic application [1,6-7]. In the inset of Figure 4.4, inset (a)
shows the temperature dependent I-V in linear scale and (b) depicts dark
current variation with temperature at fixed bias, the plots confirms the
increase in the value of dark current due to thermal excitation with rise

in temperature.
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Figure 4.4  Dark Current vs Voltage with Varying Temperature, the
inset shows the (a) Plot in Linear Scale and (b) Dark Current with

Temperature at Fixed Bias.

In Figure 4.5, the 1-V characteristics of the device are measured in light
and dark modes for inspecting its properties for photovoltaic application
under one sun illumination condition, and the obtained values of short

circuit current and open circuit voltage are 6.72 pA and 0.87 V,
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respectively [21-22]. The graph confirms the high potential of MoS; for

photovoltaic applications.
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Figure 4.5 I-V Plot of MoS, Monolayer for Photovoltaic
Application under One Sun Illumination Condition.

For different wavelength illumination, the variation of generated
photocurrent with voltage at room temperature is analysed using a
Bentham PV 300 system interfaced with Keithley 2612A system, as
shown in Figure 4.6. The observed variation of photocurrent with
wavelength can be understood by the fact that the intensity of the
incident light is inversely proportional to the wavelength, if the
illuminated area of the device is kept constant, resulting in a reduction
in the photocurrent with the wavelength increase. An alternative
explanation for this increase in photocurrent with decrease in
wavelength is given by Han et al. which states that the increase in the
energy of incident photons and interface chemistry between the 2D
semiconductor and 3D metal activate more number of trap states in
MoS; (formed due to existing defects) [23]. These trap states act as trap
centres for photogenerated carriers, causing a delay in the carrier
transportation to electrodes. Thus, the gain in the photocurrent with
reduction in the wavelength is attributed to the trap states and defects

[23-24]. Also, for MoS, monolayer, the energy owned by the incident
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photon to excite an electron from valence to conduction band must be
greater than the energy bandgap i.e. 1.8 eV, and the corresponding
wavelength is ~681 nm [14,25]. This confirms the low value of
photocurrent for the 750 nm incident wavelength, as observed in Figure
4.6. The inset of the Figure 4.6 shows the variation of photocurrent with
wavelength, the image depicts that the MSM device has a high value of
photocurrent for visible wavelengths compare to 750 nm.
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Figure 4.6  Photocurrent vs Voltage with Varying Wavelength for
MSM PD, the Inset Shows the Plot of Photocurrent as Function of
Wavelength at Fixed Bias.

The appropriateness of any photo-detecting device is verified by its
performance parameter, namely, responsivity (R), external quantum
efficiency (EQE), internal quantum efficiency (IQE), detectivity (D*)
and noise equivalent power (NEP). Figure 4.7 represents the energy
band diagrams of the MSM photodetector for unbiased, biased and
biased with photo-incident condition, and Figure 4.8 shows the variation
of the peak responsivity with bias voltage, confirming the increment in
the peak response with increase in bias voltage. From the energy band
diagram of the MSM photodetector, the depletion width and barrier
potential at the reverse biased metal semiconductor junction of the
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device increases with a rise in the bias voltage due to band bending as
compared to that for unbiased condition. This results in an accumulation
and transport of charge carriers at the junction under the influence of
bias voltage and electric field governed by the thermionic field emission
theory. The increased depletion width at reverse bias junction provides
larger area to the incident photons under light illumination condition for
electron-hole pair generation and charge separation before
recombination due to increment of the electric field at junction,
respectively [17,19]. Due to the n-type nature of MoS2, no significant
change in the electron concentration is expected via optical illumination,
however, the concentration of minority carriers increases significantly.
The combined effect of larger depletion width at larger bias voltage and
photo carrier generation due to optoexcitation along with effect of
photogain due to trap states, result in enhancement in current,

responsivity and quantum efficiency [26].
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Figure4.7  Schematic Energy Band Diagram of MSM PD for
Unbiased, Biased and Optical Incident Conditions.
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The peak responsivity rises from 13.15 to 18.59 mA/W, as bias voltage
increases from 0 to 5 V. The high responsivity of the device even at 0
bias voltage suggests the potential of the device as self-powered
photodetector. The inset of Figure 4.8 gives the spectral responsivity of
the device for the wavelengths corresponding to visible spectrum of
light, suggesting that that the device is sensitive towards the entire
visible spectrum. Moreover, the peak response of 13.15 mA/W is
observed at 480 nm, signifying the band selective response of the device.
A similar kind of responsivity behavior is observed by other researchers
and it is attributed to various defects presents in MoS; and is also

consistent with the results presented in Figure 4.6 [24,27].

To further investigate the MSM device for photodetection application,
EQE measurement is performed, and the results are presented in Figure
4.9. The measurements provide a peak EQE of 14.22% at around 480
nm at 0 V. The EQE corresponding to the energy bandgap (1.82 eV for
A= 681 nm) of MoS, monolayer is 8.72%. This spectral variation plot of
EQE for wavelength range of 400 to 700 nm, suggests the potential of

74



MoS2 MSM device to efficiently detect complete visible light spectrum
[28]. In the inset of Figure 4.9, the variation of EQE and IQE with
external bias voltage is presented at 480 nm. The IQE of the MSM
device is calculated by IQE=EQE/(1-Rr), where R _is the reflectance of
the material. The curves indicate that the maximum variations in the
EQE and IQE are 7.64% and 9.09%, respectively, as voltage varies from
Oto5 V.
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Figure 4.9  Spectral External Quantum Efficiency, the Inset Shows
the EQE and IQE with Biased Voltage at Peak Response Wavelength.,

Detectivity and NEP are the two other crucial performance parameters
of any photodetector and they are quantified as suitability of the device
to detect weak signals and sensitivity of the photodetector. In Figure
4.10, detectivity and NEP of the MoS; device are depicted with varying
bias voltage. The detectivity and NEP are calculated via following

equations:
1
RA/2
D= —— 4.1)
(2alp) /2
1
/
NEP = (Alf# (4.2)



I
PDCR = £

> (4.3)

Ip
where A is the effective area, Ip is the dark current and B is the
bandwidth [17]. Detectivity is directly proportional to responsivity, and,
hence, it varies rapidly as voltage is increased initially and then is
saturated. The decrease in the detectivity with the increase in bias
voltage is attributed to the dominant effect of dark current at higher
voltage i.e. increased by an order of 2 as the bias voltage increases from
0 to 5 V and this variation of Ip is also observed in Figure 4.4. The
amount of incident optical power, which is equal to the noise power from
all sources in the detector, is termed as NEP; inversely proportional to
the detectivity of the photodetector. The NEP level of the MSM device
is calculated on the assumption that the major contributing factor is shot
noise due to the dark current [17,29]. The peak detectivity and NEP are
1.11x10* cm.Hz® W1 at 0 V and 1.24x10t W at 5 V, respectively, for
the wavelength corresponding to peak responsivity. The variations in
detectivity and NEP are reduction of 77.58% and increment of 222.62%,

respectively, for the voltage variation from0to 5 V.
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Figure 410 Detectivity and NEP of the MSM PD.
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In order to investigate the time response or photoswitching
characteristics, temporal response of the device at 5 V is studied and it
is displayed in Figure 4.11. The plot suggests that a very sharp rise and
fall in the photocurrent is observed with the toggling of ON/OFF state
of the incident light. The lon/loff ratio obtained is 256 for 5V DC supply,
where lon is the measured photocurrent in the light incident condition
and lofr IS the measured current in the absence of illumination,
respectively. The rise and fall times of a photodetecting device depend
on many parameters, including nature of the material, junction interface,
recombination time, geometry of metal contacts, surface defects, and
trap distribution. As discussed above, incident photon energy activates
the defect based trap states, which are acting as recombination centres

and thus help in the providing very small values of rise and fall times.
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Figure 4.11  Plot of Photoswitching Characteristic of the MSM PD.

In the insets of Figure 4.11, the exact values of the rise and fall times are
calculated as 0.06 and 0.14 ms, respectively. The observed value of the
rise time is the best as reported for MoS, monolayer MSM detector
[14,30]. The small values of the response times of the device suggest its
appropriateness for the applications like smoke detection, relay
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switches, replacement of avalanche photodiode, etc, where the ultrafast

detection is a crucial parameter of the device.

The photo to dark current ratio (PDCR) of the device for different
incident wavelengths at 0 and 5 V are calculated using Equation 4.3,
where Ipc is the photocurrent. The PDCR at 0 V suggests the
insignificant change in the photocurrent with wavelength, whereas for 5
V, PDCR value decreases from 529 to 190 as wavelength increases from
450 to 650 nm. The calculated PDCR results are in the agreement with
Figure 4.6. The significant value of the PDCR for 5 V also validates the

observed peak response and EQE at higher bias voltage.

600
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wavelength (nm)

Figure 4.12  Photocurrent to Dark Current Ratio (PDCR) at Different
Wavelength.

Table 4.1 shows a comparison of various performance parameters with
those reported in the literature for MoS> monolayer MSM
photodetectors. The ultrafast nature of the fabricated MSM device in
terms of lowest rise time and fall time is emphasized in the Table. Also,
the importance of this work is highlighted in terms of evaluating all the
crucial performance parameters of the MoS> monolayer MSM

photodetector under one head.
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Table 4.1: Comparative Analysis of Performance Parameters of MoS;

Monolayer PD

11 Ti/Au ~10° A 37 AIW @ 0V - -
12 Ti/Au ~10° A ~10°AIW@ 0V | 120 ms ~108
ms
14 Au ~10° A 8 mA/W @ 10 V 1s 0.7s
and ~475 nm
15 Pd/Au ~1012 A 0L7AW@ 1V 0.17s -
and 450-680 nm
25 Ag/Au - ~0.25-09mA/W  05ms 0.8ms
@ 1V and 450
nm
27 Ag ~10° A 0QLIIAW@1V 2.7s 2.6
and ~525 nm
28 Ag ~10° A 0.ISAIW@1V  89ms 92 ms
and ~532 nm
Present Pt 3.76 x 109A 1859 mMA/W @ 5 0.06 0.14
work V and 480 nm ms ms

4.4. Conclusion

In summary, MoS; monolayer was successfully grown in CVD furnace
with maximum side length of 120 pum, as verified by optical microscopy,
spectroscopic ellipsometry and Raman spectroscopy. This MoS:
monolayer was then wet transferred over Pt interdigitated electrode on
glass substrate to obtain a MoS2 monolayer MSM photodetector. The
photodetector performance was analyzed by dark and light I-V
measurements, spectral responsivity, external quantum efficiency,
detectivity, noise equivalent power and photo switching characteristic
(temporal response). At 5 V, the dark current of the device increases to
1.61x10" A from 5.37x108 A as operating temperature increases from
25 °C to75 °C, while photocurrent increases from 3.02x10° A to
8.43x10% A with decrease in 28.17 %, respectively. The peak detectivity
and NEP are 1.11x10% cm.Hz®5W? and 1.24x10** W, respectively.
The rise and fall time are 0.06 ms and 0.14 ms, respectively, and the
photocurrent on/off ratio is 256. The study suggests that MoS>
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monolayer based photodetector has a great potential for self-powered

and high switching device.
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Chapter 5

ZnO film based UV photodetector on
flexible polyimide substrate

5.1. Introduction

In recent years, device miniaturization has paved the way for
a new paradigm of future electronics and optoelectronics. One of the
new dimensions in this aspect is flexible electronics, having high
compatibility with arbitrarily shaped surfaces, wearable, complex
geometries, lightweight, and portable applications [1-2]. Ultrathin
sensors and detectors, foldable display, and health monitoring patches
are combining the best of both optoelectronics and flexible electronics

in a single unit [3].

Flexible

electronics

Figure 5.1  Different Research Aspects of flexible Electronics.

Advancing in the optoelectronics, the self-powered

Ultraviolet (UV) photodetectors (PD) are now being used for

nanofabrication technologies, environmental monitoring, health, and

infrastructure applications apart from their conventional usage in
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communication, ozone sensing, leak and flame detection [4]. A low
temperature deposition technique with high precision and great
miniaturization is often applicable for fabrication of flexible devices.
Over the last two decades, ZnO emerged as a potential wide
band gap piezoelectric semiconductor and a replacement of GaN due
to its enormous applications in nano generator, nanowire, etc. [5].
Along with no toxicity and abundance, ZnO alloying with different
elements expands the material's application range in the blue and near
ultraviolet spectral bands [6]. The primary ZnO based PD discussed in
the literature are homojunction, MSM, heterojunction, and p-i-n
structures, while each one is having their own individual advantages
[7]. However, the most common PD structure is metal-semiconductor-
metal (MSM), due to its ease of fabrication, inherently low capacitance,
linear structure, improved speed in impact of

metallization, and higher bandwidth for the same active area [8].

Low Easy to
capacitance fabricate

Advantage of
MSM
photodetector

Fast and Higher

highly _
sensitive bandwidth

Figure 5.2  Root map of Advantages of MSM Devices.

Further, conventional PD structure with additional internal gain has
also been explored, to enhance the efficiency of the device. As of now,
various flexible substrates are employed such as polyethylene
terephthalate (PET), polyimide (PI), polydimethylsiloxane (PDMS),
paper, polyvinyl chloride (PVC), etc. have been explored for analyzing
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flexible UV PD’s [9-11]. Among these, Pl is best suited owing to its
significant temperature resistance, low thermal expansion, cost

effectiveness and lightweight nature [12].

Advantages of Polyimide as flexible substrate

Figure 5.3  Advantages of Polyimide Substrate in flexible
Electronics.

A new dimension in the research is added by regulating the interface and
controlling the performance of the flexible PD under the piezo-
phototronic effect [13]. Many literatures have tried to cover different
scopes of flexible ZnO UV PD under different bending conditions,
however, they lack in covering every aspect of the performance
parameters of PD combining experimental and analytical analysis in a
single subunit [12, 14]. In this work, an MSM based PD structure is
developed over Pl substrate by sputtering ZnO thin film on e-beam
deposited interdigitated Cr/Au electrode (IDE). The PD is then
evaluated for performance parameters such as dark and photo current,
responsivity, temporal response, and quantum efficiency with bias
voltage, both in normal and varying device bending conditions.
Moreover, the classic thermionic emission model and the device physics
of flexible PD, due to the combined effect of electric field and strain, are

discussed in the work.

5.2. Experimental Details

The industrial grade Pl substrate is plasma cleaned before
patterning the IDE’s on top of it. The IDEs are photo-lithographically
patterned using 5214 E image reversal photoresist with an electrode

width of 10 um and spacing of 9 um between them. Cr/Au electrode
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with a thickness of 20/200 nm is deposited using an e-beam
evaporation technique at room temperature with a working pressure of
1.5 x 107 Torr having a deposition rate of 0.3 A/s. A 325 nm thick
ZnO film is deposited on the top of IDEs using Kurt J. Lesker P\VD75
Pro-line reactive magnetron sputtering technique. The deposition of
the ZnO film is carried for 0.5 hours in 2:3, O2:Ar ambience at 250 °C
[15]. The complete fabricated MSM PD device along with its camera
image and dimension of IDEs are shown in Figure 5.4 (a), (b) and (c),
respectively.

Interdigitated Zn0 film
Cr/Au clectride

Polyimide
substrate

Figure5.4 (a) Camera image of Flexible MSM UV PD, (b)

Dimension of IDEs, and (c) Fabricated ZnO based device over IDEs.

The responsivity and quantum efficiency are measured
using Bentham PV-300 photovoltaic characterization system. The
temporal response of the device is analyzed by interfacing the Keithley
DMM6500 digital multimeter, D.C. sourcemeter, and PV 300 system
[16]. Furthermore, the PD results are analytically scrutinized and
explained by classic thermionic emission theory and Schottky barrier
height (SBH) variations, for various bending conditions [17].
Examination of the complete device is performed at normal (flat) and
different bending conditions of 10 mm, 8 mm, and 5 mm diameter,

respectively.
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Thermionic Field Emission Theory:

Thermionic emission is a field emission-related phenomenon. The
thermal energy provided to charge carriers overpowers the binding
potential, also recognised as the work function of metals, allowing
electrons to break free from the solid's surface. Electrons or ions can act
as charge carriers. The Time - dependent model of metal, the triangular
vacuum potential barrier, and the equilibrium electron emission are all-
used in the basic theoretical model of thermionic emission [18-19]. The
crucial point of thermionic emission is that high temperature drives
electrons in the conduction band to highly excited states, where their

Kinetic energy overcomes the vacuum potential barrier.

Piezo-phototronic effect:

The piezoelectric potential (piezopotential) created by adding a strain to
a semiconductor with piezoelectricity to govern carrier generation,
transport, separation, and/or recombination at metal-semiconductor
junction or p-n junction for enhancing the performance of optoelectronic

devices is referred to as the piezo-phototronic effect [13-14].

Piezo-phototronics

souojoydozald

Figure 5.5  Schematic of the Different Aspects of Semiconductor on
the Basis of different Properties.
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5.3. Results and Discussion

The MSM PD is initially investigated for the dark and photo
current with varying biased voltage (-10 V to +10 V) under exposure
to different incident light wavelengths, shown in Figure 5.6.
Interestingly, it is observed that the MSM device is selective for the
light wavelength less than 375 nm which is in good agreement with the
deposited thin film bandgap of ZnO i.e. 3.37 eV. This solidify that the
fabricated MSM device is behaving as UV detector [20]. Moreover,
the fabricated MSM based UV PD exhibits the highest selective
behavior towards light wavelength of 325 nm which is attributed to the
combined effect of material’s bandgap and presence of unintentional
growth defects. The analysis further confirms that for light
wavelength higher than the 368 nm, corresponding to bandgap of
Zn0O, the device doesn’t show any selectivity i.e. behaves as a
transparent film and further no variations in photo current at those

wavelengths compared to dark current is observed [21].
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Figure 5.6  1-V Analysis of the MSM Device at Dark and different

Incident Wavelengths.

The 1-V performance of the MSM UV PD is investigated
under normal (flat) and different bending conditions with an outward
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bending of 10, 8, and 5 mm diameter, respectively. Figure 5.7 depicts
the I-V analysis in both dark and incident light wavelength of 325 nm
along with different bending conditions. It is evident from Figure 5.7
that the device bending under dark conditions doesn’t significantly
influence the performance, suggesting that the impact of the device
bending is balanced by the mobility of carrier through the available
trap states due to growth defects [22]. Figure 5.7 also exhibits
that the photo current of the MSM device decreases as the bending
increases for lower voltage (0-3.5 V) and for higher voltages, it
approaches towards the photocurrent value of the device in normal
(flat) condition.
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Figure 5.7  1-V Analysis at Normal and Different Device Bending

Conditions.

This observation is explained by the classic

thermionic field emission theory and piezo-phototronic effect [9, 23].

‘- ngf (v-+ v =T) (5.1)
n (j_) - 120 (5.2)

The field emission theory explains the relation between strain (&) and
the biased voltage (V) is given by Equation 5.1. Where, ¢, ks, N, Vi, K,
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and T are charge of electron, permittivity, carrier concentration, built-in
potential, Boltzmann constant and temperature, respectively. The non-
linear relation between the strain and biased voltage result in 33%
reduction in slope of strain v/s voltage plot for the 3.5- 7 V compare to
0-3.5 'V, suggesting that at higher voltage the impact of strain decreases
as depicted in Figure 5.8.
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Figure 5.8  Plot of Strain Variation with Voltage.

Therefore, at higher voltage, performance of the device even in bended
conditions is similar to the performance at normal condition, owing to
negation of impact of strain to the device bending. This explanation is
further supported by current dependence of Schottky contacts on
Schottky Barrier Height @ (SBH) which is directly related with strain.
The study of Zhang et al. suggests that for higher strain, change in SBH
is high for lower voltages, resulting in significant reduction of
photocurrent for bended conditions at lower voltages compared to
normal condition [24]. The relation governing the relative change in
SBH is given by Equation 5.2, where - and I, are current in bending
and reference condition, and A® is change in SBH, respectively. By
utilizing Equation 5.2, the change in SBH for photocurrent in bending

conditions to the photocurrent at normal condition as reference is
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calculated for different values of biased voltage. This relative change in
the SBH (from normal to bending conditions) with varying biased
voltage is plotted in Figure 5.9. The aforementioned Figure 5.9 confirms
that for all the device bending conditions, relative change in SBH start
saturating to a very lower value for the voltage above 3.5 V, justifying

the approaching value of photocurrent to the normal condition.
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Figure 5.9  Relative change in SBH with voltage.

Furthermore, the combined effect of piezoelectric and photoexcitation
properties of a semiconducting material, governs the physics of flexible
PD under bending condition and termed as piezo-phototronic effect [10,
25]. As explained by the theoretical energy band diagram of the UV PD
in Figure 5.10, this piezo-phototronic effect describe the impact of strain
and the biased voltage on the change in SBH and charge carrier
accumulation at the metal-semiconductor Schottky junction. The higher
value in the relative change of SBH under bending results in reduction
of photocurrent initially, which is compensated by increased electric
field at higher biased voltage in the UV PD [23, 25]. Thus, the complete
discussion of both, the thermionic field emission theory and piezo-
phototronic effect explains photocurrent variation with voltage at

different bending conditions of the PD.
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Figure 5.10 Energy Band Diagram of Metal Semiconductor

Junction under Different Condition.

Hereafter, spectral response of the MSM PD which is another
performance parameter of the PD is analyzed with varying voltages as
shown in Figure 5.11 (a) and (b). As observed from the I-V analysis, the
impact of strain completely dies out at 6 V, therefore, it is chosen for all
the further analysis. The impact of spectral incidence at 0 V over the UV
PD implies a narrow spectral selectivity of the device with a red shift
with an increase in device bending conditions. This red shift in the
spectral selectivity is attributed due to the decrease in the energy
bandgap of the material with the increasing strain [27]. The inconsistent
spectral response of the device is also expected due to dominating
impact of strain at lower voltage during light illumination as explained
in the I-V analysis. Figure 5.11 (b) portrays the spectral response of the
PD at 6 V showing the broad selectivity of the PD with a slight impact
of strain in different bending conditions. Both, Figure 5.11 (a) and (b)
confirms that the device doesn’t show any spectral selectivity above 350
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nm concreating the observation of Figure 5.6 i.e. the performance of the

device as UV PD.
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Figure 5.11  Spectral Response at (a) 0 V, and (b) 6 V.

The peak responsivity (R) variation with voltage for different bending
conditions is shown in Figure 5.12 (a). The responsivity of the PD is
defined as the ratio of generated photocurrent to the incident optical
power [16]. The results are in line with our discussion of thermionic field
emission theory and piezo-phototronic effect, explaining impact of

strain with varying voltage under spectral incidence [23, 28]. The higher
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value of the responsivity of the MSM device even under highest bended
conditions confirms the reliability of the UV PD.
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Figure 5.12  Variation of (a) Peak Responsivity, and (d) External
Quantum Efficiency with voltage.

The external quantum efficiency (EQE) of a photodetector is defined as
ratio of number of collected photocarriers at the output terminal to the
number of incident photons on the PD. The EQE with the biased voltage
is shown in Figure 5.12 (b) [16, 29]. The highest EQE obtained is 45.3
% for the UV PD at 6 V, which almost remains constant for any further
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increase in voltage. The impact of strain dies out after 3.5 V with a

maximum reduction of EQE of 5.24 % at 2.5 V from the normal

condition.
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Figure 5.13 Temporal Response of MSM UV PD and Inset of Figure

is zoomed view to calculate rise time.

Furthermore, the temporal-photoswitching response of the device is
evaluated at 6 V shown in Figure 5.13. The Lon/Iofrratio in normal as well
as in bending conditions are ~ 200 and the rise time in the normal
condition is 196 ms which is increased to 215 ms in highest bended
condition due to increase in interelectrode spacing. The fast response of
the UV PD is attributed to the small dimension of the device leading to
low value of RC constant due to small dimension of the device, and fast
transition of photocarriers in depletion region because of high mobility
under strong electric field [30]. The large fall time ~2.5 seconds is
ascribed by the high relaxation time of generated photocarriers as the
light illumination is vanished.

The photo to dark current ratio (PDCR) variation with different bending
conditions at 6 V in Figure 5.14, illustrates that the performance of the
flexible UV PD at higher voltage doesn’t change considerably, due to
the insignificant influence of strain. However, at 0 V the rapid rise in the
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photocurrent value under light illumination result in high PDCR value
[31]. In comparison to the other similar work on flexible UV PD, this
study covers the various performance parameters of PD and provides
comparable results at a much lower voltage, proving its potential for the

applications of wearable electronics [10, 12, 21].

Table 5.1: Comparison of the Present Work with Existing Literature
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5.4. Conclusion

In this work, reactive magnetron sputtered ZnO based flexible UV PD
in MSM structure is fabricated and investigated under various device
bending conditions. The performance of the device is evaluated via I-V
analysis, spectral response, EQE, detectivity, and photoswitching
response. The mechanisms governing the physics of the flexible UV PD
devices are discussed for bending and biased voltage conditions. The
device performance in different bending conditions at high voltage is
equivalent to the performance of the device under normal condition,
which is a desirable for flexible electronics applications. The ZnO based
UV PD provides the maximum photocurrent for 325 nm wavelength,
with an lon/loff ratio of 215 at 6 V in normal condition. The spectral
response of the device suggests its suitability as UV PD with a peak
responsivity of 0.5 A/W. The EQE, PDCR, and photoswitching response
of the device are quantified. This study highlights the potential of the
UV PD for wearable electronic applications.
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Chapter 6

Conclusion and Future Scope

The key objective of this research work is to analyse the different
existing and emerging scopes of PD by analytically modelling and
fabricating the PD. The analytical model is first time discussed and
explored for wide bandgap semiconductor. The model highlighting the
every aspects of the wide bandgap material based homojunction p-i-n

PD is very limited.

The performance of the device in adverse thermal conditions are rarely
explored for TMD materials and with this work authors have explored
the variation of dark current for MoS, monolayer PD at different
working temperature. The study propose the simple technique of surface
assisted transfer dependent PD fabrication method. The sensitivity of the
device for the entire visible spectrum is established by 2D TMD based
PD.

The wearable and flexible electronics is current and future trend of
semiconductor market globally and thermally stable flexible PD is
studied here. The work open the inspiration for wideband wearable PD
for health monitoring system and dosimetry application. An agile UV
PD fabricated by reactive magnetron sputtered ZnO in an MSM
configuration is evaluated under various device bending conditions,

highlighting the UV PD's potential for different applications.

The major issues in these work are devolving an analytical model for p-
i-n PD for wide band semiconductor; which was successfully resolved
by suitable model development and verification. Moreover, analysing
the MSM PD for future ready device are the key concern in the other

works of this thesis.
6.1 Conclusions

The major conclusion of the work can be summarized as below:
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The analytical model access and estimate the performance of
wide bandgap material for fabricating UV p-i-n PD of
homojunction as well as heterojunction structure before actual
fabrication of the PD.

The model helps in optimising the thickness of the individual
layers of p-i-n PD and helps in estimating the variation of the
dark current and peak responsivity with varying reverse bias
voltage.

A detailed discussion of the various components of dark current
and quantum efficiency of the p-i-n PD are summarized in the
work.

This research work also discusses a facile approach for the
deposition of MoSz via CVD technique, followed by wet transfer
process. The complete study of MoS, monolayer MSM device
proves the potential of MoS: as a future optoelectronics material.
The work discuss the spectral response of MoS, monolayer
MSM PD for visible light spectrum with varying voltage.

The study guantitatively estimate the detectivity and NEP with
varying voltage of the MoS. monolayer device for the MSM
device.

The obtained value of the rise and fall time for the MoS;
monolayer MSM PD is the least so far to the best of authors’
knowledge.

Reactive magnetron sputtered ZnO based flexible UV PD in
MSM structure is investigated under various device bending
conditions and which highlights the potential of the UV PD for
wearable electronic applications.

The device on the PI flexible substrate shows significant
selectivity to the peak response wavelength even in the highest
bending (strained) condition.

The study analyse the effect of biased voltage with bending
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6.2

condition to manipulate the performance of the flexible device.
Various effects governing the physics of the flexible PD is
discussed and investigation of the responsivity and temporal

response of the PD is performed.

Future Scope

The following are the future work that can be focused:

Fabrication of ZnO based p-i-n and quantum well homojunction
UV PDs by using DIBS.

Bandgap tailoring and analysis of incidence over intrinsic region
of fabricated DIBS grown p-i-n UV PD.

Characterizations and performance optimization of different PD
structures based on emerging TMD materials.

Fabrication of MoS2 monolayer FET devices for photodetecting
applications.

Fabrication and investigation of ZnO/MoS; and Mo0S2/WS;
hybrid photodetector as broadband detector.

Performance investigation of the noble metal doped MoS; PD.
Analysis of flexible PD on different substrate for wearable
electronic applications.

Exploring the above discussed device structure over flexible
substrate.

Planning the commercial level fabrication and integration of the

PD for dosimetry application and other UV monitoring systems.
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