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Synopsis

Energy is one of the most fundamental needs in our daily life. In fact, energy is a necessary
requirement to do work, light our cities, power our vehicles, control temperature at our homes and
offices, cook our food, play our music, and power machineries in factories [1]. Thus, fulfilling the
demand for energy becomes a more critical challenge for the world’s population as it grows rapidly
with more industrialization. Therefore, a competitive, sustainable, and secured energy supply is an
even more demanding issue [2].

Presently, different sources of energy such as coal, petroleum, wind, thermal, and solar are
naturally found on the earth [3]. Out of these, the fossil fuel-based energy sources faces a number
of challenges including their limited resources, rising prices, security of supply, and pollution by
carbon dioxide emission, etc. [4]. Carbon dioxide causes the greenhouse effect, which increases
the global temperature by reducing the outward radiation and causing the anthropogenic climate
change [4]. With the current rate of fossil fuel consumption, it is expected that the concentration
of CO2 will reach the critical level of 750 ppm by 2050 [5]. Since, there is no natural
decomposition of CO: in the atmosphere, it will take 500 to 2000 years to overcome the
environmental effect of this level of pollution.

Alternative potential energy sources can be the solar, geothermal, hydroelectric, and wind
powers because these resources do not deplete as opposed to fossil fuels [6]. Currently, the total
global energy consumption is estimated to be around 13.5 TW and will increase up to 27 TW by
the year 2050 [2]. Thus, out of these, only the solar energy has a huge potential capacity of 1,20,000
TW, which is around 10,000 times higher than the current annual global energy consumption [7].
This means one hour of sun light on earth can provide us our annual energy used. In other words,

at 10% efficiency in solar cells, only 0.1% of the earth’s surface is sufficient to satisfy our present
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need of energy [7]. But getting a hold on this huge energy reservoir remains an enormous
challenge. In fact, in order to meet a sizeable part of the world's energy demand, solar energy
conversion with photovoltaics (PV) will have to reach the terawatt (TW) scale. In addition, price
reductions are still required for solar energy to be cost competitive with respect to the conventional
energy sources used in the majority of the world [6,7].

The requirement of higher efficiency at a lower cost can be fulfilled by designing the dye-
sensitized or metal oxide (MO) semiconductor-based solar cells. Out of these, the dye-sensitized
solar cells use an organic dye, coating a porous electrode, and metal-oxide with high surface area
to absorb more light. Presently, the maximum achieved efficiency for dye-sensitized solar cells is
around 11%, however, the use of a liquid electrolyte in the cells is a source of reliability issue [8].
On the other hand, most of the MOs are found to be abundant, non-toxic, and chemically stable in
nature which allows us to design low cost solar cell.

In order to get a desired efficacy, different combinations of MOs have been tested. For
instance, TiO2/Cu20, rGO/TiO2, ITO/Cu0, FTO/Cu;0, ZnO:Al(AZO)/Cu20, and Ga,03/Cu.0
[9]. Out of many oxides, copper oxide (Cu-O) based solar cells, in the form of AZO/TiO2/Cu-O
heterostructures, have not only attracted the researchers’ attention because of its band gap, which
is close to the optimal band gap (~1 eV) under AML1.5 radiation spectrum but also its high
absorption coefficient and large minority carrier diffusion length. Theoretically, the efficiency of
copper oxide-based solar cells should be around 20%, however, the experimentally achieved
efficiency is still less than 3% [10]. This poor cell performance is not only attributed to the less
understanding on the charge transport process with in the used layers but also on the interface
quality at the junctions [10,11]. In fact, an excellent control on interfaces in thin-film solar cells

has been proved to be of prime importance to achieve high-efficiency devices, albeit it is still
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lacking in case of Cu-O based solar cells. Thus, a systematic experimentation on the study of
charge transport as well as the formation of highly quality interfaces are needed to achieve a
desired efficiency of a Cu-O based solar cell.

The topmost layer (e.g. AZO) works as a transparent conductive electrode for a copper
oxide-based solar cell and is considered to be the most important part of the same. In fact, this
electrode collects the photo-induced charge carriers from the underneath Cu-O layer and transfers
it into the metal electrode. Thus, in order to improve the efficiency of such a cell, a smooth charge
transport should take place through the AZO layer. In addition, it is mentioned here that a higher
temperature (>300° C) is required to achieve a better quality thin film of AZO, although at higher
temperatures an interfacial diffusion takes place which in turn reduces the efficiency of the same
[12]. Thus, it is exigent to first optimize the room temperature (RT) growth process of the used
layers and then explore their possible use to design full solar cell.

In this thesis, we have used pulsed dc/rf magnetron sputtering technique for the growth of
different thin films towards constructing a copper oxide-based solar cell. To analyse the
morphology, microstructure, composition, and crystallinity of these layers, surface profilometry,
atomic force microscopy (AFM), scanning electron microscopy (SEM), transmission electron
microscopy (TEM), energy dispersive x-ray spectrometry (EDS), x-ray photoelectron
spectroscopy (XPS), and x-ray diffraction (XRD) were used, respectively. In addition, the optical
properties of the used layers are investigated using ultra-violet-visible (UV-Vis) spectroscopy.
Moreover, the optoelectronic properties of different thin films used in the heterojunction solar cell,
are studied by bulk I-V, C-V, and photoresponsivity measurements. Further, various AFM-based
local probe microscopic techniques such as conductive atomic force microscopy (CAFM),

electrostatic force microscopy (EFM), Kelvin probe force microscopy (KPFM), and piezo-
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response force microscopy (PFM) are used in order to understand the nanoscale (local) charge
transport properties in different layers.

The thesis is organized in eight chapters. The first chapter provides a brief introduction on
the topic and the second chapter describes the experimental techniques used in this thesis. In
chapter 3, the experimental results are presented where we describe the growth of Al-doped ZnO
thin films at RT and have studied the role of grain boundaries in the charge transport. In particular,
we demonstrate the RT diode characteristics of ZnO:Al (AZO)/Si heterostructures by current-
voltage measurements where we show that with increasing AZO film thickness, a systematic
reduction in the turn-on potential (from 3.16 to 1.80 V) and the film stress take place.
Complementary capacitance-voltage (C-V) measurements reveal a decreasing trend in the barrier
height at the junction with the increasing AZO film thickness. In addition, gradual decrease in the
resistivity takes place with increasing AZO film thickness. Above observations are explained in
the framework of AZO thickness-dependent variation in grain size and in turn trap (defect) density
at the grain boundaries, influencing carrier transport across the adjacent grains.

Following this, we have tried to reduce the defect density by thermal annealing and studied
the role of the same in the charge transport process. In fact, we have investigated the effect of
temperature on the transport mechanism of an n-AZO/p-Si heterojunction diode where an unusual
variation in the I-V characteristics (with temperature) is observed. In particular, temperature-
dependent transition from a direct tunnelling to the thermionic emission is observed in the 1-V
characteristics. In order to explain this behaviour, temperature-dependent resistivity of AZO film,
deposited on soda-lime glass (SLG) substrate, is also investigated. The measured resistivity reveals
a semiconducting nature at low temperatures (up to 343 K), which subsequently transforms into a

metallic-like behavior at higher temperatures (>343K). In addition, we have made use of the
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optical absorption spectroscopy before and after the thermal annealing, which shows a reduction
in the band gap of the AZO layer. The experimental results are explained in terms of annihilation
of oxygen vacancies (during annealing in air) in the AZO thin films, present mainly at the grain
boundaries (GBs). As a matter of fact, these vacancies at GBs play an important role in charge
transport.

These observations indicate that, in order to make use of AZO thin films for solar cell
applications, an in-depth understanding on the trap states at the grain boundaries as well as the role
of the same in charge transport are needed. To address this issue, we have employed combined
KPFM and cAFM measurements at RT. For instance, the donor concentration is mapped by KPFM
in which a variation in the carrier density is observed. Since the carrier density as well as UV light
absorption are known to play a significant role in controlling the local charge transport, we have
measured the nanoscale electrical conductivity as well by cAFM before and after UV-exposure.
An enhancement in the local conductivity, after UV-exposure, is observed which is explained in
terms of experimentally measured bulk persistent photoconductivity. Further, UV-induced
enhancement in the spectral response (during photoresponsivity measurements) of an n-AZO/p-Si
solar cell is observed, manifesting UV absorption in the AZO overlayer should not cause a loss in
the efficiency of a solar cell which is in contrary to the common belief.

Up to this point, it has been revealed that defects (mostly in the form of oxygen vacancies)
at the GBs play a significant role in the charge transport process in AZO thin films. In fact, a
potential barrier is formed at the GBs which is expected to govern the charge transport across the
same. Thus, in order to control the charge transport in AZO, the true nature of the potential barrier
at GBs should be understood. In doing so, in Chapter 4, we have undertaken the study of nanoscale

charge transport properties of an AZO layer by using CAFM, EFM, KPFM, and PFM. Here we
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make use of these local probe techniques to show the novel pseudoferroelectric behaviour in AZO
thin films at RT and how the barrier forms at the GBs due to defects and it takes part in the charge
conduction process from one grain to the next. We also show how the barrier height is affected by
the orientation of polarization. In fact, we show the roles of defects and polarization in the local
band bending of AZO thin films at the grain boundaries.

In addition, we show the role of polarization on the work function at the surface of AZO
thin films. In particular, using KPFM studies, the work function of an AZO film is mapped which
is found to be spatially inhomogeneous. Further, the effect of polarization on the charge transport
process is also confirmed by cAFM. As a matter of fact, the presence of polarization in AZO films
opens up a new avenue to control the charge transport in the same. In particular, using KPFM and
contact-mode (cont-mode) AFM, we demonstrate that work function of an AZO film can be tuned
by inducing charge carriers through an applied electric field. For instance, we show that by
applying a positive or negative bias on the top of an AZO film, electrons or holes can be induced
on the surface, which in turn decrease or increase the work function of the same, respectively.
Further to this, the role of electric field-induced doping in nanoscale charge transport is also
demonstrated by performing local 1-V measurements using cCAFM. This study is not only important
to design an Ohmic contact for different optoelectronic devices but also to address a fundamental
aspect of physics.

As mentioned earlier, Cu-O is the main absorbing layer and thus, in Chapter 5, we have
undertaken the studies on the growth and charge transport across the same. It is observed that the
structural defects in a Cu-O film can be reduced by growing the film at an oblique angle. Following
this, we have shown the importance of structural defects on the charge transport properties of rf

magnetron sputter deposited Cu-O thin films. In doing so, XRD is used to investigate the
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crystalline nature and evaluate the dislocation density of the films, while KPFM is used to quantify
the carrier density and cAFM studies demonstrate the crystallinity-dependent presence and
absence of bipolar resistive switching. Further, we present the experimental evidence on nanoscale
filament formation from cAFM images and discuss the mechanism of the observed switching
behavior at nanoscale in detail. These studies help us to optimize the growth of high quality Cu-O
films at RT, showing a smooth charge transport property, which is exigent for its use in a solar
cell. These results also corroborate well with the high quality of AZO top electrode used in the
present cell, where we see the absence of FE property in the same.

Under the present architecture, the sandwich layer between Cu-O and AZO is TiO2 which
is used to block the positive charges (e.g. holes) and thus, it makes an interface with the Cu-O as
well as the AZO layer. As mentioned above, the interface of a MO-based solar cell plays an
important role in determining the efficiency of a solar cell. Thus, in Chapter 6, we have optimized
the growth of the TiO> buffer layer and investigated the variation in the nanoscale potential at its
surface using KPFM. In addition, the charge transport across the n-TiO>/p-Si heterojunction has
been studied using temperature-dependent I-V characteristics where they show a non-ideal
behaviour. Moreover, it is observed that the barrier height decreases with increasing temperature,
while the ideality factor increases, suggesting a strong variation in the barrier height. This
behaviour corroborates well with the variation in the work function, measured by KPFM.
Following this, we have also extended the hole blocking nature of the TiO> layer by depositing it
on a Cu-O layer.

The bottom electrode for the presently studied cell configuration is a molybdenum thin
film. For a better efficiency, this electrode should have high optical reflectivity and charge

collection efficiency. Thus, in Chapter 7, first we have optimized the growth of Mo thin films at
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various angles and studied there structural, electrical, and optical properties. It is observed that the
resistivity increases with the increasing growth angle, and thus, the film deposited under normal
incidence shows the lowest resistivity (~10° Q-cm) and highest reflectivity (~65%), which is
considered to be the optimised ones for the present architecture of the Cu-O based cell. Finally,
based on our experimental findings on individual layers, we have constructed a full solar cell and
demonstrated that the efficiency of a copper oxide-based solar cell can be increased up to 5.2%.
In chapter 8, we provide a summary of the present thesis work, which deals with the growth
and characterization of heterostructures towards constructing a copper oxide-based solar cell. In
particular, we have studied the bulk as well as nanoscale charge transport properties across the
used layers. For the optimization of growth, thin films have been deposited using a large angular
window (0°-80°). Based on our experimental findings on individual layers, we have optimized the
growth conditions at RT and thicknesses of different layers, viz. Mo, Cu-O, TiO», and ZnO:Al.
Following the same, structural, morphological, microstructural, compositional, and electrical
properties of all these layers have been critically evaluated. Finally, we have constructed a fully
functioning Cu-O based solar cell whose efficiency has been demonstrated to be 5.2%. This, to the
best of our knowledge, is by far the highest among the Cu-O based solar cells, using the similar
architecture and thus, shows an improvement by a factor of 2.5 times. We believe that the cell
efficiency can be increased further by enabling more light trapping in the active layers through the

use of textured substrates and/or individual layer.
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CHAPTER 1

1. Introduction
1.1 Preamble

Energy is one of the most fundamental needs in today’s world [1]. Energy lights our cities, powers
our vehicles, trains, planes and rockets, warms our homes, cooks our food, plays our music, gives
us pictures on television, and powers machinery in factories. Thus, to fulfill the demand of energy
becomes a more critical challenge for the world’s population as it grows rapidly and becomes more
industrialized [2]. Therefore, a competitive, sustainable, and secure energy supply is an ever more
demanding issue.

Presently, different sources of energy such as coal, petroleum, wind, thermal, and solar are
naturally found on the earth [3]. Out of these, the fossil fuel-based energy sources face a number
of challenges including their limited resources, rising prices, security of supply, and pollution by
carbon dioxide emission, etc. [4]. Carbon dioxide causes the greenhouse effect, which increases
the global temperature by reducing outward radiation and causing anthropogenic climate change
[4]. With the current rate of fossil fuel consumption, it is expected that the concentration of CO>
will reach the critical level of 750 ppm by 2050 [5]. Since, there is no natural decomposition of
COs- in the atmosphere, it will take 500 to 2000 years to overcome the environmental effect of
this level of pollution.

Alternative potential energy sources can be solar, geothermal, hydroelectric, and wind powers
because these resources do not deplete as opposed to fossil fuels [6]. Currently the total global

energy consumption is estimated to be around 13.5 TW and will increase up to 27 TW by the year



2050 [2]. Thus, out of these, only the solar energy has a huge potential capacity of 1,20,000 TW,
which is around 10,000 times higher than the current annual global energy consumption [7]. This
means one hour of sun light on earth can provide us our annual energy used. In other words, at
10% efficiency in solar cells, only 0.1% of the earth’s surface is sufficient to satisfy our present
need of energy [7]. But getting a hold on this huge energy reservoir remains an enormous
challenge. In fact, in order to meet a sizeable part of the world's energy demand, solar energy
conversion with photovoltaics (PV) will have to reach the terawatt (TW) scale. In addition, price
reductions are still required for solar energy to be cost competitive with respect to the conventional

energy sources used in the majority of the world [6,7].
1.2 Overview: Solar Cell basics

A solar cell is an electronic device that can directly convert the solar energy into the electric one
and the process is known as photovoltaic effect [8]. In fact, electric current or voltage is created
across such a device if light shines on the same. The key factors behind this process are the
intensity, the spectral distribution of radiation, capacity of light absorption by the material, and the
need for a suitable design of the external circuit [9]. These requirements can be potentially fulfilled
by a variety of materials, however, for efficient photovoltaic energy conversion, semiconducting
materials in the form of a p-n junction device are essential [10]. When light falls on this junction,
photons having an energy greater than the band gap of the used semiconductors are absorbed in
the device and in turn create negatively charged electrons in the conduction band, leaving behind
positively charged vacancies (i.e. holes) in the valence band. In fact, electron-hole pairs created in
this processes exist only for a time scale equal to the minority carrier lifetime and thereafter they
recombine [9,10]. Thus, the generated electron-hole pairs should be separated and collected before

their recombination takes place. In order to do so, the action of the electric field is used which is



created at the interface of the p-n junction. In fact, electrons diffuse from the n- to p-type
semiconductor and holes diffuse in the opposite direction and in turn generate an internal electric

field at the interface of the p-n junction [11].

Static charge not contributing to the current

n

Recombination

Figure 1.1: Schematic diagram of a p-n junction and its band diagram [8].

This electric field sweeps out the photo-generated carriers (electrons and holes) in the opposite
direction, leading to the generation of a potential difference at both the ends of device (Fig. 1.1).
The magnitude of this potential drop is called the open circuit voltage (Vo) and it depends on the
intensity of the incident light, although for a fixed intensity it remains constant with time [10,11].

In addition, if the terminals of a solar cell are connected together, the photo-generated carriers can



flow through the external circuit and the magnitude of the current depends on the generated
voltage. Thus, for an efficient solar cell, a higher open circuit voltage is required [8-11].

On the other hand, the ratio of the number of carriers collected by the solar cell to the number of
photons having a given energy, incident on the solar cell, is called the ‘quantum efficiency’ (QE)
and it can be expressed either as a function of the wavelength or the energy [10,11]. It becomes
unity at a particular wavelength if all photons of that wavelength are absorbed and the resulting
minority carriers are collected. On the other hand, it becomes zero for photons having energy
below the band gap of the main absorbing layer. However, QE for most of the solar cells is found
to be between zero and one because of recombination for which the charge carriers are not able to
move into the external circuit (Fig. 1.1). Thus, for a better cell efficiency, the impacts of surface
passivation and diffusion length on the collection probability are important [9-11]. This can be
achieved by placing the p-n junction closer to the surface rather than the bulk so that the separated
carriers have a shorter distance to travel within the cell, resulting in a lesser probability of

recombination and in turn increasing the efficiency the cell.

T, V.V
D

Figure 1.2: Equivalent circuit diagram of a solar cell.



A solar cell can be seen as a current generator where current is produced by injection of carriers
from incident light [11]. The equivalent circuit in Fig. 1.2 describes the static behavior of the solar
cell. This circuit is composed of a current source, a p-n junction diode, and a shunt resistor (Rsn)
in parallel to a parasitic series resistor (Rs). As a matter of fact, Rs is the total Ohmic resistance of
the solar cell, which is essentially the bulk resistance caused by the fact that a solar cell is not a
perfect conductor. To construct a better efficient cell, a smaller Rs value is required. On the other
hand, Rsn accounts for the recombination and leakage currents from one terminal to the other due
to a poor insulation. Thus, a larger Rsy value is required for a more efficient cell, where the
recombination and leakage currents are reduced. From the equivalent circuit, it is evident that the
current produced by the solar cell is equal to:

I'=1I,—1Ip—Isy, (1.1)
where |, I, Ip, and IsH are output current, photo-generated current, diode current, and shunt current,
respectively. The current through these elements is governed by the voltage across them:

V, =V + IRgy, 1.2)
where V;j and V are voltages across both diode and resistor Rsy and voltage across the output

terminals. By the Shockley diode equation, the current diverted through the diode is:

Ip = I, [exp (q—V]) - 1], (1.3)

nkgT
where lo, n, g, ks, and T are reverse saturation current, diode ideality factor (1 for an ideal diode),
elementary charge, Boltzmann's constant, and absolute temperature, respectively [11]. At 25°C,
keT/q is approximated to 0.0259 V. From Ohm's law, the current diverted through the shunt resistor
is:

Iy = V]/RSH1 (1.4)



Substituting these in Eq. (1.1) produces the characteristic equation of a solar cell, which relates

solar cell parameters to the output current and voltage in the following manner:

IRg
nkgT

I'= 1, —Iolexp{q (V + =S )} = 1] + (V + IRg)/Rgy . (L5)

The [-1] term in the above equation can usually be neglected since the exponential term is >>1
[11]. In principle, this equation can be solved by given a particular operating voltage V and
measuring the operating current | at that voltage. However, since | appears on both sides of the
equation, it has no general analytical solution. Hence, the parameters lo, n, Rs, and Rsy cannot be
measured directly. The most common application of this characteristic equation is a nonlinear
regression to extract the values of these parameters on the basis of their combined effects on the
solar cell behavior.

Most solar cell parameters can be obtained by carrying out I-V measurements and its performance
can be demonstrated by few parameters such as short circuit current (lsc), open circuit voltage (Voc),
fill factor (FF), power (W), and conversion efficiency (»). The Isc (or I) is the current through the
solar cell when the voltage across the solar cell is zero and Vq is the voltage across the solar cell
when the current through the solar cell is zero and it is the maximum voltage available from the
solar cell. The fill factor (FF) and the conversion efficiency (#) are metrics used to characterize
the performance of the solar cell. The fill factor is defined as the ratio of maximum power point
(Pmax) divided by the products of Voc and lsc. Pmax is the condition under which the solar cell
generates its maximum power, while Vmax and Imax are voltage and current at maximum power
point, respectively. In fact, FF is essentially a measure of the quality of the solar cell and is
expressed by the following equation:

FF = Vinaxlmax/Voclsc - (16)



The conversion efficiency is defined as the ratio of Pmax to the product of the input light irradiance
(E) and the solar cell surface area (A) or simply power input.

1= Pnax/E XA . (1.7)
1.3 Perspective of solar cell research: A brief literature survey

The high cost and relatively low conversion efficiency are currently the two main problems to be
resolved before solar energy can become a major contributor on the energy market [1,2,11]. The
highest efficiencies have been demonstrated in GaAs-based cells for both single and multijunction
devices [12]. Multijunction solar cells use multiple layers that are tailored (based on the band gap
of the layers) to convert different portions of the solar spectrum more efficiently [13]. However,
GaAs solar cells have generally been limited to space applications because of their high cost [12].
Presently, the majority of solar cells used for general applications are based on silicon [14]. In fact,
silicon-based solar cells fabricated with single crystalline, poly crystalline, and amorphous forms
dominate the PV market by 85%. It is known that silicon is found to be abundant in nature,
however, in order to get a better efficiency, a pure silicon crystal is required while the fabrication
processes of the same is very expensive [14]. Therefore, to have cost-effective solar cells, silicon
should be replaced by some other materials which have the band gap nearby the optimum value
(e.g. ~1 eV). In addition, used materials should be non-toxic and found abundant in nature [10,11].
In this regard, various types of solar cells such as GaAsInP, CdTe/CdS, copper indium gallium
(di)selenide (CIGS), organic, and photochemical have been tested but all of them are facing various
challenges [15]. For instance, the band gap of GaAsInP, CdTe/CdS, CIGS and its family strongly
depends on the defect and deposition processes and is very difficult to control [15]. In addition,
the toxicity of cadmium itself is a major concern for CdTe-based solar cells and the limited amount

of indium reserves poses a long-term issue for CIGS. On the other hand, the development of



Efficiency (%)

materials for photochemical and dye-sensitized solar cell is still not completed [16]. Dye-sensitized
solar cells use an organic dye, coating a porous electrode with high surface area to absorb more
light. Presently, the maximum achieved efficiency for dye-sensitized solar cells is around 11%,
however, the use of a liquid electrolyte in the cells is a source of reliability issues [16]. Another

organic technology is thin-film solar cells based on solid-state organic semiconductors [16,17].
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Figure 1.3: Timeline of highest efficiencies in various solar cell technologies [18].

Organic semiconductors can have their chemical and electrical properties tailored in numerous
ways by modifying the chemical structures and can allow new processing methods. Organics have
great potential for light-weight and flexible devices fabricated with high-throughput processes
from low-cost materials in a variety of colors. However, organic semiconductors still belong to a
relatively young field, and the highest efficiencies are only around 8% for the very best organic

thin film cells [16].




Fig. 1.3 summarizes the highest efficiencies in various solar cell technologies obtained throughout
the years [18]. It should be noted that sometimes commercially available solar cells have
drastically lower efficiencies compared to the records because of additional complexities while
manufacturing cells on a large scale. While multijunction concentrators and GaAs cells have the
highest record efficiencies, crystalline and multicrystalline silicon are still the market leaders. Even
with their lower efficiencies, thin-film solar cells are making significant market penetration
because of the trade-off between the efficiency and cost. However, it is clear that there are many
different approaches to reach the same goal of converting sunlight to electricity and each

technology may be able to fill an appropriate role based on its individual advantages and trade-off.

1.4 Motivation

The requirement of high efficiency solar cells at a low cost can be fulfilled by designing the metal
oxide (MO) semiconductor based solar cells [19]. In fact, most of the MOs are found to be
abundant, non-toxic, and chemically stable in nature which allows us to deposit these materials
even under ambient conditions. In fact, heterojunctions based on MOs are recently attracting
considerable attention due to their promising potential for price reduction using cheap materials
and production methods [19,20]. In addition, MOs are also used as active or passive components
in a broad range of available commercial applications such as active channel layer in transistors
that constitute the active matrix of displays or in solar cells as transparent conducting front
electrodes, and as an electron or hole transport layers [19,20].

Out of many oxides, copper oxide (Cu-O) based solar cells are not only due to attract the
researchers because of its band gap being close to the optimal band gap under the 1.5 solar mass
(AML1.5) radiation spectrum but also its high absorption coefficient and high minority carrier

diffusion length [21]. Fig. 1.4 shows a schematic representation of a Cu-O based solar cell.



Theoretically, the efficiency of this type of solar cell should be around 20% [22], albeit the
experimentally achieved efficiency is still less than 3% [23]. This low efficiency is due to the lack
of clear understanding of charge transport properties within the Cu-O layer and its fellow
constituent layers. On the other hand, a higher temperature is also required to get a better quality
solar cell, although at higher temperatures an interfacial diffusion takes place, reducing the
efficiency of the same [19-24]. Thus, in order to improve the efficiency of the Cu-O based solar
cell, beside room temperature processing, an in-depth understanding of the charge transport

process in it and in the other constituent layers are required.

Solar light

n-ZnO:Al (120 nm)

i-TiO, (20 nm)

p-Cu-0 (600 nm)

Molybdenum (300 nm)

Substrate

Figure 1.4: Schematic representation of a Cu-O based solar cell.
The present thesis deals with the optimization of the growth of the constituent layers at room

temperature (RT) and studies on their electrical, optical, structural, and compositional aspects,
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leading to a superior cell efficiency (>5%). In fact, there are various points which have been
addressed towards achieving a better efficiency and are described below.

(a) Growth of Al-doped ZnO (AZO) films and understanding the charge transport: The top
most layer of the studied solar cell is an AZO film and it works as a transparent electrode.
Generally, different methods such as chemical vapour deposition, sputtering, and pulsed laser
deposition are used to grow AZO films [25]. In most of these cases, a high deposition temperature
(>300° C) is required to meet the desired level of transparency and conducting property. In fact,
achieving the metal-like resistivity and a high transmittance (at RT) in AZO is still challenging. In
addition, for a better realization of the transparent contact properties, it is necessary not only to
understand the bulk but also the nanoscale (local) electrical transport properties of AZO thin films,
which are also considered to be quite challenging. In this thesis, we will focus on these issues and
demonstrate how one can resolve the same.

(b) Ultra-violet (UV) absorption in AZO and role of polarization in charge transport:
Nanoscale conductivity in AZO films not only depends on the carrier concentration alone but can
be influenced by external excitation in terms of photo-absorption. For instance, ultra-violet (UV)
absorption enhances the conductivity of an AZO window layer by direct photo-generation even
though it is considered to be an optical loss for the underneath absorbing layer of a solar cell,
leading to a poor cell performance [26]. This can be directly assessed by studying
photoresponsivity and thus, it becomes quite important to have an in-depth understanding on UV-
exposure and the corresponding photoresponse in nanoscale charge transport in an AZO layer. In
addition, due to structural defects, a polarization can be generated in the doped-ZnO systems,
which can play an important role in charge transport as well. However, one-to-one correlation

between polarization and charge transport is still lacking, which is being addressed in this work.
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(c) Growth of Cu-O layer and role of structural defects in charge transport: This is the main
absorbing layer and hence, for a better efficiency a smooth charge transport process in necessary
across this layer for which a better crystalline thin film is exigent. However, the growth of better
crystalline films of Cu-O, at RT, is a challenging task. In general, Cu-O films grown by various
methods are known to consist of a large number of defects, such as oxygen vacancies, copper
interstitials, etc [27]. These vacancies govern the charge transport in Cu-O films. Normally, change
in the defects concentration leads to a shift in the Fermi level position. This in turn changes the
work function of a material, which has a one-to-one correspondence with its nanoscale
conductivity. However, optimization of the growth of the Cu-O layer at RT and the influence of
defects in the charge transport process in the same is still lacking. In this thesis, we have addressed
these issues in detail.

(d) Understanding the hole blocking nature of TiO2 and the interfacial barrier formation:
Under the present architecture, we use a sandwich layer, in the form of TiO2, between the AZO
and Cu-O layer. In this thesis work, we have optimized the growth of the TiO- layer and show that
it works as a hole blocking layer and is thus, expected to increase the cell efficiency. However, the
formation of interfacial barrier and charge transport across this layer it is still lacking.

(e) Growth of back contact: A back contact is an essential part of the solar cell. It should have a
low resistivity and a high reflectivity. In the present work, we have chosen Mo as the back contact
layer and optimized its growth parameters to achieved better optoelectronic properties towards the

construction of an efficient Cu-O based solar cell.
1.5 Background of the used layers
The oxide-based solar cells are known to a low cost, enviroemental friendly, and non-toxic

solutions and thus, various combinations of oxide materials such as CuO/ZnO, TiO2/CuO, etc.
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have been tested to design an efficient solar cell [28,29]. As mentioned above, this thesis deals
with a ZnO:Al/TiO2/Cu-O/Mo heterostructure solar cell (Fig. 1.4). In this section, we will provide
layer-by-layer discription (from the top towards the bottom) and adress their various physical
properties.

1.5.1 ZnO:Al (AZO): The transparent conducting top electrode

Transparent conducting oxide (TCO) layers as a top contact is an essential component for most of
the thin film solar cells [25]. As a front contact, the TCO layer should have a high optical
transmission in the relevant spectral range and a low electrical resistivity at the same time.
Generally, Sn-doped In203 (ITO) is used as a transparent contact material for above-mentioned
devices [25]. However, due to its high cost, and toxicity researchers are searching for an alternative
of the same. In this regard, non-toxic zinc oxide (ZnO) is considered to be a suitable replacement
because it is cost-effective and found to be abundant in nature [25,30].

ZnO is a direct and wide band gap (3.37 eV at RT) 11-VI binary compound semiconductor and it
crystallize in two main forms: hexagonal wurtzite and cubic zinc blende structures (Fig. 1.5)
[25,30]. The hexagonal wurtzite structure of ZnO is the most common phase having a crystal group
of C6v or P 63 mc, which occurs almost exclusively at ambient conditions [30]. On the other hand,
the wurtzite ZnO structure consists of alternating zinc (Zn) and oxygen (O) atoms (Fig. 1.5). The
ZnO structure has a polar surface (0001), which is either Zn- or O-terminated and non-polar
surfaces (1120) and (1010) as well, possessing an equal number of both atoms. The polar surface
of ZnO is highly metastable in nature and is responsible for several unique and astonishing
properties including piezoelectric properties [30]. Generally, ZnO exhibits n-type conductivity
which can be attributed to the presence of a donor level arising from interstitial zinc atoms and/or

oxygen vacancies. It is known that this conductivity can be enhanced up to three to four orders of
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magnitude after doping with Group-I1l elements, especially Al-doping [25]. It is interesting to
mention that similar to ZnO, ZnO:Al (AZO) is also found to be more stable in the

hexagonal wurtzite form.

Hexagonal wurtzite Cubic zincblende
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Figure 1.5: Possible stable crystal structures of ZnO [25].

AZO, in the hexagonal wurtzite crystal structure, has alternating planes of tetrahedrally
coordinated O%” and Zn?* stacked along the c-axis (Fig. 1.6) [25]. In addition, the ionic radius of
AlI** (0.053 nm) is smaller compared to Zn?* (0.074 nm) and thus, Al atom can substitute the Zn
atom, which in turn donates an electron in the ZnO matrix, causing a metal-like conductivity (Fig.
1.6). In addition, the above mentioned defects (e.g. oxygen and zinc) are also found in the AZO
matrix, giving rise to a non-stoichiometric nature of the film. This non-stoichiometric nature not
only changes the conductivity of the AZO film but also gives rise to a shift in the optical band gap
of the same [25]. In fact, Al-doping pushes the Fermi level in the conduction band (CB) and as a
result, an increment in the effective optical band gap is observed — known as Burstein-Moss (BM)

effect [31].
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Figure 1.6: Crystal structure of Al-doped ZnO [25].

In fact, Al-doping as well as the presence of oxygen vacancies in the AZO matrix play an important
role in the tuning of other physical properties as well. In order to understand the role of these
defects, AZO thin films have been grown by various techniques, such as chemical vapor
deposition, sputtering, and pulsed laser deposition [25,28,32]. In most cases, depending on the
thermodynamic driving force, isolated islands coalesce and form grain boundaries (GBs). GBs
give rise to a large number of defects which go on to influence the physical properties such as band
bending and charge transport process in case of thin films [32]. Generally, changes in the doping
level and surface defects lead to a shift in the Fermi level position, leading to a change in the work

function of AZO thin films.
1.5.2 Cu-O: The main absorbing layer

Because of its novel properties, such as low cost, non-toxicity, fairly high minority carrier diffusion
lengths, high absorption coefficient in the visible region, and large excitonic binding energy,

copper oxide is considered as an attractive material for photovoltaic applications [39]. This is the
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main absorbing layer of a copper oxide-based solar cell and found to be in two stable forms, viz.
cupric oxide (CuO) and cuprous oxide (Cu20) [40]. These two forms of Cu-O have different
physical properties, different colors, crystal structures, and electrical properties. For instance, the
band gap of CuO [copper oxide(l)] and Cu2O [copper oxide(l1)] is found to be around 1.2 and 2.1
eV, respectively and thus, a much higher solar spectrum can be absorbed in copper oxide(l). Thus,
Cu20 is being frequently studied as an absorber layer for low cost production of a metal oxide-

based solar cell, even though its optical band gap is not optimum.

copper (I) oxide copper (II) oxide

Figure 1.7: Crystal structures of copper oxides [41].

The crystal structure of Cu20 is found to be that of a simple cubic structure where the copper atoms
arrange themselves in a face-centered cubic (fcc) sublattice and the oxygen atoms in a body-
centered cubic (bcc) sublattice (Fig. 1.7). This structure has a lattice constant, a=4.2696 A and one
sublattice is shifted by a quarter of the body diagonal. In this lattice, each copper atom is linearly
coordinated by two neighboring oxygen atoms and each oxygen atom is surrounded by four copper

atoms, making the stoichiometry to be 2:1. On the other hand, the crystal structure of CuO is found
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to be in the monoclinic phase where each copper atom is coordinated by four oxygen atoms in an
approximately square planar configuration (Fig. 1.7).

It is known that a slight deviation in the compositional ratio of Cu:O generates a nonstoichiometry
of the same and in turn changes the physical properties [39,41]. Generally, this deviation from the
stoichiometry, ¢, can be identified either as vacancies, interstitials or both [42]. In particular,
copper vacancies (defects) in (both CuO and Cu20) Cu-O act as a p-type dopants (acceptors),
making this oxide behave as a p-type semiconductor, whereas oxygen vacancies are found at donor
sites and are attributed to be responsible for the n-type conductivity of Cu-O [41].

These defects not only tune the optical property of both these materials but also are involved
directly in the charge transport process. In fact, the electrical conductivity and the hole density of
p-type Cu-O films vary with the concentration of copper vacancy which act as shallow acceptors.
In fact, it has been demonstrated that an increase in temperature increases the conductivity of CuO
and Cu20 due to an increase in the hole concentration [42]. Thus, it is possible to tune the electrical
properties (resistivity, carrier concentration and mobility) of Cu-O by changing the stoichiometry
and crystallinity of the Cu-O films during the deposition process.

Optical properties of Cu-O also depend on the defects. In fact, the Cu-O crystal structure is formed
by two interpenetrating three-dimensional Cu and O networks. Theoretical studies have been
developed to clarify the interrelation between the structural and optical properties of undoped and
doped Cu-O and have shown a dependence on the Cu»0O band gap with Cu—Cu interactions [43].

In fact, the attenuation of Cu—Cu interaction leads to an enhancement in the band gap.
1.5.3 TiO2: The hole blocking layer

Titanium di-oxide (TiO2) thin films are widely used in various fields such as optical and protective

coatings, and optical fibers because of their excellent chemical stability, mechanical hardness, and
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optical transmittance with a high refractive index [33]. In addition, recently, TiO; thin films have
become the most promising material for environmental cleaning such as photocatalytic purifier

and photochemical solar cells [34].

Rutile Anatase Brookite

Figure 1.8: Crystal structures of different phases of TiO [35].

Generally, TiO2 is found to be in three main phases, e.g. rutile, anatase, and brookite (Fig. 1.8)
whereas [33-36]. It is known that out of these phases, rutile is found to be thermodynamically the
most stable one, whereas anatase and brookite have high kinetic and thus, show a degradation with
time [28]. However, the anatase phase is found to be more useful in solar cells compared to the
rutile phase, while a very little is known about the brookite phase [35]. Therefore, most studies
discuss about pure anatase or rutile thin films. A number of techniques, such as chemical vapour
deposition, sol-gel, plasma source ion implantation, pulsed laser deposition, and magnetron
sputtering have been used to grow TiO: thin films onto several of substrate materials [33]. Out of

these, magnetron sputter deposition of TiO> films has attracted special attention because it is an
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industrial process capability to large-area deposition and high quality TiO> films can be grown at
lower substrate temperatures [36]. In addition, the grain size, nature of crystallinity, morphology,
and planer orientation of the TiO. layers can be controlled by the process parameters such as
sputtering gases, growth angle, O partial pressure, substrate temperature, and/or annealing process
[37]. However, only the anatase and rutile phases have generally been observed through the high
temperature sputtering deposition of TiOz. In addition, amorphous TiO> films are often observed
if the substrate temperature is low during deposition (at room temperature) [33,36]. The physical
properties of TiO. films, prepared by reactive magnetron sputtering, strongly depend on the
sputtering conditions, namely power, partial pressure of the reactive gas, and substrate to target
distance.

Depending on crystalline the structure of TiO2, optical band gap exhibits both direct and indirect
characteristics. For instance, the rutile phase of TiO2 has both direct and indirect band gap of
3.06 eV and 3.10 eV, respectively and the anatase TiO has only an indirect band gap of 3.23 eV
[38]. Generally, TiO2 exhibits an n-type conductivity, which is attributed to the donor type defects
including oxygen vacancies and titanium interstitial atoms. The main advantage of TiO- is that it
can be used to make a heterojunction where it shows the ability to selectively block the flow of
either electrons (via the conduction band barrier) or holes (via the valence band barrier). This
indeed opens up a new avenue to design photocatalytic devices [38].

1.5.4 Molybdenum: Back contact for solar cell

Naturally abundant Mo is considered to be a suitable contact material for various optoelectronic
application [44]. Mo has a low solubility in water as well as low oxidation rate. Generally, Mo is
found to have the body cubic crystal structure (Fig. 1.9). Mo thin films show high thermal stability

and good electrical conductivity and are thus, chosen for making electrical contacts in different
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nano-electronics applications. In addition, Mo is also used as a back electrode for solar cell

applications where it is used not only as a conducting layer but also as a reflecting mirror.

Figure 1.9: Crystal structure of Molybdenum [44].
1.6 Outline of the thesis

Chapter 1: In this chapter, a brief introduction of the solar cells and related issues covered in the
studies are presented. The introductory description also includes some basics and models of solar
cells. In this chapter, we have also described the motivation behind our study. In addition, we
describe the physical properties of the layers used in our study, especially their crystal structures,
electrical, and optical properties, and explain the role of each layer.

Chapter 2: This chapter describes the experimental techniques employed for carrying out the
studies presented in this thesis.

Chapter 3: In this chapter, we demonstrate how better quality Al-doped ZnO (AZO) films can be
deposited at room temperature. In fact, we show the effect of deposition angle on the structural,

optical, and electrical properties of AZO films. Following this, we demonstrate the role of grain
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boundaries on the charge transport of AZO films. Above observations are explained in the
framework of AZO thickness dependent variation in the grain size and in turn the trap density at
the grain boundaries, influencing the carrier transport across the adjacent grains. In addition, we
investigate the effect of temperature on the transport mechanism of an n-AZO/p-Si heterojunction
diode. In particular, temperature-dependent transition from direct tunnelling to thermionic
emission is observed in the (I-V) characteristics. We have made use of optical absorption
spectroscopy before and after temperature treatment, which shows a reduction in the band gap of
the AZO layer. These observations are discussed in terms of annihilation of the oxygen vacancies
in the AZO layer.

Further, we will show how UV light absorption can influence the bulk as well as nanoscale
conductivity of AZO thin films. To address this issue, we have employed combined Kelvin probe
force microscopy (KPFM) and conductive atomic force microscopy (CAFM) measurements at
room temperature (RT). For instance, the donor concentration is mapped by KPFM in which a
variation in the carrier density is observed. Further, UV-induced enhancement in the spectral
response of n-AZO/p-Si solar cell is observed, manifesting UV absorption in the AZO overlayer
should not cause a loss in the efficiency of a solar cell which is in contrary to the common belief.
Chapter 4: In this chapter, we demonstrate an experimental evidence on polarization-mediated
band bending at the grain boundaries of an AZO thin film using Kelvin probe force microscopy
and conductive atomic force microscopy. In particular, we demonstrate the presence of
polarization and nanoscale pseudoferroelectricity at the grain of the same using piezoresponse
force microscopy. The presence of polarization is believed to open up a new avenue to control the
charge transport by tuning the work function of AZO with an applying an electric field. Hence,

our experimental investigation, using KPFM, shows that by applying a positive or negative tip
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bias, the work function of an AZO film can be enhanced or reduced which corroborates well with
the measured charge transport using the conductive atomic force microscopy. Our experimental
findings are further confirmed by calculations based on the first-principle-based density functional
theory.

Chapter 5: In this chapter, first we optimize the growth of Cu-O thin films and then demonstrate
the role of structural defects on the charge transport of rf magnetron sputter deposited copper oxide
thin films. X-ray diffraction (XRD) is used to investigate the crystalline nature and evaluate the
dislocation density of the films. In addition, we have used Kelvin probe force microscopy and
conductive atomic force microscopy to show the structural defect mediated presence of resistive
switching. These findings match well with the existing theoretical model on the resistive switching.
In particular, understanding the role of structural defects in resistive switching can be considered
as critically important to take a step forward for designing advanced nanoscale memory devices.
Chapter 6: In this chapter we show the growth and hole blocking behaviour of rf magnetron
sputtered grown amorphous TiOz thin films. Initially, we demonstrate the role of deposition angle
on the physical properties of TiO2 thin films. Following this, we have made an attempt to
understand the charge transport through the same. In fact, we perform temperature dependent
current-voltage measurements of a TiO2/Si heterojunction. Using KPFM and temperature-
dependent current-voltage characteristics, we study the charge transport across TiO>/Si
heterojunction. In particular, the KPFM result shows a variation in the work function at TiO>
surface. Further, the temperature-dependent current-voltage characteristics depict non-ideal hole
blocking behavior. In addition, the measured barrier height is found to decrease with temperature,
strongly suggesting its inhomogeneous nature at the interface. The observed result on the barrier

inhomogeneities is attributed to the interfacial disorders arising due to the growth dynamics and
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corroborates well with the KPFM map. Following this, we first confirm the hole blocking nature
of TiO2 grown on a thick Cu-O layer and go ahead to demonstrate that an n-TiO2/p-Cu-O junction
possesses a better hole blocking property compared to that of n-TiO2/p-Si junction.

Chapter 7: The bottom electrode for the presently studied cell configuration is a molybdenum
thin film. For a better efficiency, this electrode should have high optical reflectivity and charge
collection efficiency. Thus, in Chapter 7, first we have optimized the growth of Mo thin films on
silicon substrate and studied its structural, electrical, and optical properties. In fact, the film
deposited under normal incidence shows the lowest resistivity (~10° Q-cm) and highest
reflectivity (~65%) and thus, has been considered for the present architecture of the Cu-O based
solar cell. In the quest of fabricating a TiO>-based hole blocking solar cell, we have constructed
two solar cells viz. AZO/Cu-O/Mo/Si and AZO/TiO2/Cu-O/Mo/Si by optimizing the growth of
individual layers and studying their microstructural, optical, and electrical properties. Based on
these measurements, it has been demonstrated that the latter cell shows an efficiency of 5.2%,
which is nine times higher than the former one, exhibiting the efficacy of a hole blocking solar
cell. This is by far the best cell efficiency (viz. 2.5 times higher) among the Cu-O based solar cells,
using the similar architecture.

Chapter 8: In chapter 8, we provide a summary of the present thesis work, which involves the
growth and characterization of room temperature grown multilayers using various local probe
microscopic. In fact, we have demonstrated the highest known efficiency, to the best of our
knowledge, for a TiO2 and Cu-O-based hole blocking solar cell, which is 2.5 times higher than the
ones fabricated using the similar architecture. Further, we have outlined the future scope of
experimental studies based on our results and their importance towards a deeper understanding of

the oxide based solar cell and possible applications.
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CHAPTER 2

2. Experimental techniques

The experimental studies presented in this thesis covers the growth of various thin film and their
characterizations such as structural, compositional, optical, and electrical properties. The
deposition was carried out using dc/rf sputtering techniques where various experiments were
carried out by varying deposition angles. The surface morphologies were investigated ex-situ using
atomic force microscopy (AFM) and scanning electron microscopy (SEM). In addition, x-ray
diffraction (XRD) and transmission electron microscopy (TEM) were employed to check the
crystallinity and microstructure of the films, whereas energy dispersive x-ray spectrometry (EDS)
and x-ray photoelectron spectroscopy (XPS) were used for their compositional analyses. Optical
absorption, transmittance, and surface reflectance were measured by UV-Visible spectroscopy.
The charge transport process in the films was studied by bulk 1-V, C-V, and photoresponsivity
measurements. Further, nanoscale charge transport was also studied using various local probe
microscopic techniques. In this chapter, we briefly introduce the basic principles of these

experimental techniques and describe the instruments.

2.1 dc/rf magnetron sputtering

Sputter deposition is a physical vapour deposition (PVD) process where atoms are sputtered from
a target material by collision with gas ions and gets deposited on a substrate surface [1]. In this
process, a plasma is created and positively charged ions from plasma are accelerated towards a
negatively charged electrode or “target”. Upon striking the target, these ions possess sufficient

energy to dislodge the surface atoms of the target. The atoms which are getting ejected from the
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surface of the target condense on surfaces that are placed in the proximity of the magnetron
sputtering cathode [2]. In addition, magnetron sputter deposition technique uses a closed magnetic
field near the target to trap electrons. As a result, the efficiency of the initial ionization process
gets enhanced [3]. It also allows a plasma to be generated at lower pressures which reduces both
background gas incorporation in the growing film and energy loss of the sputtered atoms through
gas collisions.

Arcing is a common source of numerous issues in magnetron sputtering. In contrast to the preferred
uniform glow for stable sputtering, arcs are characterized as intense, localized concentrations of
plasma supported by collective emission of electrons from the sputtered surface. Multiple
mechanisms promote the formation of arcs in the sputtering process [4]. Reactive sputtering of
dielectrics is particularly problematic because of the formation of insulating regions that can
promote severe arcing [4]. It is well established in reactive sputtering that uses reverse-voltage
pulsing can dramatically reduce arcs in even the most arc-prone reactive processes. Thus, properly
chosen pulsing parameters are necessary to optimize the output, but once implemented, the result
can be a significant reduction of the arc activity. From the schematic (Fig. 2.1), it is seen that a
main deposition chamber coupled with a load lock chamber is the heart of the deposition. A turbo
molecular pump (Varian, USA) backed by a rotary pump is used to maintain the high vacuum
condition. A small inlet is fixed to the main chamber which is required to inject the sputtering gas
into the main chamber. Generally, a sample manipulator is needed to align the substrate at different
angles with respect to the incoming flux. This enables us to deposit films at a particular oblique
angle other than normal incidence (Excel Instruments, India). Four magnetron sputtering guns can
be attached to the main chamber. Different important parts of the setup are highlighted in yellow

colour. The pulsed dc magnetron sputtering setup (Fig. 2.2) has a spherical high vacuum chamber.
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Figure 2.1: A schematic diagram of a dc/rf magnetron sputtering process.

These guns are equipped with chimneys to prevent the cross contamination between targets. In
addition, the temperature of the target holders was kept below 19°C by using a continuous chilled-
water flow. Different films, used in the present thesis, are prepared using the present setup at room
temperature (RT). The substrates are mounted on the top of the rotating substrate holder at a
distance of 80 mm from the target. This substrate holder is equipped with a glancing angle
deposition (GLAD) attachment. Prior to sputtering, a base vacuum of 3x10°" mbar was achieved.
Following that ultra-pure (99.999%) Ar gas is injected into the chamber at a flow rate of 30 sccm
(standard cubic centimetres per minute) until it reaches a working pressure of 5x10° mbar. Before
each deposition, pre-sputtering for a time duration of 10 min is conducted to remove the trapped

impurities from the surface of the target. During this process, a movable shutter is used to protect
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Figure 2.2: Pulsed dc magnetron sputtering setup at SUNAG laboratory.

2.2 Surface profilomenter

Surface profilometry is one of the common techniques to measure the film thickness [5]. A stylus

is a small tool similar to a modern ball point pen. In a surface profilometer, a diamond stylus is

moved across the surface to measure the vertical displacement corresponding to the studied

feature. This process involves some mechanical and electronic devices in order to perform the

conversion [6]. The sample is mounted on a stage which can move in X- and Y- directions. The

measurement of the height or Z-axis is done by the stylus in contact with the surface. The stylus is
located at the end of a cantilever arm. The opposite end of the cantilever is counter-balanced by a
weight that is mounted in a screw system actuated by a motor; the motor can move the counter-

weight closer or further from the pivoting centre of the cantilever, regulating the pressure of the

tip. By dragging the stylus over the surface, the cantilever will move in Z- direction (up/down) and
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the force that the stylus impinges over the sample is controlled by the counter-weight system. The
linear Z displacement is converted to an electric signal at the end.

Thickness measurement of the deposited films was carried out by using a surface profilometer
(Ambios XP-200, USA) (Fig. 2.3). The stylus is housed in an acoustic isolation hood to reduce
vibrational noise during scanning and placed on a large vibration damped sandstone block. The
vertical range of the profilometer is 400 pm and its vertical resolution is 0.1 nm at a 10 pm scan
length, 1.5 nm at 100 pm scan length, and 6.2 nm at 400 um scan length [7]. The XP-200
profilometer’s stylus is diamond coated one and has a tip radius of 2.0 £ 0.1 um with an adjustable

force range between 0.05-10 mg.

Figure 2.3: Surface profilometer.

The XP-200 profilometer can also calculate surface roughness, waviness, and perform stress
analyses on thin films [8]. The film thickness is measured with respect to the substrate where a
portion of the substrate is masked prior to the film growth deposition. This helps to get a reasonably

good step height during thickness measurement.
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2.3 Atomoc force microscopy (AFM)

Scanning probe microscopy (SPM) has a family of techniques for studying surface morphology

and various nanoscale physical properties [9]. In the process of generating surface topography, a

probe moves mechanically over the surface and records the probe-surface interaction as a function

of position [10]. This interaction can be manifested in different forms, e.g. tunnelling current, inter-

atomic, magnetic, electrical, and frictional force etc. which actually decides the mode of

microscopy [10]. The most important among the SPM based techniques is the atomic force

microscope (AFM) [9]. AFM is a microscopic technique which is applicable to all types of

materials—insulators, semiconductors as well as conductors. This technique measures nanoscale

variation in the surface topography by measuring the deflection of a tip (10-30 nm in diameter)

attached to the end of a cantilever, as the tip is brought to a close proximity of the surface to be

probed.
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Figure 2.4: Schematic diagram of AFM setup [9].

A schematic diagram on the working principle of AFM is shown in Fig. 2.4. A laser beam is

focused on the tip of a highly reflective cantilever head such that the laser beam is reflected onto

the surface of a position-sensitive photodetector. The sample is scanned underneath the tip via a
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piezoelectric scanner made of PZT (lead zirconium titanate). A feedback loop is used to maintain
either a constant deflection (contact mode) or oscillatory amplitude (tapping mode) of the
cantilever, as the tip is scanned over the sample surface. The force associated with the tip and the
sample during scanning is the inter-atomic Van der Waals force. The dependence of this Van der
Waals force upon the distance between the tip and the sample is shown in Fig. 2.5, where three
regimes of tip-surface distance are labelled: the contact regime, the non-contact regime, and the

tapping regime.
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Figure 2.5: Van der Waal’s force as a function of tip to surface distance [9,10].

Contact or repulsive mode: In contact-AFM mode, also known as repulsive mode (due to the
repulsive nature of the force in this regime), an AFM tip makes soft ‘physical contact’ with the
sample by bringing the tip very close to a surface (a few angstroms) [11]. The tip is attached to the
end of a cantilever with a low spring constant. As the scanner gently traces the tip across the sample

(or the sample under the tip), the contact force causes the cantilever to bend to accommodate
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changes in the topography. This mode is usually used for hard crystalline surface because strong
force involved may cause deformation of soft surfaces [11].

Non-contact mode or attractive mode: Non-contact mode AFM is one of several vibrating
cantilever techniques in which an AFM cantilever vibrates near the surface of the sample keeping
the tip-to-surface distance in the range of tens to hundreds of angstroms [11]. The major advantage
of the non-contact mode AFM is its truly non-invasive character.

Tapping mode: This mode is also known as intermittent-contact mode [11]. In this case the
vibrating cantilever is brought closer to the sample surface so that it just barely hits or ‘taps’ the
sample. This mode is a compromise between the contact and the non-contact mode where the
cantilever is made to oscillate with or near to the resonant frequency using a piezoelectric crystal
so that the tip remains very close to the sample for a short time and then goes far away for a short
time. As the oscillating cantilever begins to contact the surface intermittently, the cantilever
oscillation necessarily reduces due to energy loss caused by the tip in contacting the surface. The
reduction in the oscillation amplitude is used to identify and measure the surface features. This
mode allows one to scan soft adsorbates on a substrate with better resolution than in the non-
contact mode but with a small interaction (and consequently less modification of the samples)
between the tip and adsorbate as in the non-contact mode. Thus, this tapping mode overcomes
certain problems associated with conventional AFM scanning method viz. friction, adhesion,
electrostatic forces, and other difficulties [9].

AFM System and measurements: AFM images in this thesis were acquired with the help of an
MFP-3D AFM from Asylum Research, an oxford instrument company, USA in the different
modes. The resonant frequency of the cantilevers used for tapping mode is around 300 kHz and

the spring constant is 42 N m™. Special attention was given to prevent artefacts in the
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measurements. Among many advantages of this AFM, an important one is its large area-high
precision facility because of which we can scan areas up to 90x90 um? with very high accuracy.
Figure 2.6(a) shows different parts of the AFM setup. A zoomed image of the main part of this
AFM setup is also shown in Fig. 2.6(b) which shows the scanner, head, base, and thumbwheel.
Initially, the head is used to manually bring the tip near the surface. In the next stage, close
approach to the surface (separation between the tip and sample remains 80 nm) is controlled by
the software to prevent the damage in the tip. A XY-motorized sample stage, attached with the
AFM, helps in precise positioning of a sample and checking large scale uniformity in surface

morphology within a precision of 500 pm.
2.3.1 Conductive atomic force microscopy

Conductive AFM (cAFM) is a powerful current sensing technique that can simultaneously map
the topography and current distribution of a sample [12]. In fact, it can be used for electrical
characterization of conductivity variations at nanoscale in resistive samples. It allows to measure
the current in the range of few picoamps (pA) to tens of nanoamps (nA) [13]. It is useful in a wide
variety of materials characterization applications including thin dielectric films, ferroelectric films,
nanotubes, conductive polymers, and others [13].

The present system has an ORCA module that consists of a specially-designed cantilever holder
and includes a transimpedance amplifier. The gain of the amplifier can be chosen by the user while
the standard values range from 5x107 to 5x10° V AL, The cantilever holder is used with conductive
AFM probes to make the measurement possible. This technique, for measuring the localized
conductivity of a sample, is combined with the contact mode AFM imaging. All electrical images
used in this thesis were acquired using the contact mode with a Pt-Ir coated Electri-Lever tip,

having a nominal spring constant of 1-2 N m™ and good wear characteristics.
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(b) Head

Thumb wheel Scanner

Figure 2.6: (a) AFM setup and (b) various parts of the AFM.

In addition, this system is equipped with the nanopositioning closed loop sensors (NPS™) which
make it possible to reproduce the position of the cantilever at a point of interest [13]. The tip is
positioned in the centre of the colored circles using the MFP-3D’s “pick a point” force curve

interface. In fact, the ORCA conductive AFM option for the MFP-3D provides low-noise, flexible
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transport measurements at the nanoscale. Further, the flexible software environment enables a
variety of standard measurements to be made, as well as allowing the researcher to define their

own experiments.
2.3.2 Kelvin probe force microscopy

Kelvin probe force microscopy (KPFM) is a technique that attempts to ascertain the potential
difference between the tip and the sample [14]. The data collected by this sample will represent a
combination of three contributing factors: the difference in work function, trapped charge, and any
permanent or applied voltage between the tip and the sample. The technique relies on an ac bias
applied to the tip to produce an electric force on the cantilever that is proportional to the potential
difference between the tip and the sample [15]. In this mode tip is moved at a lift height (>40 nm)
and thus, there is no mechanically induced drive. In fact, the only oscillations that the probe will
have is to induced by an applied AC bias. An AC bias applied between the tip and the sample
produces an electrostatic force between the two. If they are modelled as a parallel plate capacitor
(c), then the force between the two plates is proportional to the square of the applied voltage (V):

F-1Cy2 2.1)

The total potential difference between the probe and the sample is the sum of the applied ac bias
(Vac), the potential difference we are trying to measure (Vsp), and any dc voltage we wish to apply
(VdC)-

V =V, +V, +V, sin(at) | (2.2)
where, w is the angular frequency of the applied ac signal.

If we substitute this into Eq. 2.1 and do some rearrangements, we get [15] the following:

_tec

F =
2 0z

[V =V, )+ V2T 20, -V WSt - VEcosanl]| (23
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Note that there are three force terms here which are summed together. The first force is the static
one, meaning it has no frequency dependence. The second occurs at the ac signal drive frequency,
while the third force oscillates at twice the drive frequency. The most important term here, as far
as the surface potential is concerned, is the second one since this depends not on the square of the
voltage but rather on the potential difference between the tip and the sample and multiplied by the
magnitude of the applied ac voltage. This means that if there is a potential difference between the
tip and the sample, then when an AC voltage is applied there will be an oscillatory force at the
frequency of the drive and it will be proportional to the magnitude of the applied voltage and to
the potential difference.

The probes used for KPFM measurements are generally conductive or heavily-doped
semiconductors. Insulating probes do not work on the MFP-3D, as the bias is applied to the tip.
To implement this technique on the MFP-3D, a two pass technique is used. On the other hand, the
first pass is used to determine the topography of the surface, and is done exactly like a standard
tapping mode scan line. The second one is used to find the surface potential and the tip is raised
above the surface. To do this, a technique called ‘nap™ mode’ is implemented. During a nap scan,
the tip is raised over the surface on a point-by-point basis while the potential feedback loop is
implemented.

2.3.3 Electrostatic force microscopy (EFM)

EFM maps the electrostatic force gradient between the AFM tip and the sample surface [16]. It is
a tapping mode technique using a conductive probe and an applied tip-sample bias. After
measuring the topography, the probe retraces each line at a fixed distance (typically 50 nm) above
the surface (“nap mode”). During this nap mode pass, the cantilever is still driven mechanically

with the tapping piezo, while the electrostatic force between the tip and the sample surface shifts
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the resonance frequency of the probe, resulting in changes in both the amplitude and phase of the
cantilever. The user can view these directly or apply a phase lock loop (PLL) in order to track the
resonance frequency. EFM is useful for measuring conductors embedded near the surface in
insulating and semiconducting materials [16]. It can also be used to measure variations in gradient

of the capacitance between the tip and the sample.
2.3.4 Piezoresponse force microscopy (PFM)

One of the fundamental mechanisms underlying the functionality of materials is electromechanical
coupling [17]. These include inorganic materials, such as piezo- and ferroelectrics as well as many
biological systems. These type of materials can be used in different applications such as sonar,
ultrasonic and medical imaging, sensors, actuators, and energy harvesting [17]. The ability of
ferroelectric materials to switch polarization orientation and maintain the polarized state in a zero
electric field has led to the emergence of concepts of non-volatile ferroelectric memories and data
storage devices [18]. Similarly, the necessity of probing the electromechanical functionalities has
led to the development of PFM as a tool for local nanoscale imaging, spectroscopy, and
manipulation of piezoelectric and ferroelectric materials. PFM measures the mechanical response
when an electrical voltage is applied to the sample surface with a conductive tip of an AFM. In
response to the electrical stimulus, the sample then locally expands or contracts, as is shown in Fig.
2.7. When the tip is in contact with the surface and the local piezoelectric response is detected as
the first harmonic component of the tip deflection, the phase, ¢, of the electromechanical response
of the surface yields an information on the polarization direction below the tip. For ¢ domains
(polarization vector oriented normal to the surface and pointing downward), the application of a

positive tip bias results in an expansion of the sample, and the surface oscillations are in phase
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with the tip voltage, ¢ = 0. On the other hand, for ¢* domains, the response is opposite and ¢ =

180° [17,18].

Figure 2.7: Depiction of the PFM operation. The sample deforms in response to the applied
voltage. This, in turn, causes the cantilever to deflect, which can then be measured and interpreted
in terms of the piezoelectric properties of the sample [17].

Detection of the lateral components of tip vibrations provides information on the in-plane surface
displacement, known as lateral PFM. A third component of the displacement vector can be
determined by imaging the same region of the sample after rotation by 90°. When the vertical and
lateral PFM signals are properly calibrated, the complete electromechanical response vector can
be determined, an approach referred to as the vector PFM. Finally, the electromechanical response
can be probed as a function of the applied dc bias to the tip, providing information on the
polarization switching for ferroelectrics, as well as more complex electrochemical and electro
capillary processes.

PFM requires detection of small tip displacements induced by relatively high amplitude and high
frequency voltages measured at the same frequency as the drive. Any instrumental crosstalk
between the drive and the response will result in a virtual PFM background that can easily be larger

than the PFM response itself, especially for weak piezo materials. However, minimizing the

crosstalk between the driving voltage and the response imposes a number of serious engineering
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limitations on the microscope mechanics and electronics. In the past, significant post-factory
modifications were required to decouple the drive and the response signals. To overcome this
problem, Asylum Research PFM module uses a unique and proprietary design of the head and the
high voltage sample holder to eliminate the drive crosstalk.
Piezo Effect: The relationship between the strain and the applied electric field (often referred to
as the “inverse piezo effect”) in piezoelectric materials is described by a rank-3 tensor [19]. The
most important component of this tensor for typical “vertical” PFM is the ds3 component, since it
couples directly into the vertical motion of the cantilever. The voltage applied to the tip is
Viip = Veq + Vgccos (wt), (2.4)

resulting in a piezoelectric strain in the material that causes cantilever displacement due to the
piezoelectric effect.

z= z4. + A(w, Ve, Vy.) cos(wt + @), (2.5)
When the voltage is driven at a frequency well below that of the contact resonance of the cantilever,
this expression becomes:

z = d33V4. + d33V,. cos(wt + @), (2.6)
where we have implicitly assumed that dss depends on the polarization state of the material. From
this last equation, the magnitude of the oscillating response is a measure of the magnitude
of ds3 and the phase is sensitive to the polarization direction of the sample. Because of this small
signal to noise ratio (SNR), piezoelectricity is most frequently detected by a lock-in amplifier
connected to the deflection of the AFM cantilever. By employing an oscillating electric field, the

low-frequency noise and drift can be eliminated from the measurement [20].
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Spectroscopy Modes: PFM spectroscopy refers to locally generating hysteresis loops in
ferroelectric materials [21]. From these hysteresis loops, information on local ferroelectric
behaviors such as imprint, local work of switching, and nucleation biases can be obtained.

Understanding the switching behavior in ferroelectrics on the nanometer scale is directly relevant
to the development and optimization of applications such as ferro-electric non-volatile random
access memory (FRAM), and high-density data storage. Multiple studies have addressed the role
of defects and grain boundaries on domain nucleation and growth, domain wall pinning,

illumination effects on the built-in potential, and domain behavior during fatigue [22].
2.4 Scanning electron microscopy

In scanning electron microscopy (SEM), a finely focused electron beam is scanned in vacuum over
the sample surface [22-24]. The novelty of SEM lies in its capability of producing 10-1,00,000
times magnified, three dimensional-like image of surface features of length scale starting from
micrometer down to nanometer scale. In SEM, the sample needs to be conducting to prevent
charging of the sample surface due to electron emission. In case of non-conducting samples, a very
thin gold layer is coated over the sample surface or special beam conditions are applied such as
low beam energy or high beam spot size and special detectors are used to prevent only surface
charging. As the energetic electrons undergo a series of elastic and inelastic scattering events inside
a material, different signals result from these interactions, viz. backscattering of electrons and
production of characteristic x-rays, emission of secondary electrons etc. In the most standard
imaging mode, the secondary electrons are used. Secondary electrons produce topographic contrast
with high resolution and large depth of field. The secondary electron coefficient depends strongly
on the electron beam energy; at lower energies, they are generated closer to the surface and thus,

they have higher escape possibility.
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Figure 2.8: Scanning electron microscopy setup.

At higher electron beam energies, the number of secondary electrons increases but they are excited
deeper in the specimen. The secondary electron yield depends also on the surface gradient and
increases with the increasing tilt angle. Thus, more secondary electrons are produced from the
tilted regions of the specimen, and this provides an important mechanism for the surface
topographic imaging.

A scanning electron microscope (Fig. 2.8) contains an electron column containing an electron gun
and a demagnification system, consisting of electromagnetic lenses for focussing of the electrons
from the electron gun to a nanometer size spot on the sample mounted in the sample chamber
below the electron column. Detectors for electrons and x-rays emitted from the sample are also

mounted inside the sample chamber and a computer interface is coupled with the detectors for
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displaying the image. In a field emission gun, the cathode is a very sharp tungsten tip attached to
a hairpin- shaped tungsten wire. A high voltage bias applied on the cathode causes the development
of an intense electric field around the tip, which results in electron emission from the sharp tip.
The source size of the electron beam can be of the order of 20 nm in a field emission gun, offering
a better resolution in SEM. For the studies presented in this thesis, a Carl Zeiss-make SEM was
used [25]. The microscope works with a probe current up to 100 nA and for acceleration voltages

from 0.2 to 30 kV.

2.5 Transmission electron microscopy (TEM)

Transmission electron microscopes [26,27] are usually used to study sample microstructures,
crystallinity aspect, etc. The ideal thickness of the sample may, in some cases, be of the order of
100 nm or even less [27] which transmits electron with relatively less energy loss. The power of
the TEM relies on its better resolving power and production of diffraction data and images. The
configuration of a transmission electron microscope (TEM) is shown schematically in Fig. 2.9.
The electron gun at the top of the microscope produces a stream of energetic electrons. Electron
guns with LaBg crystal filament is commonly used in TEMs. Electrons emerging from the electron
gun are focused to a thin, almost parallel beam by a pair of condenser lenses. Some of the electrons
in the beam which travel at relatively larger angles with respect to the optic axis is restricted from
falling on the sample by a condenser aperture of controllable size placed below the condenser
lenses. The sample to be examined is placed at the object plane of the objective lens of the TEM.
To obtain a clearly visible image on the phosphor screen, the sample is required to be electron
transparent, i.e., thin enough so that a large portion of the incident electron beam is transmitted
through the sample. The thickness of any material that the electrons can penetrate through is

dependent upon the energy of the incident beam and the elemental composition of the material. In
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general, it is necessary to thin a sample below 100 nm for observation in TEM and below 50 nm
for high resolution TEM (HRTEM). The transmitted portion of the electron beam is focused by
the objective lens. An electron diffraction pattern of the sample area, illuminated by incident
parallel beam of electrons, is formed at the focal plane of the objective lens (called the back focal
plane). The image of the illuminated sample area is formed at the image plane (called the first
image plane) of the objective lens, as is indicated in Fig. 2.9. The electron diffraction pattern or
the image formed at the image plane is magnified on the viewing screen by the first and the second
intermediate lens and the projector lens assembly. In diffraction mode of operation, the first
intermediate lens is adjusted in such a way that the back focal plane of the objective lens becomes
the object plane of the first intermediate lens. In this case, an electron diffraction pattern is seen
on the viewing screen which consists of a bright central spot on the optic axis and spots due to the
diffracted electrons. An aperture of a controllable size (called the selected area aperture) is placed
at the first image plane. An area of interest can be selected from the sample image formed on the
first image plane by the selected area aperture. This selected area acts as a virtual source for the
intermediate lens assembly so that only electron diffraction from this area can be observed in the
viewing screen and is known as selected area electron diffraction (SAED) imaging. In the imaging
mode operation of the TEM, a spot from the electron diffraction pattern can be chosen for imaging
by another aperture placed above the SAED aperture, which is called the objective aperture. To
obtain an image of the sample, the first intermediate lens is adjusted so that the first image plane
becomes its object plane. If the central spot on the optic axis is chosen for imaging by the objective
aperture then the TEM image is called a bright field image. If any other diffraction spot is chosen
for imaging then the image is called a dark field image. In this thesis, TEM measurements have

been carried out using a field emission gun based 300 keV FEI Tecnai G2 S-Twin machine.
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Figure 2.9: Schematic diagram of TEM parts, image formation and diffraction pattern formation
process [26].

In case of HRTEM, the image formation is based on the phase contrast mode, which is the most
difficult contrast mechanism to image in transmission electron microscopy, but it is also the mode
that provides images with a higher resolution. It is related to the phase lag in the electron wave
front introduced by the passage of the electrons through the sample. The retarded phase interferes
with another wave, giving rise the phase contrast.

It has been mentioned above that for the analysis of solid samples like ion bombarded Si wafers in
TEM, thinning of the sample down to 50-100 nm is necessary for a good transmission of the
electron beam through the sample. The sample thinning process involves several steps, especially

in case of preparing sample for the cross-sectional observation [28].
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2.6 X-ray diffraction (XRD)

One of the most widely used techniques for evaluating the crystallinity and phase of materials is
x-ray diffraction (XRD) [29]. Since the wavelength of x-rays (1-10 nm) are similar in size to
interatomic spacing of materials, the waves diffract and scatter upon filling on them. The scattered
waves contain information on the atoms and their arrangement in a materials. When a beam of
monochromatic x-rays impinges on a sample, most of the radiation gets scattered from the atoms
and interferes destructively with radiation scattered from other atoms. Hence, no signal is detected.
However, when there is a long range order in the atomic arrangement of a material, scattered x-
rays interfere constructively. This condition of interference is defined by Bragg’s law (Fig. 2.10):

2dsin@ =nA, (2.7)
where 0 is half the angle between the diffracted beam and the original beam direction, A is the
wavelength of the x-rays, and d is the inter-planar spacing between the planes that cause

constructive reinforcement of the beam.

Incident light
(Wavelength A)

Figure 2.10: Schematic diagram of Bragg’s reflection.
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The average crystallite size is given by the Scherrer’s formula [30]:

kA

b= Bcosd 28)

where D is the average crystallite size, g is the FWHM of the diffraction peak, 4 is the wavelength
of the incident x-ray, and k=0.9 has been chosen according to the literature [30]. Additionally, the
relative strain in polycrystalline materials can be measured—based on the shift in the central

location of the reflection peak.

Figure 2.11: XRD setup
A Bruker D8 Discover diffractometer (Fig. 2.11) with Cu-Ka radiation source has been used for

the studies presented in this thesis. The x-ray source is operated at a voltage of 40 kV. Gobel mirror
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attachment is used to produce a parallel beam of x-rays, whereas single bounce Ge (220)

monochromator is used for high-resolution measurements.
2.7 Compositional analysis

Compositional analysis of samples have been carried out using energy dispersive X-ray
spectroscopy (EDS) and x-ray photoelectron spectroscopy (XPS). The basic principles and a brief

description of these two techniques are presented in the following paragraphs.
2.7.1 Energy dispersive x-ray spectrometry (EDX)

Energy dispersive x-ray spectrometry is an analytical technique used for the elemental analysis
or chemical characterization of a sample [31,32]. In case of EDX, characteristic x-rays are emitted
from a material due to energetic electron beam irradiation which are used to identify the elements
present in the material and their relative amounts. An incident electron is inelastically scattered
and knocks out a core electron. An electron from a higher orbital fills the empty state (hole) in
lower (core) orbital. The energy difference between these two orbitals is released in the form of
photons (when the core level electron of high enough atomic number is knocked out, the emitted
photons have energy in the x-ray regime), whose energy is characterized for the transition in the
respective target atom by following Mosley’s law:

Vv =a(Z-h), (2.9)
where v is the characteristic x-ray frequency, a and b are constants, and Z is the atomic number of
the target atom. The emitted x-rays are detected by spectrally resolved (the number of counts in a
given energy width of typically few eV/channel) with an appropriate energy dispersive detector,
like Si(Li) or SDD (Si drifted detector).When an incident x-ray photon strikes the detector crystal,
its energy is absorbed by electrons in the valence band of the semiconductor and electrons are

raised in the conduction band, creating holes in the valence band. A high bias voltage at the front
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and back face of the detector sweeps this electrons and holes producing a charge signal. The size
of the charge signal is proportional to the energy of the incident x-ray photon. The charge signal
is converted into a voltage signal by the field effect transistor (FET) circuit attached to the backside
of the detector. The electronics in the pulsed processor is used for amplification of the x-ray signal
from FET, analog to digital conversion of the data, and measurement of energy of the x-ray photons
incident on the detector from the digital voltage signal. The output of the pulsed processor is read
by the multichannel analyser inside the control computer where each channel corresponds to a
definite energy interval. For each measurement of x-ray energy by the pulsed processor, the count
in the channel of the multichannel analyser corresponding to the x-ray energy is increased by one.
The total number of counts at different channels are displayed as an x-ray spectrum. The resolution
of the x-ray detector (given by the FWHM of the peak of a characteristic x-ray line) is 132 eV as
measured for Mn-K, line (5.9 keV). An EDX spectrum displays peaks corresponding to the energy
levels for which the most x-rays had been received. Each of these peaks is unique to an atom, and
therefore, corresponds to a single element. The higher the intensity of a peak in a spectrum, the
more concentrated the element is in the specimen. An EDX spectrum not only identifies the
element corresponding to each of its peaks, but the type of x-ray to which it corresponds as well.
For example, a peak corresponding to the amount of energy possessed by x-rays emitted by an
electron in the L-shell going down to the K-shell is identified as a K, peak. In this compositional
analysis of selective samples were examined by X-Ray Energy Dispersive Spectroscopy (EDX) in
the SEM coupled with an EDX arrangement (Carl Zeiss).

2.7.2 X-ray photoelectron spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS) is a spectroscopic technique which quantitatively

measures the elemental composition, chemical state, and charge state of elements present in a
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material. Since the discovery of photoelectric effect by Heinrich Rudolf Hertzin 1887, it has
become the most interesting light-matter phenomenon which was successfully explained later in
1905 by Albert Einstein. Kai Siegbahn and his group in 1954 from Uppsala University (Sweden)
developed and recorded the first high-energy-resolution XPS spectrum of the cleaved sodium
chloride (NaCl) material [33]. XPS spectra are obtained by irradiating a material with a beam of
X-rays, while simultaneously measuring the kinetic energy and number of electrons that escape
from the top 1 to 10 nm of the material being analyzed. XPS requires ultra-high vacuum (UHV)
conditions.
When x-ray photons interact with a solid, it leads to ionization and the emission of a core (inner
shell) electron from the atoms of the solid. Because the energy of the incoming x-ray photon is
known, the binding energy of the emitted electrons can be determined by

Ebinding= Ephoton - (Ekinetict ¢) (2.10)
where Epnoton 1S the energy of the x-ray photon, Exinetic IS the Kinetic energy of the electron and is
measured by an electron analyzer, and ¢ is the work function of the material. These analyzers use
electrostatic and/or magnetic lens units focused through apertures to effectively separate out
electrons in a desired narrow band of energies from the wide range of energies contained in all
other electrons entering the spectrometer.
For every element there will be a characteristic binding energy associated with each core atomic
orbital. This gives rise to a characteristic set of peaks in the photoelectron spectrum at kinetic
energies, determined by the photon energy and the respective binding energies. The presence of
peaks at particular energies therefore, indicates the presence of a specific element in the sample
under study. Intensity of the peaks is related to the concentration of the element within the sampled

region.
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In the present thesis, the XPS experiments were performed using a setup procured from VG
Instruments (the schematic of the system setup is shown in Fig. 2.12). The base pressure of the
main chamber is maintained at 1x1071° Torr. The load-lock chamber is equipped with low energy
Ar-ion gun. The XPS system is equipped with twin Mg/Al anodes, a hemispherical analyzer, and
a channeltron detector unit. The dual anodes generate non-monochromatic X-ray emissions of
energies 1253.6 eV for Mg-K, and 1486.6 eV for the Al-K, lines. The analyzer is operated with
the pass energy of 200 eV for the large survey scans in the range of 1-1000 eV, and 20 eV for the
high-resolution scans. The instrumental resolution of the setup is 0.9 eV. The data are acquired at
an angle of 45° between the sample normal and the analyzer axis. The final spectra are fitted using

the VGX-900 and CASA softwares to get the binding energy positions of the elements.
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Figure 2.12: Schematic diagram of the XPS setup displaying different components.
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2.8 Optical studies

Transmittance, absorption, and reflectance measurements have been carried out for various
heterojunctions studied in this thesis. The working principles of these techniques are described

below.
2.8.1 Transmittance

Transmission is the process of passage of radiant flux through a medium through diffusion and
scattering. Both processes can undergo scattering (also called diffusion), which is the deflection
of the unidirectional beam of radiation into other directions [34]. When no diffusion occurs, the
beam of radiation obeys the laws of geometrical optics and the unidirectional beam results in
unidirectional beam called specular (or regular) reflection and direct (or regular) transmission. The
wavelength of radiation is unchanged in these processes if the medium is stationary. The
transmittance, T, of a medium is defined by the ratio of transmitted radiant flux to the incident
radiant flux. The total transmittance T is subdivided into specular transmittance T, and diffuse
transmittance Tq and the terminology for transmittance follows the same definitions as reflectance
except the process is transmission and the word reflectance is replaced by transmittance.

The absorptance: The absorptance, A, of a medium is defined by the ratio of absorbed radiant
flux to incident radiant flux [35]. By the conservation of energy principle, the following
relationship holds: R+T+A= 1. The emittance (also called emissivity) of a body at a given
temperature is equal to the absorptance. Therefore, based on the above expression, the emittance
of a body can be deduced in principle by measuring R and T. For the opagque materials, no
transmission takes place and T is zero. In such cases, the absorptance/emittance can be derived

from the measurement of reflectance, R, alone. These quantities are defined using an independent
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vocabulary to account for the effects of geometry and other parameters such as polarization and

temperature of the material, etc.
2.8.2 Reflectance

Reflectance is the amount of incident light that is reflected by a surface [36]. Optical reflectance
measurements have been carried out using a Shimadzu (Model: UV 3101PC)—make ultra-violet-
visible-near infrared (UV-Vis-NIR) spectrophotometer (Fig. 2.13) equipped with a specular
reflectance measurement accessory. The spectral range that can be studied with this instrument is
200 to 3200 nm. However, in the present thesis, most of the spectra have been collected over a
wavelength range of 300-800 nm using 1 nm increment. The reflectance mode works in the

specular reflection geometry arrangement with 45° incidence angle of light.

Figure 2.13: UV-Vis spectrophotometer.
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2.9 Electrical measurements

The electrical properties of thin films, such as electrical conductivity and resistivity, are most
commonly performed in the semiconductor industry using a four-point probe system [37]. The
four-point probe is often used on test structures throughout the semiconductor fabrication process
to ensure and verify the condition of the device between the various processing steps. Two-point
probe systems must take into account contact resistance and therefore, it makes the measurements

much more difficult and erroneous [Fig. 2.14].
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Figure 2.14: Resistivity measurements setup.
2.9.1 Resistivity

The resistivity of the films have been determined by the four-probe method with the electrodes in
the planar geometry [37]. High conductivity silver paste (SPI1 Supplies) was used for making
contacts. The Ohmic nature of these contacts was confirmed with current-voltage (I1-V)

measurements which show a linear behaviour. The resistivity (p) of the films is calculated applying
the Ohm’s law, by using the relation p = RA/L. Here R is the resistance given by the slope of the
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current-voltage characteristics, A is the area of the film in the planar geometry given by the product
of the film thickness and the width of the film, and L is the spacing between the electrodes. The

current voltage measurements are carried out using a Keithley source meter unit (Model 2410).
2.9.2 1-V characteristics

I-V characterization consists of basically applying a voltage between two probes in the sample and
measuring the current that flows through the sample. 1-V measurements are carried out using a
Keithley 2410 source meter. Each source meter instrument is both a highly stable dc power source
and a true instrument-grade 6%-digit multimeter. The power source characteristics include low
noise, and precision. The result is a compact, single-channel, dc parametric tester. To do the
characterization, we have used a computer program which scans the voltage at a constant rate up

to the maximum desired voltage.
2.9.3 C-V characteristics

Capacitance-voltage (C-V) profiling is used for characterizing various semiconductor materials
[Fig. 2.15]. In this technique, the applied voltage is varied and the corresponding capacitance
(across a junction) is measured and plotted as a function of the applied voltage. Generally, a metal-
semiconductor junction or a p-n junction are characterized using this technique where the formed
depletion region (with its ionized charges) behaves like a capacitor. By varying the applied voltage,
one can vary the width of the depletion region. The dependence of the depletion width on the
applied voltage provides information about the doping profile, defect densities, and junction
barrier height etc. C-V measurements can be carried out using a dc or an ac signal. In the present
thesis, the capacitance measurements are useful in determining the built-in voltage (Vyi) as per the
following equation mentioned below, where &, is the permittivity of free space, Ks is the dielectric

constant, A is the cross-sectional area, and Na is the acceptor concentration.
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Figure 2.15: Capacitance-Voltage measurements setup.
Eq. 2.10 is the depletion capacitance equation for a metal-semiconductor, which is a good

approximation and applicable for a highly doped n-AZO layer deposited onto a p-Si.

— 2(Vbi _VA) (211)

1

C? gN,K,gA?

In an ideal system, plotting 1/C? versus Va, the applied voltage, yields a straight line intercepting
at 1/C? = 0 with the voltage axis. Following the above equation, the slope of this line is proportional
to the carrier density and therefore, a straight line is indicative of a uniform doping distribution.
Capacitance measurements, which are ideally frequency independent, indicate the capacitance of
the space charge layer. It is however, often the case that these plots are frequency dependent. Two
types of plots are possible: curves that are parallel to each other and therefore, having different
built-in voltages and curves that have different slopes, converging to the same built-in voltage.
The latter behaviour is attributed to the presence of surface irregularities and/or surface states in

the semiconductor.
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According to the equation, a nonlinear relationship between 1/C? and V are expected when deep
levels are present and exposed and when their sites are ionized. Concentration levels increase in a
nonlinear fashion as a result of bias changes. Nonlinearity in 1/C2 versus V curves is therefore, a
direct result orientating from the effect of deep level charges [38]. The studies presented in this
thesis have been carried out using a precision LCR meter (HP 4284A).

2.9.4 Photoresponsivity studies

In general, optoelectronic property of a heterojunction is categorized in two groups, viz. the
generation of photocurrents due to absorption of photons and the emission of photons as a result
of electronic excitation in the heterojunction. In this thesis, we concentrate on the former one. The
current-voltage characteristics of a heterojunction gets changed under the presence of a light

source. The modified expression can be written as [39]:

: 2.12
J:J{exp[s\;J—l}JR (212

where Jr is the photocurrent density, Js is the dark reverse saturation current density, V is the

applied voltage, q is electronic charge, and kg is the Boltzmann’s constant. In absence of
recombination or generation of carriers, Jr is voltage independent and is equal to the short-circuit
photocurrent density, Jsc. The open circuit voltage, Voc, across the heterojunction (J=0) can be

expressed as:

Voo = KeT |n|:1+ J—R} , (2.13)
q Js

The saturation current (Js) depends on the heterojunction structure, while Jr depends on a

geometrical dimension of the heterojunction.
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The most commonly used mode of illumination for a heterojunction is the perpendicular
illumination where the photons are incident on the front surface of the wide—band gap material and
are perpendicular to the plane of the junction. In this case the high energy photons are absorbed in
the wide band gap material, while the low energy ones penetrate through the wide band gap
material and are absorbed in the narrow band gap material near the interface. This phenomenon is
called the ‘window effect’.

A heterojunction which responds to the incident photons is known as ‘photon detectors’. The
photon detectors measure the rate of arrival of quanta and show a selective wavelength dependence
of the response (in the form of current or voltage) per unit incident radiation power. Photovoltaic
cell (solar cell) is a type of the photo detector where the energy of sun light is directly converted
into electricity.

A solar cell under illumination is characterized by the following parameters: responsivity, short-
circuit current, open-circuit voltage, the fill factor, and the power conversion efficiency. In the
following paragraphs these parameters are clarified [40].

Responsivity: Responsivity (Ry) is defined as the ratio between the output electrical signals
[voltage or current (Ipn)] to the incident radiation power (Pin). The responsivity for monochromatic
light of wavelength, 4, incident normally is given by [41]:

|
R =-2 . 2.14
=5 (2.14)

in

The photovoltaic testing system (PTS, Sciencetech, Canada), used for the present case, includes a
150 W Xe lamp and a monochromator to tune the light source. A setup is shown in Fig. 2.16 for
better realization. A source meter is used as an active load permits operating the test cell at various
load conditions, including the short-circuit, compensating for a series resistor required to sense the

current produced by the modulated monochromatic light.
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Figure 2.16: Experimental setup of the Photoresponsivity measurement setup.
This sensed current plus a reference signal at the frequency of the light modulation are both fed
into the precision lock-in amplifier to allow measurement of the photocurrent generated by the
modulated monochromatic light. PTS1 software, provided by the supplier, allows us to measure
the spectral response (SR) and I-V characteristics of the cell. It includes a SCIRUNSR I-V-Test
measurement system, precision lock-in amplifier, and the system software. The software controls
the monochromator, the source meter, and lock-in amplifier to automatically measure the 1-V
characteristics and SR versus wavelength, plotting the results on the screen and providing the
calculated values, including Voc, Isc, Pmax, fill factor (FF), and the raw measurements to a standard
file format. Key features of this instrument are listed below:

e Monochromator with automated order sorting filters

e Monochromatic probe light area adjustable from 2 mm to 5 mm diameter

e Monochromatic probe light power of 125 mW total (white light)
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Keithley 2400 Series source meter

Bias voltage ranges from 0-200 V

Calibrated reference detector

Optical chopper and drive

Stanford SR800 series lock-in amplifier

Photocurrents measurable from 1 pA to 1 pA

Automated switching of lock-in input signals from the reference detector to the sample
current measurement

Target table with dual cell holder having a 150 mm height adjustment.
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CHAPTER 3

3. Electrical transport in AZO thin films: Roles of grain
boundaries, metal-like conductivity, and UV
absorption

In this chapter, we optimized the growth and demonstrate the role of grain boundaries in charge
transport for Al-doped ZnO (AZO) thin films. In particular, we study on room temperature (RT)
diode characteristics of n-AZO/p-Si heterostructures by current-voltage and capacitance-voltage
measurements. In addition, the current-voltage characteristics of an AZO/Si heterojunction diode
is investigated over a temperature range of 293 and 423 K. Further, temperature-dependent
resistivity measurement performed on AZO thin films grown on glass substrates show metallic-
like conductivity, which is explained on the basis of local annealing of defects, mainly vacancies,
in the AZO layer. Based on our experimental findings, we construct a parametric phase diagram
to elucidate the transition from one to the other conduction mechanism. Following that, using
conductive atomic force microscopy and Kelvin probe force microscopy, we study the local
electrical transport properties of AZO thin films. In addition, a strong enhancement in the local
current at grains is observed after exposing the film to ultra-violet (UV) light which is attributed
to persistent photocurrent. Further, it is shown that UV absorption gives a smooth conduction in
AZO film which in turn gives rise to an improvement in the bulk photoresponsivity of an n-AZO/p-
Si heterojunction diode. This finding is in contrast to the belief that UV absorption in an AZO

layer leads to an optical loss for the underneath absorbing layer of a heterojunction solar cell. The
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present study will be useful to understand the roles of grain boundaries as well as self-heating for

AZO-based devices.

3.1 The growth of low resistive and high transitive AZO thin film at
room temperature

3.1.1. Experimental detail

A film thickness of 120 nm was deposited on ultrasonically cleaned SLG and Si substrates at RT
using a pulsed dc magnetron sputtering system (Excel Instruments; Advanced Energy System).
Commercially available (MTI Corporation), 99.99% pure ZnO:Al203 (2 wt.%) sputtering target
(50.8 mm diax6.35 mm thick) was used to grow AZO thin films. Ultra-pure (99.999%) argon gas
was injected into the chamber with a flow rate of 30 sccm to maintain the working pressure of
5x10°® mbar during sputtering. A dc power of 100 W (frequency=150 kHz, reverse time=0.4 ps)
was supplied to the AZO target and the substrate was rotated with a speed of 3 rpm for achieving
uniform film thickness, where the target-to-substrate distance was maintained at 80 mm. The
deposition was carried out at various angles () in the range of 0-80° where the angle of incident
flux was measured with respect to the target normal. The optical properties of as-deposited AZO
films was measured by an ultra-violet-visible-near infrared (UV-Vis-NIR) spectrophotometer in
the wavelength range of 300-700 nm. In addition, linear four-probe technique was used to measure
the growth angle-dependent change in resistivity of AZO films.

Kelvin probe force microscopy was employed to measure the work function of AZO films in lift-
mode using an Ir/Pt-coated silicon tip (Nano world) with a resonant frequency of about 75 kHz
and force constant of about 2.8 N nm*. Simultaneously, the surface topography also also recorded

by atomic force microscopy in tapping mode. The commercial software (IGOR PRO 6.05) together
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with the Asylum Research code (version 080501-1804C) were used to get the statistical

distribution of contact potential.
3.1.2 Results and discussion

The optical transmittance spectra of all the films deposited at different deposition angles are shown
in Fig. 3.1(a). From this figure, it is observed that the average transmittance of all the AZO films
(in the visible range) is greater than 80% till the growth angle of 70°, whereas it reduces a bit
(<75°) for the film grown at an angle of 80°. In addition, the observed sharp decrease in the

transmittance around 360 nm can be attributed to the fundamental absorption edge of AZO [2,3].
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Figure 3.1: (a) show the optical transmittance data for AZO films grown at different angles (b)
Variation in the resistivity of AZO films as a function of deposition angle, and (c) shows the growth
angle-dependent variation in the work function of the AZO films.

Fig. 3.1(b) shows the growth angle-dependent variation in the resistivity, measured by the linear

four-probe technique. A sharp decrease in the resistivity is evident with an increase in the
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deposition angle from 0° to 70°, whereas a little increment is observed corresponding to the growth
angle of 80°. The minimum resistivity is found to be in the range of 5.6-4.3x10° Q-cm
corresponding to the growth angles of 50°-70°. On the other hand, a small increment in the
resistivity at 80° can be attributed to the presence of porosity in the films at higher angles. The
change in crystallinity with the growth angle can also influence the nanoscale electrical properties
[2]. In order to address this issue, KPFM measurement is employed to extract the work function
of the AZO films. It is known that the observed Vcpp can be converted into the work function of a
material, using the following relation [3]: Wsample = Wtip — QVcpp, Where Wsample and Weip are the
work function of the sample and the tip, respectively and q is the electronic charge. The measured
work function is seen to increase up to 50° (4.78 eV), whereas it decreases slightly for the films
deposited up to an angle of 80° [Fig. 3.1(c)]. Since, for a better electrical contact, a higher work
function is desired and thus, it is infer that the film grown at an angle of 50° can be an optimized
one. The observed results indicate that not only the bulk but also the nanoscale properties can be

tuned by changing the growth angle.
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Figure 3.2: (a): Schematic representations of the films deposited at normal incidence, an arbitrary
oblique angle, and a grazing incidence angle are presented in (a), (b) and (c), respectively.
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The observed experimental findings can be attributed to the growth dynamics of the films. It is
known that grain growth in a thin film is governed by the surface diffusion [4]. In fact, a higher
surface diffusion leads to a higher grain size. Generally, surface diffusion increases due to an
increase in the substrate temperature [5]. Thus, the observed results can also be understood in light
of surface diffusion. For instance, for the film deposited at 0°, the atoms have an equal diffusion
energy (D) in all directions [Fig. 3.2(a)] [4,5]. In this case, the presence of a large number of grain
boundaries in the film will give rise to a large number of defects produced due to incomplete
atomic bonding, resulting in an increase in the scattering centres (or resistivity) of the same. On
the other hand, for an oblique angle deposition, the incident atoms on the substrate will undergo
an asymmetric diffusion [Fig. 3.2(b)]. In fact, incident atoms have an initial energy (Eo) where a
component of this energy (Eocos#) will enhance the atomic diffusion [Fig. 3.2(b)] on the surface,
giving rise to an improvement in the grain growth or crystallinity. As the growth angle increases
further, the surface diffusion increases, albeit at higher angles (>70°), the shadowing effect also
comes in the picture [Fig. 3.2(c)]. This causes an increase in the porosity of the film, which in turn
increases the resistivity of the film. In fact, there is an interplay between the surface diffusion and
shadowing in case of oblique angle deposition [4,5]. One can infer that, for the films grown at low
oblique incidence angles, the formation of nanostructures are governed by the surface diffusion,
whereas for the films grown at higher angles, shadowing will be the dominating factor.

3.1.3 Conclusions

Further, we demonstrate that low resistive films (5.6-4.3x10° Q-cm) can be obtained for the
growth angle between 50° to 70°. A continuous change in the work function with growth angle is
also observed, which becomes the highest (4.78 eV) corresponding to 50°. Thus, it can be

concluded that the AZO film grown at 50° shows the best optimized physical properties to use it
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as a transparent conductive contact and for further experiments we will use this angle for

deposition.

3.2 Effect of grain-boundaries on electrical properties of n-ZnO:Al/p-

Si heterojunction diodes
3.2.1 Introduction

ZnO is a good candidate for fabricating solar cells [6], heterojunction diodes [7] and photodetectors
[8] due to its wide band gap (Eg~3.3 eV at RT), large binding energy (60 meV), and high
transparency. Recently, doping of group 111 elements in ZnO films [9] (especially Al-doping) has
also generated considerable interest. For instance, they are not only important for different
applications including fabrication of transparent conductive oxide [6,10,11] but also from the
fundamental standpoints. However, the thickness dependent optimization of optical and electrical
properties of AZO films is essential for photovoltaic and optoelectronic applications, where the
carrier concentration dependent resistivity can reach the value as low as 10* Q-cm [12]
considering the substitution of Zn (atomic radius:0.054 nm) by Al (atomic radius:0.074 nm) atoms.
For a moderate Al-doping, it is known that the broadening of Eq is associated with the partial filling
of states above the conduction band minimum of AZO — known as Burstein-Moss effect [13],
whereas the carrier concentration above the Mott critical density is known to be associated with
the decreasing Eg due to the modification in the bands through electron-electron and electron-
impurity interactions [14]. Different techniques have been employed so far to synthesize AZO
films, which include pulsed laser deposition, [10] chemical processing [15], direct current (dc)
magnetron sputtering [8] etc.

In this work, we study the effect of AZO thickness on the current-voltage (I-V) and capacitor-
voltage (C-V) characteristics of n-AZO/p-Si heterojunction diodes and how the grains contribute

in the same. In fact, we will show systematic reductions in the turn-on potential and electrical

70



resistivity with increasing AZO film thickness. In order to explain these behaviour, thickness-
dependent evolution of grains in the deposited AZO films was investigated by atomic force
microscopy (AFM) and scanning electron microscopy (SEM), while their nature of crystallinity

was examined by x-ray diffraction (XRD).
3.2.2 Experimental

AZO films were deposited on ultrasonically cleaned p-type Si(100) wafers (with its native oxide)
at RT using a pulsed dc magnetron sputtering system (Excel Instruments). Commercially available
99.99% pure AZO target having 50.8 mm diameter x 6.35 mm thickness and composed of 98 wt.%
ZnO and 2 wt.% Al,O3 (Testbourne Ltd., England) was used for depositing AZO thin films in a
vacuum chamber with a base pressure of 3x10" mbar. Ultra-pure (99.999%) argon gas was
injected into the chamber with a flow rate of 27 sccm to maintain the working pressure of 5x103
mbar during sputtering. A dc power of 100 W (frequency=150 kHz, reverse time=0.4 us) was
supplied to the AZO target and the substrate was rotated with a speed of 3 rpm for achieving
uniform film thickness, where the target-to-substrate distance was 80 mm.

Four AZO thin films were deposited for 5, 10, 20, and 30 min with an average deposition rate of
6.2 nm mint on Si wafers (sliced into small pieces of 1x1 cm?) and named as S1, S2, S3, and S4,
respectively. The corresponding thicknesses were measured to be about 30, 70, 120, and 175 nm,
respectively within the instrumental error, using a surface profilometer (Ambios, XP-200, USA).
Many films were deposited to check the uniformity in thickness before making the devices. Phase
identification and crystalline orientation were investigated by XRD using a Cu-K, radiation
(A=0.154 nm) over a 26 scan range of 20-60°. Surface morphology was examined by ex-situ AFM
in tapping mode. For each sample, several images were taken from different regions to check the

uniformity and to estimate the average grain size as well as the root mean square (rms) roughness.
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In addition, the deposition time dependent evolution of grains in AZO films was monitored by
SEM in both plan-view and cross-sectional geometries using 5 keV electrons. Silver paste was
used to make the electrical contacts on top of the AZO films and back side of the Si substrates.
The formation of Ag/AZO/Si/Ag heterostructure diodes was verified by taking I-V characteristics
using an electrometer based resistivity measurement setup. The junction barrier height was
investigated by performing capacitance-voltage (C-V) measurements at a frequency of 1 MHz
using precision LCR meter.

3.2.3 Results and discussion

Figures 3.3(a) and (b) show AFM images of S1 and S4 samples, exhibiting a gradual change in
the surface morphology with increasing deposition time. It appears that the average grain size
increases with deposition time (prominent in S4). The average grain size was measured to be 22,

26, 32, and 36 nm for S1, S2, S3, and S4, respectively (all images are not shown).

S min 10 min 20 min 30 min

Figure 3.3: AFM micrographs (1umx1um) of AZO films deposited on Si: (a) S1 and (b) S4 with
height scales of 6.3 nm and 22.18 nm, respectively. S1 to S4 are the original photographs of the
films deposited for 5 min, 10 min, 20 min, and 30 min, respectively.
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One can also see a clear change in colour on the surface (using a camera) with increasing thickness
(photographs shown below the AFM images of S1 and S2) and can be explained in the framework
of strain-induced variation in the band gap with increasing AZO film thickness [16]. On the other
hand, the rms surface roughness is found to increase monotonically with increasing film thickness
(Table 3.1). Besides investigating the thickness variation of the AZO films, as a function of
deposition time, by SEM (under the cross-sectional geometry), we have seen the formation of
elongated grains — tightly packed and aligned normal to the Si surface. Typical plan-view and

cross-sectional SEM images of S3 are shown in Figure 3.4.

100 nm

Figure 3.4: (a) Plan-view and (b) cross-sectional SEM images of S3 sample. Charge transport
across potential barriers (shown by line profile) at grain boundaries is shown schematically on
cross-sectional SEM image.

The XRD patterns of S1-S4, shown in Figure 3.5, confirm the formation of crystalline grains. The

dominant peak located around 34.10° can be attributed to the (002) reflection of the hexagonal

wurtzite structure [15], indicating the formation of highly oriented grains along the c-axis.
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Formation of the preferentially oriented AZO (along the c-axis) grains suggests that the value of
the surface free energy is minimum for the AZO (002) plane during the growth stage [17]. As the
film thickness increases, the (002) peak intensity is found to increase systematically with a
continuous decrease in full width at half maximum (FWHM), signifying the evolution of bigger
grains with deposition time up to 30 min.

The average grain size was determined for all four samples S1-S4 using Scherer’s formula [18]:
D = 0.94/fcosf where D is the crystallite size, § is the FWHM, & is the Bragg’s angle, and / is the
x-ray wavelength (Table 3.1). From this table, it is observed that the measured grain sizes from

AFM are little bigger than the ones derived from XRD data.

(002)

—— S4 (30 min) (002)

e $3 (20 Miin)
— S2 (10 min)
—— S1 (5 min)

Intensity (a.u.)

‘ »
» 33.6 34.3 350
y 26 (deg)

Intensity (a.u.)
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26 (deq)

Figure 3.5: Thickness-dependent XRD patterns. For a better projection the magnified region
around the (002) reflection of S1 is shown as the inset.
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This is because of the limitation of AFM to resolve smaller crystallites within a bigger grain [18].
In addition, a systematic shift in the (002) peak position was observed with increasing AZO layer
thickness. It is known that the peak shift towards a lower 26 value with respect to the ZnO can be
attributed to the presence of compressive stress present in the films, originating from oxygen
implantation during the sputtering process [16]. In-plane film stress is calculated on the basis of
the biaxial strain model: 6=[2C13-C3s3(C11+C12)/C13]%(c-Co)/co Where elastic stiffness constants are:
C11=2.1x10™ Nm?, C33=2.1x10 Nm=2, C1,=1.2x10 Nm, and C15=1.05x10'! Nm[13,16,19].
After putting the above values, o becomes -4.5x10* (c-co)/co Nm™. For a hexagonal lattice with
(002) orientation, ¢ = 2ds and co = 2do = 0.5206 nm where ds is the inter-planar spacing derived
from the (002) peak position (Figure 3.5) and do is the corresponding one for stress-free system
(0.2603 nm) [20]. Accordingly the calculated stress values for S1 to S4 are presented in Table 3.1
which reveals that the AZO films become relaxed with increasing thickness — in accordance with
Ref. 16. From the above discussion one can derive the film strain using the relation [20]: [(ds-
do)/do] x100% which are summarized in Table 3.1.

For resistivity measurements, we have used the AZO films grown on commercial glass slides
simultaneously and under similar conditions as on Si substrates. Figure 3.6 shows the thickness-
dependent variation in resistivity measured by the linear four-probe technique. A sharp decrease
in resistivity is recorded for S1 to S2, whereas it remain almost constant for S3 and S4. It may be
note that the linear variation in the 1-V characteristics (inset, Figure 3.6) of the AZO films grown
on glass substrates confirms the Ohmic nature of the silver contacts.

On the other hand, the I-V characteristics of all Ag/AZO/Si/Ag heterojunction diodes [Figure
3.7(a)] show the rectifying property where the schematic view of such a diode is depicted in the

inset (bottom corner).
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Figure 3.6: Variation in resistivity with AZO film thickness. Inset shows the linear variation of
current with applied voltage corresponding to the silver contacts.

The diode series resistance and the ideality factor can be obtained from [16] dV/d(In 1) = [IRs +
nksT/q] where V is the applied potential, | is the measured current, Rs is the series resistance, n is
the diode ideality factor, kg is the Boltzmann constant, T is the sample temperature, and q is the
electrical charge. The calculated values of n and Rs from the slope and the intercept at zero voltage
in the In I versus V plot (not shown) are summarized in Table 3.1. Because of having a large lattice
mismatch between the AZO layer and Si(100) substrate [11], dislocations appearing at the AZO/Si
interface can lead to the increase in ideality factor, n (Table 3.1). As the AZO/Si interface plays
an important role in carrier injection, we believe that the AZO thickness-dependent increase in n

is most likely associated with the minority carrier injection and recombination [17].
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This is consistent with the increase in the reverse saturation current (lo) with increasing AZO film
thickness, which in turn takes part in the suppressing turn-on potential by decreasing the barrier
height, ¢, at the AZO/Si interface [Figure 3.7(a)]. The barrier height ¢s at a temperature of T can
be determined from: lo= A*ST%exp(-¢s/ksT), Where S is the surface area of the diode, kg is the

Boltzmann constant, and A* is the Richardson constant [23].
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Figure 3.7: (a) Thickness dependent nonlinear 1-V characteristics of all AZO/Si hetrojunction
diodes (shown schematically in the bottom inset), (b) variations in turn-on potential with AZO
thickness and film stress.

Since we cannot avoid the presence of a thin native SiOx between the AZO layer and the Si
substrate, the extracted gs will be erroneous due to the active participation of the AZO/SiOx and
SiOx/Si interfaces, especially for the thin AZO layers ( below 70 nm) [see the reverse current
profiles in Figure 3.7(a)]. This is due to the incorporation of a large amount of defects between the
AZO/SiOx and SiOx/Si interfaces which as a result can contribute in charge transfer process
between the AZO film and the Si substrate [24,25]. In order to determine ¢, we did C-V

measurements at 1 MHz under a forward and reverse bias sweeps of +4 to -4V.
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Figure 3.8: Typical 1/C%-V characteristics for S1 and S3, where the inset depicts the variation of
barrier height as a function of AZO film thickness.

For applied voltage V >> ksT/q and Na >> Np, the capacitance per unit area can be written as 1/C?
= 2(Vbi — V)/q&eNp where the Na and Np are the donor density in n-AZO and the acceptor density
in p-Si, respectively, Vyi is the built-in potential within Si, and & is the Si permittivity [23]. Using
1/C2-V plot (Figure 3.8, shown only for S1 and S3 to maintain the clarity) the extrapolated straight
line intercept of 1/C? on the voltage axis is the measure of ¢s [26]. The AZO film thickness-
dependent change in ¢s is displayed in the inset of Figure 3.8, showing a systematic decrease in it
from 0.9 to 0.3 V with increasing thickness up to 175 nm. From the above results it can be inferred
that the AZO/Si heterojunction diode characteristics, especially the turn-on potential is strongly

influenced by the growth of AZO films and their thicknesses.
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Different theoretical models have been proposed so far to explain the electrical properties of the
AZOI/Si hetrojunction diodes where the most acceptable one is the bandgap model with and
without SiO. layer [7,8]. Earlier band alignment and the microstructure of the ZnO/Si
hetrojunction were studied in detail and used to explain the nonlinear behaviour [8]. In the present
scenario, the notable decrease in the turn-on potential with increasing AZO film thickness [Figure
3.7(b)] can be described in light of decreasing film stress. In fact, we observed strain relaxation
with increasing AZO thickness (Table 3.1), which is possibly due to the increase in grain size. The
presence of traps at the AZO grain boundary and their impact on transmission of electrons (or
holes) have recently been demonstrated by scanning tunnelling microscopy [27]. Based on this
concept, it is now possible to explain the observed phenomena in the framework of defect-induced
potential barrier formation at the grain boundaries, while the magnitude of the barrier height (H)
and width (W) are associated with the trap density between two adjacent grains [shown
schematically in Figure 3.4 where the line profile represents the potential (due to traps) at grain
boundaries]. This in turn controls the charge transport between two grains: the conduction
increases with reducing H and vice versa. Clearly, the boundary traps dominate in S1 compared to
the samples like S2 to S4 due to a decrease in the surface-to-volume ratio with increasing grain
size (Table 3.1).

Although the trap density reduces with increasing grain size, the decrease in ¢s as a function of
AZO thickness (discussed above) can enhance the minority carrier injection in inversion through
the reduction in the depletion width [22]. As a matter of fact, the probability of minority carrier
recombination increases with increasing AZO film thickness, leading to an increase in the
magnitude of lo by suppressing Rs (Table 3.1). However, considering the existence of a thin native

SiOx between the AZO layer and the Si substrate, the minority carrier injection may be influenced
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by the degree of tunnelling through the surface states [28]. Hence, the diode characteristics
degrades with the increasing AZO layer thickness. On the other hand, with the increasing grain
size as a function of AZO layer thickness can increase the mean free path of the electrons. In fact,
the energy of electrons with increasing AZO film thickness becomes conserved with the long mean
free path [29], which in turn reduces the scattering loss [30,31] and trapping of charge carriers,

resulting a decrease in resistivity (Figure 3.4).

3.2.4 Conclusions

In conclusion, the variation in the grain size with increasing n-AZO film thickness on p-type
Si(100) substrates is shown by AFM, whereas the XRD results confirm the enhancement of (002)-
oriented crystalline grains. Thickness-dependent reduction in the compressive stress is also
demonstrated from the XRD measurements. Further, we observe the rectifying property of AZO/Si
heterojunction diodes from the recorded I-V characteristics, where the turn-on voltage undergoes
a hitherto unseen systematic reduction with increasing AZO film thickness. Using the linear four-
probe technique, a systematic decrease in the resistivity is found with increasing AZO film
thickness. These phenomena have been modelled based on the thickness-dependent variation in
grain size and in turn trap density at the grain boundaries, influencing the charge transport across
the adjacent grains. In particular, the development of potential barrier at the grain boundary
followed by the scattering of charge carriers were shown to be the controlling factors of the
observed |-V characteristics. The barrier height at the junction, calculated from the C-V
measurements, shows a decreasing trend with increasing AZO film thickness, which corroborates
well with the observed thickness-dependent behaviour of the turn-on voltage of the heterojunction
diodes. Such studies will have tremendous impact in developing the next generation silicon thin

film solar cells [32] and UV detectors [33].
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3.3 Role of metallic-like conductivity in unusual temperature-
dependent transport in n-ZnO:Al/p-Si heterojunction diode

3.3.1 Introduction

Generally, ZnO exhibits n-type conductivity which can be enhanced up to three to four orders of
magnitude after doping with Group-11l elements, especially Al-doping [7,34,35]. This enhanced
conductivity makes ZnO:Al (AZO) a suitable material not only for transparent conducting
electrodes but also for various other applications, viz. ultra-violet detectors, junction diodes, etc.
[34-41]. Generally, AZO-based device fabrication is studied in the simplest form of an n-AZO/p-
Si heterojunction diode [34] where the performance of the heterojunction mainly depends on the
factors like growth process, Al-doping, and the working temperature of the devices [7]. Recently,
it has been reported that charge transport property of ZnO and doped-ZnO materials changes
significantly with temperature. For instance, temperature-dependent metallic-like behaviour has
been reported for ZnO, AZO, and Ga-doped ZnO thin films deposited on insulating substrates
[42,43]. This unusual change in resistivity with temperature is expected to play an important role
in the charge transport process of a device based on doped-ZnO systems. However, the role of
temperature-dependent the resistivity of AZO in the current-voltage (I-V) characteristics of an
AZO-based heterojunction diode is still lacking. Thus, in order to use AZO/Si heterojunctions for
device applications, a detail understanding of changes occurring in its 1-V characteristics due to
external heating is exigent.

In this regard, it may be mentioned that often AZO-based heterojunctions are operated at high
current densities (beyond the turn-on potential, Vr), which causes self-heating to occur in the
device. This is expected to bring variation in the junction characteristics which can affect the

device performance to a significant extent. It is envisaged that changes occurring in the I-V
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characteristics of the heterojunction due to self-heating should be similar to those observed under
the influence of external heating. Therefore, it is important to investigate temperature-dependent
changes in resistivity of AZO thin films and its effect on the performance of n-AZO/p-Si
heterojunction diodes.

In this work, we investigate the effect of temperature on the transport mechanism of an n-AZO/p-
Si heterojunction diode. A large variation in the I-V characteristics with temperature is observed.
In particular, temperature-dependent transition from direct tunnelling to thermionic emission is
observed in the (I-V) characteristics. In order to explain this behaviour, temperature-dependent
resistivity of the AZO film, deposited on soda-lime glass (SLG) substrate, is also investigated. The
measured resistivity reveals a semiconducting nature at low temperatures (upto 343 K), which
subsequently transforms into a metallic-like behavior at higher temperatures (>343K). In addition,
we have made use of optical absorption spectroscopy before and after temperature treatment,
which shows a reduction in the band gap of the AZO layer. These observations are discussed in

terms of annihilation of oxygen vacancies in the AZO layer due to annealing in air.
3.3.2 Experimental

AZO films of an optimized thickness of ~60 nm were simultaneously deposited on ultrasonically
cleaned SLG and native oxide covered p-type Si(100) substrates at RT using a pulsed dc magnetron
sputtering system using the similar experimental parameters (as described in section 3.1.2). An
indigenously developed sample holder assembly (having a heating stage), whose temperature was
precisely controlled (0.5 K) by a proportional-integral-derivative (PID) temperature controller
and sensed by a Platinum resistance temperature detector (RDT, A class) thermocouple, was
coupled with a source meter to perform the temperature-dependent electrical studies. The I-V data

were recorded using commercially available software (Lab-Tracer 2.0) during annealing (293-423
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K) of the AZO/Si heterojunctions in air. In addition, the optical absorption of AZO films before
and after temperature treatment was measured by a UV-Visible-NIR spectrophotometer in the
wavelength range of 300-700 nm. The reproducibility of the results were confirmed on three

different AZO thickness viz. 40, 60, and 120 nm.
3.3.3 Results and discussion

AZOQO films were analysed by SEM and XRD to look for a possible correlation between the charge
transport and structural properties of the films. Figs. 3.9(a) and (b) show the SEM images of an
AZOQO film deposited on Si substrate before and after the heat treatment. It is observed that in both
cases the AZO film shows a granular nature, albeit the average grain size increases form 30 to 35
nm and the width of the grain size distribution decreases [respective insets in Figs. 3.9(a) and (b)].
In fact, as the temperature increases, thermal energy increases the diffusion of atoms and in turn

smaller grains merge into a bigger grain.

Figure 3.9: (a) and (b) Plan-view SEM images before and after heat treatment (at 423 K),
respectively. The insets show the grain size distributions of corresponding film.
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Fig. 3.10 shows the XRD pattern of an AZO film grown on Si which confirms the crystalline
nature of the film. The dominant peak at 26=34.8° can be attributed to the (002) reflection of
hexagonal wurtzite structure, indicating the formation of highly oriented grains along the c-axis
[7,34,44]. The average grain size is determined using Scherer’s formula: D=0.94/fcos6 where D
is the crystallite size, g is the full width at half maximum, @ is Bragg’s angle, and 4 is the Cu-K,
x-ray wavelength [7,34,44]. Thus, the average grain size of the film before and after heat treatment
is found to be 17 nm and 21 nm, respectively. Further, a small shift (0.08°) in the peak position is

observed. In-plane film stress is calculated on the basis of biaxial strain model: as is described in

section 3.2.3.
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Figure 3.10: XRD patterns of an AZO film before and after heat treatment in air at 423 K.
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The measured strain and stress values for the as-deposited AZO film are found to be -4.27x10° N
m2 and -0.98%, respectively (Table 3.1), which are in good agreement with our results [34].
However, this decreases to -4.20x10° N m and -0.92%, respectively, indicating a relaxation of
stress in the film due to heat treatment. Further, it may be mentioned that similar SEM and XRD

behaviours are observed for the film deposited on glass substrates (data not shown).
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Figure 3.11: (a) Temperature-dependent I-V characteristics of AZO/Si heterojunction diode, (b)
log-log plots of the forward bias characteristics of figure (a) where the arrow indicates the direction
of increasing temperature.
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Fig. 3.11(a) shows the I-V characteristics of an n-AZO/p-Si heterojunction diode at different
temperatures, varying from 293 to 423 K, where all I-V curves show the rectifying property. It is
evident from this figure that both forward and reverse currents are not only dependent on the
applied voltage but also on the sample temperature. Theoretically, the V of a semiconductor
heterojunction diode should decrease with increasing temperature [45]. However, the present I-V
data show unusual variation, where no significant change takes place in Vr with increasing
temperature in the range of 293-343 K, while it increases beyond 343 K (Table 3.2). The similar
trend is observed in the reverse saturation current (Is) as well (Table 3.2). The value of the ideality
factor (n), determined from the slope of the linear region of the forward bias log (I-V)
characteristics [46], has a typical value of 2.1+0.1. The values of n and the series resistance (Rs) at
all temperatures are calculated from the corresponding I-V characteristics and summarized in Table
3.2. To understand the mechanism behind the variation in I-V characteristics more clearly, we have
plotted the data using a log-log scale [46,47]. The log-log I-V characteristics of a heterojunction
under forward bias from 293 to 423 K are shown in Fig. 3.11(b). In this figure, two interesting
features are worth to be noted: (i) the current values at low voltages (<0.5V) shows inconsistency
with increasing temperature and (ii) a clear hump at higher temperatures is observed for
intermediate voltages (0.6<V<1.2). In fact, the behaviour up to a certain applied voltage (~0.6 V)
is Ohmic in nature and thereafter, non-Ohmic behaviour is manifested due to the thermal effects
which indicates defect activation and an increase in the electrical current [48]. For a better clarity,
the log-log plot of I-V data, measured at 373 K, is shown in Fig. 3.12.

As a result, change in behaviour of the I-V characteristics at different voltages becomes very clear.
In fact, the I-V plot can be divided into four different regimes as described below. Region-I: current

is linearly dependent on voltage, i.e. Ohmic in nature, region-1I. exponentially dependent on
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voltage, region-I11: shows a power law dependence, l<\VV® where a>1, and region-1V: there is a
sudden enhancement in current with voltage [26,49,50]. These four regions in the 1-V characteristic
are also strongly influenced by temperature, which is a signature of thermally activated charge
injection mechanism [26,49,50]. However, at lower temperatures (<343 K), the 1-V curves show a

weak temperature-dependence, which can be well described by the tunnelling mechanism

[26,49,50].
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Figure 3.12: Log-log I-V plot under the forward bias corresponding to 373 K where (1), (1), (111),
and (IV) show different conduction regimes.

Generally, temperature-dependent 1-V characteristics are explained in the framework of Schottky-
type conduction and/or space charge limited conduction (SCLC) [44]. However, the anomaly in
our results indicates that possibly different conduction mechanisms are operative in different
voltage-temperature regimes.

Fig. 3.13(a) shows In(l) versus V¥ behaviour to establish the main current conduction mechanism
in the n-AZO/p-Si heterojunction diode and these curves are further used to calculate the reverse

saturation current. It is observed that In(l) versus VY2 curves remain linear at lower voltages
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(<0.6V) but deviate at higher voltages (>0.6V), ruling out the possibility of a Schottky-type
conduction mechanism at higher voltages [51,52]. In addition, by extrapolating straight lines (not
shown in the Figure) to 0 V [Fig. 3.13(a)], we obtain the leakage current (lo) as a function of
temperature, which is further used to calculate the barrier height (&) at the AZO/Si interface. For
the calculation of ¢, In(lo/T?) is plotted as a function of 1000/T in Fig. 3.13(b), which reveals a
linear relation at higher temperatures (>383 K).
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Figure 3.13: (a) In (1) versus VY2 plot, (b) Arrhenius plot extracted from (a) for the AZO film
deposited on Si substrate.

However, the plot remains constant below 383 K, indicating a weak temperature-dependence at
lower temperatures. In fact, the constant value of In (1o/T2), up to 383 K, indicates that the current
at low bias voltages (<0.6V) is governed by direct tunnelling [51]. For this voltage regime, the
current is described by the relation:

I aVexp| 2d,/2m*§, /h], (3.1)
where 7 is reduced Planck's constant, m* is effective mass of the charge carrier, d is the width of
the interface barrier, and ¢s is the junction barrier height [52,53]. However, at higher temperatures,
thermionic emission governs the charge transport process. The I-V characteristics in this regime

obey the Richardson-Schottky (RS) equation and the current is described by the relation:
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where A* is the effective Richardson constant, & is the permittivity of AZO film, & is the
permittivity of vacuum, and q is the electronic charge [49]. Thermionic regime also shows a
variation in the leakage current, lo. Subsequent calculation of the junction barrier height
corresponding to the thermionic regime reveals an activated behavior due to the high value of
#=0.42 eV. In fact, when the temperature is low (383 K), thermal energy of the charge carriers is
low, which is not sufficient to overcome this barrier height. This indicates that different

mechanisms are operative at different temperatures [51].
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Figure 3.14: Temperature-dependent resistivity of an AZO film deposited on the SLG substrate.
Recently, it has been reported that electrical properties of ZnO and doped-ZnO change with

increase in temperature, which play a significant role in electrical transport [42,43]. To understand
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the unusual I-V behaviour of AZO/Si heterojunction described above, we have carried out
resistivity measurements of an AZO thin film at different temperatures. Fig. 3.14 shows the
temperature-dependent resistivity of the AZO film deposited on a glass substrate. Interestingly,
the experimental resistivity values show two different regimes: initially the resistivity decreases
with temperature (<343 K) and thereafter, it increases at higher temperatures (>343 K). The initial
decreasing trend in Regime-I (highlighted by the cyan-coloured block) can be correlated to the
semiconducting nature of the AZO film, whereas the subsequent trend in Regime-I1I (highlighted
by the yellow-coloured block) is in contradiction since it resembles the metallic behaviour. It is
observed from this figure that resistivity of the AZO film at 423 K is higher compared to that at
RT (293 K). In addition, resistivity of the AZO film is also measured after bringing down the
furnace temperature to RT which is found to be the same as 423K, indicating the irreversible nature
of the metallic-like behaviour. Interestingly, it is observed that the AZO film after heat treatment
has bigger gran sizes and less compressive strain and hence, should have shown a low resistivity.
However, the resistivity increases after heat treatment, which indicates that some other mechanism
is responsible for this behaviour.

Normally, Al acts as an effective donor either by substitution at the Zn sites or by creating oxygen
vacancies after sitting as an interstitial atom which in turn leads to the low resistivity of AZO films
[7,54]. In addition, these donor electrons (due to Al or oxygen vacancies), normally occupy the
higher (deeper) energy levels in the conduction band, which in turn can initiate high energy photon
absorption during the optical studies. As a result, the effective band gap (Eg) of an AZO film should
be relatively higher when compared to the separation between the minima (of conduction band)

and the maxima (of valence band) of this direct band gap semiconductor [shown in Fig. 3.15(a)].
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Such a widening in the band gap is known as Burstein—-Moss (BM) shift which depends on the

carrier density of the film, n, according to n?”® [50].
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Figure 3.15: (a) Schematic representation of Burstein—-Moss (B-M) shift, (b) the measured band
gap of an AZO film (deposited on the SLG substrate) before and after heat treatment.

It is well-known that the electrical transport properties of AZO can be understood on the basis of
the optical absorption studies. Thus, to understand the observed metallic-like behaviour of the
AZO film, we have performed the optical absorption studies before and after the heat treatment.
Since, the heat treatment is performed in air, oxygen adsorption in AZO film is likely to happen.
This can lead to a more stoichiometric nature of the AZO film due to annihilation of oxygen
vacancies, causing a decrease in the carrier concentration [42]. As a consequence, the band gap of

the AZO film after heat treatment should be lower relative to the as-deposited one. Thus, to
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understand the reason behind the metallic-like conductivity, we have measured the energy gaps of
the AZO film from the optical absorption spectra. It is observed that after annealing at 443 K, the
absorption edge shifts towards a lower energy (3.27 to 3.13 eV) [Fig 3.15 (b)]. This behaviour can
be attributed to the fact that at relatively lower temperatures (<383 K), oxygen atoms do not get
absorbed at the surface because of insufficient activation energy, whereas beyond 383 K, the
atmospheric oxygen atoms interact with the surface and in turn reduce the carrier density in the
films. In fact, due to annealing in open air, electrons get accumulated at the AZO surface and can
be trapped by oxygen molecules to form negatively charged oxygen ions [56]. These trapped
electrons lead to a reduction in the effective donor density within the oxide. A similar behaviour
has been reported in case of Ga-doped ZnO after annealing which confirms the reduction in oxygen
vacancies [43]. To fortify this fact, similar heat treatment on the AZO film, deposited on glass
substrate, is performed in vacuum (8x10® mbar) and subsequent change in the band gap
(absorption spectra not shown) is measured. Interestingly, no change in the optical band gap is
observed which confirms that annihilation of oxygen vacancies is responsible for the metallic-like
behaviour of the AZO film under consideration. Therefore, the variation in resistivity of the AZO
film has a one-to-one correspondence with the I-V characteristics of the n-AZO/p-Si
heterojunction. Based on the above discussion, we infer that the temperature-dependent charge
conduction mechanism in AZO/Si heterojunction diode is primarily governed by the AZO layer.

Based on our experimental observations, we have constructed a parametric phase diagram (voltage
versus temperature) which defines the dominating charge conduction mechanism at a fixed
temperature (Fig. 3.16). It is clear from this diagram that at lower temperatures the conduction
mechanism is governed by diffusion; however, this changes to the thermionic emission process

beyond a certain temperature.
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Figure 3.16: Voltage versus temperature parametric phase diagram for an n-AZO/p-Si
heterojunction diode.
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Reproducibility of the results have been checked on five different AZO samples (60 nm thick)
grown on both Si and SLG substrates. Interestingly, similar behaviour is observed for three
different AZO film thickness, viz. 40, 60, and 120 nm, grown on both SLG and p-Si substrates.
Thus, we conclude that the present study will provide important input to understand the effect of

self-heating of AZO-based devices, operating at high temperature.
3.3.4 Conclusions

In summary, we have deposited AZO films on SLG and p-Si substrates and performed
temperature-dependent I-V studies. I-V characteristics of the n-AZO/p-Si heterojunction diodes, at

different temperatures, reveal an unusual behaviour, which is correlated with the temperature-
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dependent resistivity of the AZO film deposited on the SLG substrate. At higher temperatures (423
K), an increase in the resistivity takes place which is attributed to the annihilation oxygen
vacancies. The metallic-like conductivity of the AZO film, at relatively higher temperatures, is
concluded to be responsible for the transition of the conduction mechanism from diffusion to the
thermionic emission mode. The present study enables us to address the self-heating effect on AZO-

based devices.

3.4 Ultra-violet absorption induced modifications in bulk and
nanoscale electrical transport properties of Al-doped ZnO thin films
3.4.1 Introduction

Thin films of aluminum-doped zinc oxide (AZO), as a transparent conductive oxide (TCO), are
widely studied for potential applications in flat panel displays, solar cells, and light-emitting diodes
(LEDs) [57]. In most of these applications, the performance of AZO-based devices is strongly
governed by the carrier density, which not only depends on the aluminum doping level but also on
the presence of local defects in AZO films [13,32,57]. In addition, statistical distributions of the
grain size, carrier density, and defects can vary from grain-to-grain which in turn give rise to a
local variation in the conductivity [58]. Thus, for a better realization of the TCO properties, it is
necessary not only to understand the bulk but also the nanoscale (local) electrical transport
properties of AZO thin films, which are considered to be quite challenging.

In order to do so, various scanning probe techniques are employed which include scanning
tunnelling microscopy (STM) [27], conductive atomic force microscopy (CAFM) [59], and Kelvin
probe force microscopy (KPFM) [60]. For instance, using STM, Likovich et al. [27] have recently
determined the trap density at the grain boundaries (GBs) of an AZO thin film to be ~10** cm™

which is ought to influence the electrical transport properties.
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Generally, changes in doping and surface defects lead to a shift in the Fermi level position which
in turn changes the work function of a material [60-63]. KPFM is considered to be a suitable non-
contact technique, which is used not only to map the work function but also to quantify the carrier
concentration [62]. The measurement of doping concentration without any contact on the sample
surface has a considerable advantage because it avoids the presence of an extra Schottky barrier at
the contact-specimen junction and has a direct correlation with nanoscale conductivity [61,63].
However, local conductivity is not only dependent on the carrier concentration alone and can be
influenced by an external excitation in terms of photo-absorption [64]. For instance, ultra-violet
(UV) absorption enhances the conductivity of an AZO window layer by direct photo-generation
even though it is considered to be an optical loss for the underneath absorbing layer of a solar cell
[65-67], leading to a poor cell performance. This can be directly assessed by studying
photoresponsivity and thus, it becomes quite important to have an in-depth understanding of the
effect of UV-exposure on the photoresponse of an AZO-based solar cell.

In this paper, we will show how UV light absorption can influence the bulk as well as nanoscale
conductivity of AZO thin films. To address this issue, we have employed combined KPFM and
CAFM measurements at RT. For instance, the donor concentration is mapped by KPFM in which
a variation in the carrier density is observed. Since the carrier density is known to play a significant
role in controlling the local charge transport, we have measured the nanoscale electrical
conductivity as well by cAFM before and after UV-exposure. An enhancement in the local
conductivity, after UV-exposure, is observed which is explained in terms of experimentally
measured bulk persistent photoconductivity. Further, UV-induced enhancement in the spectral

response (during photoresponsivity measurements) of n-AZO/p-Si solar cell is observed,
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manifesting UV absorption in the AZO overlayer should not cause a loss in the efficiency of a

solar cell which is in contrary to the common belief [64-69].
3.4.2 Experimental detail

An optimized film thickness of 30 nm was deposited simultaneously on ultrasonically cleaned
soda lime glass (SLG) and p-Si (100) (covered with a thin native oxide layer) substrates at RT
using a pulsed dc magnetron sputtering system. Similar experimental conditions and the same
commercially available target (as described earlier) was used for the growth the AZO thin films.
The crystallinity and phase identification of AZO films were performed by XRD (Bruker, D8-
Discover) in the Bragg-Brentano geometry, using the Cu-Ka radiation (1=0.1542 nm). Field
emission gun scanning electron microscope based energy dispersive x-ray (EDX) spectrometric
analysis was performed for compositional analysis of the films.

Surface morphology, local electrical properties, and local donor distribution of AZO films were
examined by atomic force microscopy in different modes using an Ir/Pt-coated silicon AFM tip
with a resonant frequency of about 75 kHz and force constant of about 2.8 N nm™. For each sample,
several images were taken from different regions to check the uniformity and to estimate the
average grain size and root mean square (rms) roughness values. AFM, KPFM, and cAFM image
analyses were carried out with the help of WSxM software [68].

The optical absorption of as-deposited AZO film (on SLG substrate) was measured by a UV-
Visible-NIR spectrophotometer in the wavelength range of 300-700 nm which was further
confirmed by bulk photoconductivity (PC) measurements. Silver paste was used to make electrical
contacts on top of the AZO film and back side of the Si substrate for studying the spectral response.
The spectral response was recorded using a commercial setup, equipped with a Keithley 2400

source meter and a lock-in amplifier where broadband illumination was provided by a xenon light
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source. The incident light power was measured with a calibrated silicon photodiode for data at
wavelengths below 1100 nm and the spectrum was normalized to the power. The device was
masked to attain an illuminated active area of 0.19 cm? In addition, bulk carrier density was

determined using a Hall measurement setup (Ecopia, HMS-5000).
3.4.3 Results and discussion

Prior to the electrical measurements, AZO films are analyzed by AFM, XRD, and EDX to look
for a possible correlation between the local charge transport and the structural properties of the
films. It is observed that AZO films are granular in nature. The average grain size (22 nm) and
distribution of grains are determined from the AFM image [Fig. 3.17(a)]. In addition, Fig. 3.17(b)
shows the XRD pattern which confirms the crystalline nature of AZO films. The dominant peak
at 20=34.1° can be attributed to the (002) reflection of hexagonal wurtzite structure, indicating the
formation of highly oriented grains along the c-axis. It may be mentioned that no signature of Al
or Al>Oz is observed in the films [13,33]. The average crystallite size (17 nm) is determined using
Scherer’s formula: D=0.9//cos where D is the crystallite size, g is the full width at half
maximum, @ is the Bragg angle, and 4 is the Cu-K, x-ray wavelength [13,33]. In addition to the
grain-related stress (described earlier), the development of intrinsic stress in polycrystalline films
is also attributed to the presence of grain boundaries. In fact, as described earlier (section 3.1.3)
recently it has been reported that with increasing grain size, the compressive stress of a crystalline
AZO film can decrease [13]. In addition, the elemental composition of the samples is studied by
EDX spectrometric analysis clearly shows the presence of Zn and O and the absence of Al or any
other metallic impurity(es) in the film [22]. A representative EDX spectrum corresponding to AZO

film grown on Si substrate is depicted in Fig. 3.17(c).
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Figure 3.17: (a) AFM image of an AZO film grown on SLG substrate, showing the granular nature
of the films, (b) shows the XRD pattern, and (c) depicts a representative EDX spectrum of the film
[Similar data are obtained from AZO films grown on Si substrates not shown].

Fig. 3.18(a) shows the optical absorption spectrum of AZO film deposited on a SLG substrate
where a sharp absorption edge around 365 nm corresponds to the bandgap (3.4 eV at RT). A close
inspection reveals small absorption in the visible range (400-700 nm). In fact, the band-gap of the
AZO film is measured from the Tauc plot [inset of Fig. 3.18(a)], which gives a value of 3.4 eV
from the intercept of a line (on the absorption edge) with the abscissa. In addition, a tail in the

range of 3.3 to 3.4 eV [Fig. 3.18(a)] can be assigned to band-edge absorption [69]. The band gap

of AZO is also confirmed by carrying out photoconductivity measurements. Fig. 3.18(b) presents
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the photoconductivity spectrum, as a function of excitation wavelength in the range of 300-700

nm, exhibiting three distinct regions: (i) 300-380 nm, (ii) 380-500 nm, and (iii) 500-700 nm.
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Figure 3.18: (a) Absorption spectrum of an as-grown AZO film at RT, where the inset depicts the
Tauc plot, showing a direct band gap of ~3.4 eV, (b) photoconductivity spectrum of the film, in
the spectra range of 300-700, taken at +5 V potential difference.

In region (i), a rapid decrease in the photocurrent is observed, which results from the band gap
absorption of AZO. On the other hand, in region (ii), one can see a slow decrease in the
photocurrent, which is a manifestation of the presence of mid-gap states induced by defects in
grains and/or at GBs. Generally, mid-gap (trap) states in ZnO-based semiconductors are deep and
therefore, show a slow photo-response [69,70]. At even higher wavelengths, i.e. in region (iii),
photocurrent drops and gets saturated due to very low absorption, indicating that the defect-related
electronic states are not sensitive to visible light (500-700 nm) [70]. In order to identify the exact
location of trap states, in the present case, we have performed transient photoconductivity
measurements, as shown in Fig. 3.19(a). As discerned, there is a low current prior to the UV (330

nm) exposure up to 100 s — called the dark current — from where it increases rapidly till the UV

light is turned off (to check the retention time of the photocurrent) after ~220 s. Interestingly, the
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photocurrent is found to decrease slowly until 2000 s and it follows the same behaviour after

multiple number of cycles (data not shown to maintain the clarity).
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Figure 3.19: (a) Study of the transient photocurrent: a sharp rise in the photocurrent by switching
the UV light ‘ON’ and the persistent photocurrent by switching it ‘OFF’ at the same voltage. (b)
A schematic representation of conduction (Ec) and valance (Ev) bands of AZO, where G is the
grain, GB is the grain boundary, and the pink lines represent the oxygen vacancy-mediated trap
states.
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An exponential fitting of this decay curve (or persistent photoconductivity), however, indicates
that it should take more than 6 h to match the dark current. Persistent photoconductivity in such
systems is attributed to fast oxygen desorption and slow absorption at GBs, due to respective UV
light exposure and its subsequent withdrawal [69-71]. The slow response in photocurrent decay is
related to the defects, which are located near the conduction band [69-71], as shown in Fig. 3.17(b)
[72]. Thus, region (ii) in Fig. 3.16(b) can be correlated to the accumulation of defects at the GBs,
leading to the evolution of defect states having distributed energy (~680 meV) within the AZO
band gap [27]. These broadly distributed energy states will eventually cause a band gap narrowing
(Eefr) [73,74], as depicted schematically in Fig. 3.19(b), followed by its sensitivity in the visible
range. In fact, most of the defects are present at the GBs, which in turn give rise to the local band

bending of conduction and valance bands, opposing the smooth electrical transport [68].

Figure 3.20: (a) Two-dimensional contact potential difference, Vcep, image (obtained from the
KPFM measurements) of an as-grown AZO film deposited on SLG substrate. The image is
recorded at a lift height of 60 nm. (b) Two-dimensional map of the charge carrier density.

Generally, electrical transport in a film depends on the work function and carrier concentration.
Thus, to understand the local electrical transport, we employ KPFM for two-dimensional mapping

of the work function and the carrier density. Mathematically, work function of a sample (@sample)

can be expressed as:
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Psample = Prip — qVerp (3.3)
where @yp, g, and Vcpp are work function of the tip, electronic charge, and the substrate contact
potential difference, respectively. Fig. 3.20(a) shows the measured Vcpp of AZO film grown on
SLG glass. Since the work function of the tip (Si coated with Pt/Ir) is ~4.85 eV [54], the measured
work function of the AZO film is found to be ~4.46+0.2 eV. The Vcpp between a metal tip and an
n-type semiconductor can be written as:

Verp = [@uip — X + (Er — E0)]/q , (3.4)
where y is the electron affinity of the semiconductor, and Er, Ec are Fermi level and conduction
band, respectively [61]. Following the above relation, Vcep data obtained from our KPFM studies
can be converted into the effective donor concentration, Cp, as:

qVcpp—PiiptX
el (35)

Cp = Ncexp
where Nc is the effective density of states in the conduction band, kg is the Boltzmann constant,
and T is the sample temperature [61]. After substituting Nc=1x10%° cm?® [75], y = 4.5 eV [76], and
®ip=4.85 eV [59], in Eq. (3.5) each pixel of the KPFM image is converted into an effective donor
concentration and plotted as a separate image [shown in Fig. 3.20(b)]. From this image, the
calculated average donor density turns out to be ~10%° cm, which is in good agreement with our
Hall effect measurement (9.1x10'° ¢cm=). The measured donor concentration is found to be
independent of thickness and matches well with literature [61], although it is known that donor
concentration mapped by KPFM shows a large spatial variation in ZnO-based thin films [61].
Since the present AZO film shows persistent photoconductivity, we expose the film under UV
light and measure the change in carrier concentration. However, a large variation in the calculated

carrier density (obtained from KPFM studies) limits us to obtain any meaningful change in the

measured donor concentration before and after UV-exposure. In absence of a reliable value of the
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donor concentration after UV-exposure, CAFM is employed to address the local electrical transport

properties of AZO films.

cAFM before & ad & CAFM after
UV-exposure

(&)}
1

eV Grain
e Dark Grain

-5 4 UV GB
= Dark GB
-10 ' '
4 8

Voltage (V)

Figure 3.21: cAFM current maps of an AZO film deposited on a SLG substrate: (a) before and (b)
after UV-exposure for 600 s. Here the scale bar varies from 0 to 5 nA for (a) and 0 to 18 nA for
(b), respectively. (c) Local I-V characteristics at a grain and the GB before and after the UV-
exposure.

Figs. 3.21(a) and (b) show cAFM images [at a tip voltage Viip=+2 V] before (dark) and after UV-
exposure, respectively. As a matter of fact, an AZO film is exposed to UV light (for a fixed
wavelength of 330 nm) for 660 s and rapidly (within 102 s) set for the CAFM measurement. As

expected, very low and distinct current spots are observed in dark [Fig. 3.21(a)], while following
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the UV-exposure, an enhanced current from grains is recorded at the same tip voltage [Fig.
3.21(b)]. It is known that a large number of charge carriers are generated after UV absorption in
the AZO film, which in turn causes an enhancement in the current [33]. In fact, this enhanced and
sustained current (in the bulk 1-V characteristics) after UV-exposure is the persistent photocurrent
(PPC) [as shown in Fig. 3.19(a)] [69]. In addition, from Figs. 3.20(a) and (b), it is clear that current
signal is much higher at grains (compared to GBs) before and after UV-exposure. This low current
at the GBs is a signature of the defect states which can trap the free carriers available for electrical
transport [23]. Further, it is inferred that all the grains are not equally conducting, which is
manifested from the local carrier concentration mapping (mentioned above). In fact, the spatial
distribution of grain size and the presence of strain or stress can also be responsible for the
observed nanoscale variation in the electrical conductivity [58]. In addition, the |-V characteristics
of a single grain and a GB before and after UV-exposure are also performed.

Fig. 3.21(c) shows the 1-V characteristics obtained from the grain and GB, using cCAFM, suggesting
the formation of a Schottky-like junction (in both cases) between the Pt tip and the AZO film
[77,78]. As discerned, a clear difference in the conductivity of grains and GBs is observed. In this
architecture, the AZO film is deposited on a SLG substrate and the Pt-coated AFM tip is used as
the top electrode, making a metal-semiconductor configuration. Hence, the carrier transport in the
metal-semiconductor contact is dominated by the majority carriers according to the thermionic
emission theory for a Schottky barrier [77,78]. In this case, the current under the reverse bias can

be expressed as [78]:

I = A*ST? exp (— Z%;) , (3.6)

where A* is the effective Richardson constant, S is the area of the metal-semiconductor contact,

e is the effective Schottky barrier height (SBH) in the presence of an image force. At a fixed
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temperature, |1 depends on the SBH according to | < exp(-q®./kBT). Thus, a change in the barrier
height, A®, from a grain to the adjacent grain boundary can be calculated from the saturation
current ratio (Ic/les) under a forward bias, where I is the saturation current for the grain and les
is the saturation current at the grain boundary which turns out to be A® = (ksT/q)In(lc/lcs). Careful
analysis results in =79 pA, while Igg turns out to be 41 pA. After putting all required values, A@
turns out be 49 meV. It needs to be mentioned that A® varies when measured at large number of
places and on an average is found to be 50+10 meV. In fact, due to the variation in SBH from
grains to grain boundaries, a modulation in the surface potential is generated which in turn gives
rise to different electric transport properties at grains and grain boundaries [confirmed by CAFM
measurements as shown in Figs. 3.21(a) and (b)]. The observed enhancement in the current at
grains after UV-exposure gives rise to a smooth conduction of charge carriers in the AZO film
deposited on the SLG substrate, which should potentially improve an AZO-based device
performance. In order to understand the role of UV absorption in the photoresponsivity of AZO-
based solar cell, we have fabricated an n-AZO/p-Si heterostructure diode and measured its
photoresponsivity at different wavelengths [36,79,80].

Fig. 3.22 shows the photoresponse of a hetrojunction (fabricated by using 30 nm AZO on p-Si) as
a function of wavelength under the forward bias condition. Plots (1), (II), and (lll) represent
photoresponse recorded in the wavelength ranges of 500-800 nm, 400-800 nm, and 300-800 nm,
respectively. From this figure, two conspicuous behaviours are noticed. For regions (I) and (l1),
the recorded photoresponses are low in magnitude and remain almost constant in the visible range
(400-800 nm). In fact, a wavelength independent the photoresponsivity is observed which can be
attributed to the transport of photo-generated electrons (minority carriers) in p-Si. On the other

hand, during photoresponsivity measurement, corresponding to plot (111), the sample got exposed
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to UV radiation leading to a strong enhancement in the photoresponsivity (by a factor of ~1.5)
even in the visible range. This enhancement can be explained in the framework of different drifting
of photogenerated electrons and holes in AZO and Si, respectively [36,79-81]. For instance, the
photogenerated electrons in AZO can easily move into Si due to a relatively low potential barrier
at the interfacial region but the holes in Si cannot tunnel through the high potential barrier [36,79-

81].
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Figure 3.22: Photoresponsivity spectra of a 30 nm-thick AZO overlayer grown on p-type Si in
different spectral ranges.

Thus, it can be inferred that UV absorption enhances the performance of an AZO-based solar cell
instead of leading to a much believed optical loss in the underlying absorbing layer.

3.4.4 Conclusions

In conclusion, we have grown AZO thin films on soda lime glass and Si substrates at room
temperature using pulsed dc magnetron sputtering technique. Optical band gap (~3.4 eV) of highly
oriented AZO films is confirmed by optical absorption and photoconductivity measurements.

CAFM investigation shows an enhancement in the local electrical conductivity at grains after UV-
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exposure which gives a smooth conduction in the film. In particular, our experimental observation
on enhancement in the photoresponsivity of an AZO/Si heterojunction diode in the visible range,
after UV-exposure, manifests that UV absorption in the AZO overlayer should not be considered
as an optical loss for the underlying absorber layer of a solar cell which is in contrary to the

common belief.

Table 3.1: Following parameters were determined for the AZO/Si hetrostructures in S1 to S4: rms
surface roughness (nm), and average grain size (nm) from AFM; peak position (26), FWHM (deg),
average grain size (nm), strain (%), and stress (N m) from XRD; turn-on potential (V), series
resistance (kQ2), and the ideality factor (n) from the I-V characteristics. Negative signs in strain and

stress values indicate their compressive nature.

AFM XRD -V
Sample
No. rms
surfa | Av. | peak Av. Stress | UM : :
ce . o : . : on Series Ideality
grain | positio | FWHM | grain | Strain | (cin .
roug . ; poten | resistance | factor
hnes | SiZé n (26 (deg) size (%) 109 tial (k) ()
(nm) | indeg) (nm) Nm-2)
s V)
(nm)
S1
(5min) | 0.63 22 34.06 0.53 17 -0.98 | -4.27 | 3.26 75 1.7
30 nm
S2
(20 1.19 26 34.07 0.44 21 -0.93 | 418 | 2.65 7.4 1.7
min)
60 nm
S3
(20 2.32 32 34.10 0.37 26 -091 | 413 | 2.25 7.2 24
min)
120 nm
S4
(30 2.78 36 34.14 0.32 30 -0.90 | -4.06 | 1.80 6.1 2.7
min)
175 nm
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Table 3.2: Various parameters extracted from I-V data.

S.N. Sample Turn on Reverse Series Ideality
potential, V1 leakage
temperature (V) current, lo resistance (€2) factor, n
(K) (mA)

1 293 3.48 0.32 444.62 2.04
2 303 3.45 0.28 342.19 2.05
3 313 3.45 0.24 317.05 2.06
4 323 3.44 0.19 313.53 2.05
5 333 3.43 0.32 303.24 2.03
6 343 3.50 0.40 309.99 2.03
7 353 3.54 0.50 333.91 2.10
8 363 3.62 0.78 367.11 212
9 373 3.71 0.92 44476 2.15
10 383 3.91 1.02 514.88 2.19
11 393 4.25 1.13 466.79 2.15
12 403 4.56 1.16 372.35 2.14
13 413 5.12 1.01 349.41 2.13
14 423 543 1.10 350.46 211
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CHAPTER 4

4. Role of polarization in charge transport: local band
bending and grain boundaries, inhomogeneous work
function and electric field induced doping

Up to this point, it has been revealed that defects (mostly in the form of oxygen vacancies) at the
GBs play a significant role in the charge transport process in AZO thin films. In fact, a potential
barrier is formed at the GBs which is expected to govern the charge transport across the same.
Thus, in order to control the charge transport in AZO, the true nature of the potential barrier at
GBs should be understood.

In doing so, in this chapter, we have undertaken the study of nanoscale charge transport properties
of an AZO layer by using cAFM, EFM, KPFM, and PFM. Here we make use of these local probe
techniques to show the novel pseudoferroelectric behaviour in AZO thin films at RT and how the
barrier forms at the GBs due to defects and it takes part in the charge conduction process from one
grain to the next. We also show how the barrier height is affected by the orientation of polarization.
In fact, we show the roles of defects and polarization in the local band bending of AZO thin films
at the grain boundaries.

In addition, we show the role of polarization on the work function at the surface of AZO thin films.
In particular, using KPFM studies, the work function of an AZO film is mapped which is found to
be spatially inhomogeneous. Further, the effect of polarization on the charge transport process is
also confirmed by cAFM. As a matter of fact, the presence of polarization in AZO films opens up

a new avenue to control the charge transport in the same. In particular, using KPFM and contact-
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mode (cont-mode) AFM, we demonstrate that work function of an AZO film can be tuned by
inducing charge carriers through an applied electric field. For instance, we show that by applying
a positive or negative bias on the top of an AZO film, electrons or holes can be induced on the
surface, which in turn decrease or increase the work function of the same, respectively. Further to
this, the role of electric field-induced doping in nanoscale charge transport is also demonstrated

by performing the local I-V measurements using CAFM.

4.1 Local probe microscopic studies on Al-doped ZnO:
Pseudoferroelectricity and band bending at grain boundaries

4.1.1. Introduction

As discussed earlier, aluminum-doped zinc oxide (AZO) offers not only high electrical
conductivity but also high transmittance, which make this material suitable for use as a transparent
conductive oxide [1-4] AZO thin films are grown by various methods such as chemical vapor
deposition, sputtering, and pulsed laser deposition [2-6]. In most cases, depending on the
thermodynamic driving force, isolated islands coalesce and the form grain boundaries (GBs). GBs
give rise to a large number of defects and in turn influence the physical properties in case of thin
films [6-10].

On the basis of Landau theory, Tagantsev has classified the doped-ZnO system as
pseudoferroelectric materials [11]. Recently, Herng et al. have demonstrated oxygen vacancy-
assisted pseudoferroelectricity model in much debatable ZnO by first-principle calculations [6],
albeit theoretically inverse domains (polarization) cannot be formed in a perfect ZnO crystal due
to a high energy barrier (>5 eV per Zn-O pair) for ion diffusion. Especially, they propose that a
spontaneous nucleation of inverted domains can be developed at GBs due to the vacancies. Given

a downward electric field, the positively charged Zn ion has been shown to move up in the vertical
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direction, causing a polarity inversion of Zn and O atoms at the adjoining sites. This in turn leaves
a trail of inversion ferroelectric domains and forms an inversion domain wall through the GBs.
Thus, the pseudoferroelectric behavior in ZnO and doped-ZnO materials may be considered to be
driven by defect enhanced structural disorder [6,13-15]. In addition, the spatial distribution of
carrier concentration, the grain size and structure, and the nature or type of GBs also play major
roles in exhibiting the pseudoferroelectric property and the local band bending [7,12]. Thus,
probing the impact of GBs on these physical properties in AZO is of immense importance and has
drawn renewed interest in both fundamental and applied physics.

It is known that defect-induced local band bending at GBs may ultimately govern the performance
of a device [6]. In fact, the presence of a potential barrier at the GB has even been shown to help
improving the performance of a polycrystalline chalcopyrite thin film based solar cell device [8].
It can be mentioned that band bending at GBs of doped-ZnO has been reported using different
indirect methods [9,12,16]. For instance, Bikowski et al. have studied the relation between the
electronic transport and the structural properties in Al- and Mg-doped ZnO and tried to correlate
their results on the basis of a predicted band bending at GBs [16]. However, a direct microscopic
evidence on the local band bending at the GBs and determination of this potential barrier in doped-
ZnO systems (e.g. AZO) is yet to be explored. Likewise, an experimental evidence on
pseudoferroelectricity in AZO is also lacking.

In order to understand the local properties at GBs, the use of scanning tunneling microscopy has
been in common place [5,8]. For instance, Likovich et al. [5] have recently demonstrated the
accumulation of traps at AZO GBs, leading to a broad distribution of the defect states below the
conduction band (~100 meV), which affects the electron transport properties. This may

consequently create a potential barrier for the carrier transport, albeit it needs to be verified
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experimentally. Recently, versatile applications of scanning probe microscopy have made it
suitable to study the local physical properties of materials as well [17]. For instance, suitably
choosing the different modes of scanning probe microscopy viz. conductive atomic force
microscopy [18], electrostatic force microscopy, Kelvin probe force microscopy [19], and
piezoresponse force microscopy [20], one can build up information on the local electrical
conduction across GBs. Recently, using scanning probe microscopy, the impact of GBs on the
charge transport properties have been studied in detail for both polar and non-polar polycrystalline
thin films [5,16,21]. In general, the local band bending at the GBs is explained in the theoretical
framework of the double Schottky potential barriers (DSPB) in nonpolar materials and the
polarization-meditated barrier in ferroelectric materials [11,12,21]. According to this model, the
orientation of polarization can strongly affect the Schottky barrier height (SBH). In fact, an upward
polarization leads to an increase in the barrier height, whereas a downward polarization is
responsible for a decrease in the same. However, to the best of our knowledge, the role of
polarization in the local band bending of pseudoferroelectric materials remains hitherto
unexplored.

In this work, we show the roles of defects and polarization in the local band bending of AZO thin
films at the grain boundaries. Since the defects at the GBs are known to play a significant role in
controlling the overall charge transport, we have undertaken the study of nanoscale transport
properties of an AZO layer by using cAFM, EFM, KPFM, and PFM. Here we make use of these
local probe techniques to show the novel pseudoferroelectric nature of AZO at room temperature
and how the barrier forms at the GBs due to the defects and it takes part in the charge conduction
process from one grain to the next. We also show how the barrier height is affected by the

orientation of polarization. The present study is due to help taking a step forward to understand
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the potential barrier formation (the local band bending) at the GBs for doped-ZnO systems in light

of both polarization and electrostatic effects.
4.1.2 Experimental

Following the same methodology in Chapter 3 (section 3.2.2), we deposited AZO thin films on
ultrasonically cleaned Pt/TiO2/SiO./Si substrates (Radiant Technology, UK) at RT. Subsequently,
the surface morphology and the local electrical properties of the AZO films were examined by an
ex-situ AFM in different modes using conductive tips (AC240TM, Electric-Lever, Olympus),
having a tip radius of 15 nm, the stiffness of 2 N m, and a resonance frequency of 70 kHz. Further,
EFM and KPFM measurements were performed in the lift mode with a user-defined lift height of
60 nm from the surface. Out-of- plane piezoresponse force microscopy and spectroscopy were
used to characterize the pseudoferroelectric behavior at RT of as-grown AZO films. It may be
mentioned that cAFM, EFM, and PFM measurements were accomplished on several films having
thicknesses in the range of 30-120 nm. In addition, cCAFM, EFM, KPFM, and PFM measurements
were performed at large number of randomly chosen places with different scan speeds (0.2 to 1
Hz) and at various scan angles (by rotating the samples) on three sets of samples deposited under
the similar conditions. However, no noticeable change in the results were found for either of them,
confirming the absence of tip-related artifacts in the present data.

In the present case, samples were placed in the silica gel-filled boxes (immediately after taking out
of the deposition chamber) and subsequently stored inside a controlled, low-humidity sample
storage unit, which in turn reduced the possibility of adsorption of water molecules on the surface
of samples. In addition, to reduce the adsorption of water molecules on film surfaces, the samples
were taken out of the container boxes just before starting the respective cAFM, EFM, KPFM, and

PFM measurements. Further, a low humidity environment was always maintained surrounding the
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main AFM setup. In fact, the used AFM setup was placed in a closed, low-vibration, and low-
humidity enclosure — filled with sufficient amount of humidity absorber (silica gel bead-filled
packets), which reduced the humidity level (close to 15%, as was measured by a commercially
available and calibrated humidity meter) within the same. Such a low-humidity level was
comparable to the one created by dry nitrogen (=8-10%) and thus, in this study, the humidity-
related issues might be safely considered as negligible to induce adsorbed water molecule-related
artifacts during the current measurements and alter their lateral resolution.

It would be important to mention that the electric transport properties at nanoscale, in particular
performed by cAFM measurements, would strongly depend on the applied force [22]. Hence, the
spring constant of the tip and the detector sensitivity were calibrated with the help of a quartz
crystal. These helped us to find out a relation between the set-points and the applied force and we
used a fixed set-point (applied force: 2 nN) during all cCAFM measurements. In fact, the use of a
constant force set-point reduced the possibility of introducing tip-related artifacts to a significant
extent [22]. The commercial software together with the Asylum Research code were used to get
the statistical distribution of active domains. On the other hand, AFM image analysis was carried
out by employing WSxM [23] and SPIP [24] softwares. For a better understanding of various
physical properties of samples and a possible correlation with the local electrical properties,
samples were also analyzed by scanning electron microscopy (SEM), x-ray energy dispersive
analysis (EDX), and x-ray diffraction (XRD).

4.1.3 Results and discussion

Fig. 4.1(a) shows the schematics on the working principles of EFM and cAFM. Prior to performing
the electrical measurements, the topography of the AZO films is investigated by AFM in the AC™

mode which provides an average grain size of 22 nm and the rms roughness of 2.3 nm [Fig. 4.1(b)].
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When zoomed into a small region, the grains and GBs are clearly seen, as is depicted in the inset
of Fig. 4.1(b). It is well-known that the grains and GBs may have different charge carrier densities.
Generally, EFM is used for the spatial mapping of accumulation of the charge carriers [21]. In the
present case, EFM image of an AZO film, recorded using a tip voltage (Vip) of -3 V, provides the
electrostatic force distribution on the surface [Fig. 4.1(c)]. The bright contrast at the GBs indicates
the strong repulsive interaction (due to the trapped negative surface charges), while the dark
contrast of the grains corresponds to a weak repulsive interaction [21]. This variation in the
intensity relates to the different accumulation of different amount of charges at the grains and grain
boundaries, which in turn leads to the different charge transport process.

Generally, cCAFM is extensively used because it can build up simultaneous information on local
electrical conduction and surface topography. In fact, a one-to-one correspondence between the
surface morphology and the current mapping, with very high lateral resolution (~5 nm in
topography and ~1 pA in current image), can be obtained from cAFM measurements [22]. In
addition, for cAFM studies, a conductive tip is used as a top electrode which gives an easy control
to perform the I-V measurements at a desired location [22]. Fig. 4.1(d) shows the current map,
obtained from a cCAFM measurement (for a tip voltage, Vip=+4 V) where the bright spots represent
the current signal. Thus, the current signal is much higher on the grains rather than that at the GBs,
which manifests that the accumulated negative charge carriers at GBs remain trapped and hence,
are not available for the electrical conduction. The trap states at GBs can create a space charge
regime, which leads to a conduction band bending due to the formation of a back-to-back Schottky
barrier at the GBs [7,12]. In order to quantify the local band bending, we have carried out the local

current-voltage (I-V) characteristics at the grains and GBs using CAFM.
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Figure 4.1: (a) Schematics of working principle of cAFM and EFM, (b) AFM topography taken in
the tapping mode where a inset shows the magnified image (100x100 nm?), representing grains
(G) and grain boundaries (GB), (c) EFM image [corresponding to Vip = -3 V], showing the
variation in electrostatic interaction on grains and at GBs, and (d) cAFM image for Viip = +4 V (F
= 2 nN) where the bright zones are conducting ones. The color bar represents 0 to 3.2 nm for (b),
0 to 2.5 nm for (c), and 0 to 10 nA for (d) [19].

Fig. 4.2(a) shows a zoomed area of the current distribution across a grain and a GB (corresponding
to Viip= +4V). In this image, the grain and the GB are marked by black and white texts, respectively,
on which the local I-V measurements are carried out. The white line drawn across the G and GB
[on Fig. 4.2(a)] yields the line profile as is shown in Fig. 4.2(b), clearly indicating a higher current

at the grain. On the other hand, Fig. 4.2(c) shows the I-V characteristics obtained from the grain
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and the GB, using cAFM, suggesting the formation of a Schottky-like junction (in each case)
between the Pt tip and the AZO film. As discerned, a clear difference in the conductivity of a grain
and GB is observed. Since, in this architecture, AZO films are deposited on Platinized-Si substrates

and the Pt-coated AFM tip is used as the top electrode, this combination makes a Pt/AZO/Pt or a

metal-semiconductor-metal configuration.
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Figure 4.2: (a) Magnified image of current distributions of AZO grain (G) and grain boundary
measured by cAFM, (b) corresponding line profile of the grain, as is obtained from (a), showing
current distribution throughout the grain. (c) I-V characteristics of grain and GB using the CAFM

tip and, (d) the semi-log (magnified) forward |-V characteristics obtained from grain and grain
boundary [19].
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Hence, the carrier transport through the metal-semiconductor (M-S) contact is dominated by the
majority carriers [26,27]. At a fixed temperature, T, saturation current, Is, depends on the Schottky
barrier height or SBH, &, according to the relation: Is oc exp(-@/nkgT). It is known that the grains
and GBs have different physical properties [18]. Thus, a change in the barrier height (A®), under
the assumption that both the grain and grain boundaries make similar contacts, can be calculated

from the saturation current ratio at forward bias, Isg/lss, Where ls; is the saturation current at
grain and lsgg is the same at grain boundary, leading to A® = nksT In(lsy/lssg). Careful analyses
resultin Is;=79 pA, while Isg turns out to be 41 pA [Fig. 4.2(d)]. After substituting all the required

values, A® turns out be 49 meV. It may be mentioned that in the course of the present study, A®
has been measured at large number of places which varies and on an average is found to be 50+10
meV. In fact, due to a variation in the SBH from the grains to grain boundaries, a modulation in
the surface potential is generated which in turn gives rise to the different electrical transport

properties at the grains and grain boundaries [as confirmed by cAFM measurements, Fig. 4.1(d)].

3.2 nm 0.45 eV

' 200 nm

Figure 4.3: (a) Shows an AFM topographical image of an AZO film and (b) localized potential
difference mapping of the corresponding surface. A close look at the scanning illustration indicates
a clear variation in surface potential due to AZO nanostructures grains [19].
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The variation in the surface potential can be directly measured using KPFM. KPFM is considered
to be a non-destructive scanning probe microscopy based technique that helps to minimize the
electrostatic interaction between the tip and the surface at each scanning point on the sample by
applying an external dc bias [28]. This yields a contact potential difference (Vcrp) between the tip
and the surface, Vcpp=(Psample - Ptip)/€, Where @sampie and Prip are the work functions of the sample
and the tip, respectively. This technique can be directly interpreted in terms of the localized work
function or the potential variation of the surface over nanoscale regions with simultaneous
illustration of the sample topography. Figs. 4.3(a) and (b) show the topography and the surface
potential distribution, respectively, of the AZO film. A clear variation in the nanoscale surface
potential is observed from Fig. 4.3(b). In fact, the nanostructured film surface with blue contrasts
have a lower work function with respect to the adjacent areas and the variation is found to be up
to 300 meV. It may be mentioned that KPFM measurement is performed at the ambient and due
to the inherent instrumental limitation, it is very difficult to probe a single GB by KPFM.
Therefore, to a good approximation, the observed variation in the surface potential can be
attributed largely due to the presence of the grains and grain boundaries [3,10,11].

In general, band bending at the GBs is explained, theoretically, in the frame work of double
Schottky potential barrier (DSPB) model, based on the formation of a space charge regime, where
grains are presumably separated by random GBs [12]. By solving Poisson’s equation, the
electrostatic potential barrier height (®eie) at the GBs and the depletion layer width (d) are given
by ®ele=Q%/8es0erNo and d=Qi/2No, respectively, where Qi=eN is the net surface charge, e is the
electronic charge, Nt is the surface density of trapped charge carriers, No is the volume density of
ionized donors in the grains, & is the vacuum permittivity, and & is the static dielectric constant of

AZO [7,12].
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Under the assumption that the barrier is a symmetrical one and considering N=10* cm [5],
No=10%° cm~ (obtained from the Hall effect and KPFM measurements), and er = 8.5+1.3 [29], the
calculated @ee and d are determined to be 28.6+3.2 mV and ~1 nm, respectively. The value of @ee
differs from the measured A® value and thus, indicates that there may be some other process(es)
involved in the local band bending at the GBs. It is observed that the measured local band bending
at GBs for different AZO film thicknesses, (viz. 30, and 60 nm) turns out to be the same within

experimental error, which matches well with the prediction of the DSPB model [12].

PFM mode

Polarization Pt-coated tip

Sio,

n-Si(100)

Figure 4.4: Schematic representation of PFM methodology [19].

As discussed above, the DSPB model may not be the sole governing mechanism for the observed
band bending in polarized materials but some other effect(s) may also be responsible for the same,
viz. polarization [6]. Thus, in order to study the involvement of polarization in band bending, we
have performed PFM measurements. In may be noted that the high spatial resolution of PFM not
only provides the information on very small (5-10 nm) domain sizes but also resolves the direction
of polarization [30]. Figure 4.4 shows a schematic diagram, explaining the PFM methodology.

Initially, PFM studies are carried out on as-obtained and cleaned Platinized-Si substrates (not
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shown) which show no signal, verifying their non-piezoelectric nature. On the other hand, Figs.
4.5(a) and (b) depict the PFM amplitude and phase images, respectively, obtained from an AZO

film deposited on a Platinized-Si substrate.
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Figure 4.5: (a) and (b) show simultaneously recorded PFM amplitude and phase images,
respectively, (c) a magnified view of the marked position on the phase image, depicting the clear
presence of grains and grain boundaries, (d) PFM phase histogram [extracted from (b)], indicating
opposite polarization at grains and GBs. (e) Hysteresis loop (obtained from switching
spectroscopy), confirming the pseudoferroelectric nature of the AZO films. Colour scales: PFM
amplitude (a) and PFM phase (b) images are 1.5 to 2.5 pm, and 120° to -220°, respectively [19].

Fig. 4.5(c) shows a magnified view of the marked area on Fig. 4.5(b) from where it is clear that
the phases at grains and GBs have opposite (180°) orientations where the phase contrast is roughly
proportional to the effective piezoelectric coefficient, dss, which is determined from the projection

of the polarization vector (P) normal to the surface (N) [30]. The bright and dark contrasts
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correspond to the polarization heads directed opposite (downward at grains) and towards (upward
at GBs) the tip, respectively [31-33]. To understand the distribution of polarization with respect to
the surface normal, we present a histogram [Fig. 4.5(d)], extracted from the PFM phase image
[Fig. 4.5(b)]. The histogram clearly shows two asymmetric peaks: one at around 18° and the other
one at around -145°. Interestingly, the area under the former peak is found to be much higher than
the latter one, suggesting the number of dipoles at the grains with downward polarization exceeds
the oppositely oriented dipoles at the GBs (with upward polarization). At the same time, the peak
broadening represents the variation in the effective polarization [30].

It may be mentioned that the PFM response image alone is not sufficient to distinguish between
the polarization and electrostatic interaction [34]. Thus, the presence of polarization in the AZO
film is also confirmed by switching spectroscopy in PFM mode (for a fixed grain and with a dc
voltage being swept in a cyclic manner), which shows the butterfly amplitude loop and the
hysteresis loop [Fig. 4.5(¢)]. Since the amplitude loop gets saturated at higher voltages, it can be
inferred that the response is piezoelectric in nature instead of an electrostatic one [34]. In addition,
the phase (@) of the piezoresponse data can be flipped by 180° beyond the coercive voltage of —1
V at the negative side and 1.8 V at the positive side which further confirms the piezoelectric nature
of the films. It is interesting to note that the hysteresis loop is asymmetric in nature and one of the
possible reasons behind this observed asymmetry can be the presence of strain in the studied film.
In fact, for ferroelectric materials, this type of asymmetric behaviour originates from the presence
of strain [35,36]. On the other hand, the presence of noise in the butterfly loop [Fig. 4.5(e)] can
originate particularly in the case of a weakly polarized material like AZO (unlike ZnO). Thus, our
measurements provide direct and clear evidence of pseudoferroelectricity in AZO films at RT. It

can be mentioned that Herng et al. have recently reported pseudoferroelectricity even in ZnO [6].
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As discussed above, the downward polarization at grains reduces the barrier height through direct
polarization induced charges [21]. The change in the barrier height due to polarization (@po) can
be calculated using the simple dielectric gap model [21,37]. According to this model, the change
in the barrier height due to polarization is given by Pdl/eoer, where P is the polarization and o is
thickness of the interface layer (e.g. length of a single unit cell along the c-axis for wurtzite ZnO)
[29]. After substituting all the required parameters, such as P=5.5 uC cm2 [38], §=0.5206 nm [3],
and &=8.5+1.3 [28], @pa is found to be 330 meV which is quite consistent with our KPFM
measurements. However, further studies, namely, temperature-dependence of I-V spectroscopy in
conjunction with first-principle calculations, are needed to reveal the exact nature of the metal-

pseudoferroelectric barrier at the AZO surface.

Upward
shift

Grain
=R Downward
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Figure 4.6: Schematic representation of band bending at GB where blue and red lines represent the
Schottky barrier (®ele), the polarization-induced barrier (@par), and the total barrier height (®iota),
respectively. Pseudoferroelectric domains are marked by arrows.

Based on these information, the SBH and polarization-induced berried height (PBH) are presented

schematically in Fig. 4.6, where the grains and GBs show downward and upward polarization,
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respectively (shown by the up and down arrows). These polarization induced charges are due to
give rise to the local band bending, affecting the local electrical transport. Reproducibility of these
results are checked on three different AZO thicknesses (30 and 60 nm) grown on Platinized-Si
substrates. Interestingly, similar behaviour is observed for all samples. These direct measurements
confirm that in case of AZO films, the local band bending at the GBs takes place through the local

Schottky barrier formation and direct piezoelectric effects.
4.1.4 Conclusions

In summary, we demonstrate a first conclusive experimental evidence on nanoscale room
temperature pseudoferroelectricity in preferentially oriented thin films of aluminium-doped zinc
oxide (AZO). Local probe microscopic measurements like cAFM, KPFM, and PFM indicate that
pseudoferroelectricity in the films gives rise to the polarization-driven barrier formation, which in
conjunction with the defect-induced electrostatic potential barrier match well with the
experimentally observed local band bending at the grain boundaries. The present observation of
the polarization-driven potential barrier formation can be a benchmark for understanding the
charge transport process across the GBs in AZO films and even in other pseudoferroelectric
materials. However, more detail investigations are underway to address the local band bending at
AZQ grain boundaries in light of roles played by the type and nature of the grains and GBs. The
present findings are also crucial to design AZO-based polarization controlled transparent

transistors, memory devices, and window layers.

4.2 Field-induced doping-mediated tunability in work function of Al-

doped ZnO: Kelvin probe force microscopy and first-principle theory
4.2.1 Introduction
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An electrical contact, having a metallic-like conductivity and high optical transparency, is an
essential part of modern optoelectronic devices such as solar cells, light emitting diodes, etc. [1].
This contact is directly connected to the active material which is generally a semiconductor and
hence, from the application point of view, a smooth charge transport should take place between
them [39,40]. However, the work function (W) of a contact material is found to be different from
the active material, which in turn generates an electrostatic potential barrier at the interface. This
potential opposes the charge transport across them and as a consequence, the efficiency of the
device gets reduced [3]. Thus, to achieve a state-of-the-art performance of a device, the key
requirement is to have a minimal mismatch between the work functions of a contact and the active
material [41].

Generally, Sn-doped In2O3 (ITO) is used as a transparent contact material for above mentioned
devices [42]. However, due to its high cost and toxic nature, Al-doped ZnO (AZO) thin films have
emerged as one of the most promising candidates to replace ITO [43]. In fact, an Al atom replaces
a Zn one and acts as an electron donor in the ZnO matrix, causing a metallic-like conductivity
[25,43]. In addition, Al-doping pushes the Fermi level in the conduction band (CB) and as a result,
an increment in the effective optical band gap is observed — known as Burstein-Moss (BM) effect
[44]. This effect not only reduces the work function of AZO, in comparison to ZnO, but also opens
a new avenue to explore the possibility of tuning the Fermi level (or the work function) by varying
the Al-doping level [45]. In fact, using the first-principle theory (density functional theory), it has
been predicted that electron density in the CB can be changed by varying Al-doping which in turn
gives rise to an upward shift in the Fermi level [45]. However, experimentally, it is found that the
maximum carrier density or minimum resistivity of ZnO can be achieved by adding most soluble

level (e.g. ~2 wt.%) of Al-doping [43]. In fact, large Al-doping (>2 wt.%) leads to the formation
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of insulating Al.Oz in the ZnO matrix, which in turn increases its resistivity and makes this material
unsuitable for use as a transparent conductive contact [43]. Thus, tuning of the Fermi level or the
work function of an AZO film, having an optimized Al-doping (e.g. 2 wt.%) level, is not only
important for fundamental point of view but also to design a suitable Ohamic contact for advanced
functional devices.

In the present scenario, it has been reported that the charge density in a semiconductor can also be
controlled by applying an external electric field [46]. In fact, recently, using the local probe
microscopic techniques, Kumar et al. have shown that the work function of Cu and Co-doped ZnO
can be tuned by applying an external electric field, albeit due to high resistivity of these materials,
they cannot be used as transparent contacts [46,47]. However, to the best of our knowledge,
achieving a field-induced doping-mediated tunable work function and in turn its effect on charge
transport in Al-doped ZnO, which offers a good optical transmittance and low resistivity, is yet to
be explored.

In this paper, using Kelvin probe force microscopy (KPFM) and contact-mode (cont-mode) atomic
force microscopy (AFM), we demonstrate that work function of an AZO film can be tuned by
inducing charge carriers through an applied electric field. For instance, we show that, by applying
positive or negative bias on the top of an AZO film, electrons or holes can be induced on the
surface, which in turn decrease or increase the work function of the same, respectively. Further to
this, the role of electric field-induced doping in nanoscale charge transport is also demonstrated
by performing local I-V characteristics using conductive atomic force microscopy (CAFM). Our
experimental findings are confirmed by first-principle density functional theory (DFT)-based
calculations. This study is not only important to design an Ohamic contact for different

optoelectronic contact but also for fundamental aspect of physics.
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4.2.2 Details on first-principle simulations

In order to understand the role of field-induced charge doping on the work function of AZO, ab
initio DFT was used by employing the PWscf code of the Quantum ESPRESSO distribution [48].
We employed fully-relativistic, projector-augmented wave potentials. The Perdew-Burke-
Ernzerhof functional (PBE) for the exchange-correlation energy was used. Initially, we used the
experimentally measured lattice parameters of AZO as the starting geometry and then it was
minimized to the total energy as a function of the lattice parameters until it changed by less than 2
meV. The Brillouin zone (BZ) integration was performed with a Monkhorst-Pack grid of 12x12x4
k-points and using a Gaussian broadening of 0.002 Ry~=27 meV. The convergence with respect to
the number of k-points as well as the wave-function and charge density cut off was checked. The
self-consistent solution of the Kohn-Sham equations was obtained when the total energy changed
by less than 1078 Ry and the maximum force on all atoms was less than 5x10° Ry a* (a=~0.529 A
is the Bohr radius).
4.2.3 Experimental

Following the same methodology in Chapter 3 (section 3.2.2), we deposited AZO thin films
on ultrasonically cleaned Pt/TiO2/SiO>/Si substrates (Radiant Technology, UK) at RT. The local
charge transport properties of AZO films were studied using similar techniques as described in
section 4.2.2. In addition, the compositional analysis of AZO thin film was carried out by using x-
ray photoelectron spectroscopy.
4.2.4 Basics of KPFM measurements and electric filed-induced doping
Figs. 4.7(a)-(c) depict the schematic of the working principles of charge doping and KPFM
measurement. In fact, electric field-induced charge doping (field doping) and KPFM

measurements are performed using a two-fold overwriting process. In this process, first we scan
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an area in the cont-mode, without [Fig. 4.7(a)] and with [Fig. 4.7(b)] a positive or negative tip bias
which in turn induces charge carriers over this area accordingly (so far their polarity is concerned).
In the second step, a larger area, around the first scanned area as the central one, is scanned in
tapping mode — with a lift height of 60 nm and at the zero tip bias — which maps essentially the

contact potential difference (Vcpp) between the tip and the sample [Fig. 4.7(c)].
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Figure 4.7: (a)-(c) show the schematic representation of charge induction using contact-mode
(cont-mode) and subsequently mapping using KPFM technique.

4.2.5 Results and discussion

Compositional analysis of AZO films is carried out by XPS measurements. The survey spectra
(not shown) of all samples do not reveal the presence of any undesirable species (impurity or Al
in the near surface region). Figs. 4.8(a) and (b) depict Zn 2p and O 1s core level spectra

corresponding to the 120 nm-thick AZO film. It is observed that XPS spectra of the Zn 2pz and
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Zn 2p12 levels are nearly centered at binding energy values of around 1021.4 eV and 1044.5 eV,
respectively, corresponding to Zn atoms at regular sites of an AZO lattice [52]. The difference in
the binding energies of Zn 2ps;» and Zn 2py2 is found to be 23.1 eV, which is a characteristic value
of AZO [53-55]. On the other hand, individual O 1s peak is deconvoluted to have three distinct
curves centered at binding energies around 530, 531.4, and 532.1 eV. The lowest binding energy
curve at 530 eV is attributed to O atoms at regular lattice site (O) i.e. O atoms in regular Zn-O
bonds. In other words, the intensity of this peak is a measure of the amount of oxygen atoms in a
fully oxidized stoichiometric surrounding [52,54]. The intermediate binding energy of 531.4 eV is
associated with O atoms in the oxygen deficient regions (Oy) within the AZO matrix and hence,
the intensity of this component may be attributed to the oxygen vacancies (Oy). The peak
corresponding to the binding energy of 532.1 eV is attributed to the presence of loosely bound
oxygen (Oi) at the surface of AZO films, belonging to either of the species such as adsorbed H20

or Oz on the surface of AZO films [52,54,55].
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Figure 4.8: (a) and (b) depict Zn 2p and O 1s XPS spectrum, respectively of this film. Similar
results are obtained for AZO films having different thicknesses [55].

Another crucial observation is the measured relative percentages of O, Oy, and O; are found to be

32, 40, and 28%, respectively, which indicate that the AZO film is oxygen deficient (because of
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the highest relative value of the Ov component). However, Al concentration is below the detection
limit of the present XPS setup and is thus, not discussed here. The presence of oxygen vacancy
can generate a dipole inside the film which may be useful for charge induction [46]. In fact, the
presence of defects increases the noncentrosymmetric nature of doped-ZnO system, leading to the
induction of a spontaneous polarization in the same [6]. This spontaneous polarization generates
electrostatic charges at the surface, causing a change in the work function of the AZO film.

In general, it is known that an electrostatic charge can be generated on the surface of a material by
scanning a neutral metal-coated AFM tip on the same in cont-mode on the surface and this
phenomenon is known as contact electrification [56]. Thus, to rule out the possibility of any contact
electrification, first we scan a smaller area (5x5 um?) of the same film (120 nm-thick) in without
any tip bias and then map Vcpp over a bigger area (8x8 um?). Figs. 4.9(a) and (b) show the surface
topography and the Vcpp map of the film corresponding to the bigger scanned area, respectively.
It is noticed that the surface potential does not change after scanning the tip at 0 V bias, confirming
that sliding of the AFM tip on the AZO film does not generate any kind of charge on its surface.
On the other hand, if the above-mentioned steps are repeated with a tip bias, Vip=+2 V then surface
topography remains the same [Fig. 4.9(c)], albeit a clear change in Vcep (~40 mV) is observed
from the first scan area, yielding a different work function [i.e. the central area of Fig. 4.9(d)] with
respect to the surrounding one. In fact, Vip=+2 V generates a higher electron density at the surface
through electric field mediated charge induction process which in turn decreases the work function
of the film over the scanned area. It is observed that the induced electrons are uniformly distributed
over a desired scan area and are sustained for a long time. As a matter of fact, we have confirmed

that without any external bias, Vcpp remains in its mapped state for more than 24 h at RT, albeit
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after each 4 h, a 10% decrease takes place in the same. Similar effects are observed for films having

different thickness values.

After +2

%" B a=us

Figure 4.9: (a) and (b) represent the topography and the Vcpp map, respectively of the AZO film
after scanning the AFM tip in cont-mode with 0 V at a central area, depicting no change in Vcrp,
while (c) and (d) represent the same but after scanning a central area of 5x5 um? with +2V. Scale
bar is 0 to 2.6 nm for (a) and (c), whereas it is 0.38 to 0.45 V for (b) and (d).

It may be mentioned that charge doping in an AZO film can also depend on the magnitude as well
as polarity of the applied tip bias, Viip. Hence, charge doping due to Viip=+2 to +10 V [Fig. 4.10(a)]

and -2 to -10 V [Fig. 4.10(b)] with an interval of 2 V, are performed over an area of 5x5 pm? and
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subsequently the Vcpp values are measured from the same. Interestingly, Vcrp increases in a
systematic manner due to the scanning performed with positive values of the tip bias, whereas it
decreases for the negative tip bias values (relative to the surrounded undoped region). For a better
clarity, line profiles of Figs. 4.10(a) and (b) are shown in Figs. 4.10(c) and (d), respectively. A
conspicuous behaviour is observed form both the figures: Initially, the surface potential (at low
values of Viip) varies linearly and then it deviates at higher values of tip bias. In addition, it is
observed that a change in the contact potential difference at negative Vip values are much higher
in magnitude compared to the corresponding positive ones, indicating that the induction of holes
in the AZO film is relatively easy with respect to electrons. Such a behaviour can be attributed to
the high electron affinity of AZO [57,58].

In fact, a negative tip bias induces positive charges (holes) at the surface which in turn decrease
the effective electron density in an AZO film. As mentioned above, Vcpp can be converted into
effective charge density at the surface. Thus, Eqn. (4.3) is used to calculate the respective effective
donor density after applying different positive and negative tip voltages. After substituting
Nc=1x10% cm?[57], x = 4.5 eV [58], and ®:ip=4.85 eV (measured with respect to a clean highly
ordered pyrolytic graphite, HOPG), in Eqn. (4.3), each pixel of the KPFM image is converted into
an effective donor concentration. The effective donor density corresponding to the unbiased, after
scanning with positive bias (+2 V), and negative bias (-2 V) are found to be 1.83x10%° cm,
3.32x10% cm®, and 1.11x108 cm, respectively. However, a large variation in the calculated
carrier density values (obtained from the KPFM studies, performed at higher Vi values) limits us
to obtain any meaningful change in the measured effective donor concentration [19]. On the other
hand, based on the measured Vcpp values, we do observe a meaningful change in the AZO work

function corresponding to the different Viip values (for both polarities).
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Figure 4.10: (a) and (b) show the relative change in the Vcep maps of an AZO film after scanning
with Vip=+2 to +10 V and Vip=-2 to -10 V with an interval of 2 V. (c) and (d) depict the
corresponding line profiles. Figures (a) and (b) are 3D images, showing the relative changes with
the respective surrounding ones and hence, do not have any height scale bar.

The work functions of as-deposited and charged-AZO are shown schematically in Fig. 4.11(a),
which clearly indicates that the measured work function will be different after charging. On the
other hand, variation in the work function as a function of the applied tip bias is plotted in Fig.
4.11(b), which shows that the work function initially increases/decrease (for applied
negative/positive tip bias), whereas it gets saturated (for both the polarities) at higher tip bias
values. The observed saturation can be attributed to the presence of polarization in the AZO film.

In fact, the saturation at higher tip bias values indicates that most of the dipoles in the AZO film

flip along the electric field direction for Vip > 2 V and thus, no significant change in the work
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function is expected at higher applied fields. Similar behaviour is manifested by all the films
having different thickness values. The presence of polarization in the films is also confirmed using

piezoresponse force microscopy (data not shown).
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Figure 4.11: (a) Schematic representation of variation in the work function after charge doping and
(b) shows the variation in the work function as a function of the applied tip bias.
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Such an applied field-induced doping-mediated tuning of work function should play a role in
charge transport across the AZO films. Thus, in order to explore the behaviour of charge transport
due to the tuning of its work function, 1-V measurements are performed using cont-mode AFM at
a fixed point and for a large number of cycles. Likewise, the fixed point I-V measurements, for a
large number of cycles, are performed at more than 150 randomly chosen spots on the film, which
manifest the similar behaviour (within the experimental error). These results indicate the uniform
nature of the film and a high degree of reliability in terms of field-induced doping-mediated tuning
of the AZO work function. In fact, in the first cycle of the I-V measurements, the tip not only
measures the current from the fixed point but also induces charge into the same. These induced
charges modify the work function and in turn change the tip-sample barrier height for the next
cycle. Indeed, the barrier height at the tip-sample junction for each subsequent cycle is different
which in turn gets reflected in the turn-on potential (in comparison to the previous cycle) of I-V

characteristics as described below.
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Figure 4.12: 1-V characteristics obtained from cont-mode AFM measurements performed at a fixed
point for nine different cycles for positive tip bias.
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Fig. 4.12 shows the I-V characteristics for a large number of cycles obtained from cont-mode AFM
measurements performed on the film. From this plot, it is observed that the turn-on potential
decreases systematically for positive cycles (red arrows indicate an increase in the number of
cycle). In addition, the 1-V characteristics suggest the formation of a Schottky-like junction
between the Pt-tip and the AZO film [19,59]. As discerned, a clear variation in the turn-on potential
for different cycles (i.e. unipolar cases) is also observed which corroborates well with change in
the work function with differently applied tip bias values. Another important point is that no
change in the turn-on potential takes place for large number of cycles (data not shown) if the 1-V
characteristics are performed for both positive and negative cycles. These results depict that not
only the work function but also charge transport can be tuned by an externally applied electric field
on the sample surface (through the AFM tip).

The effect of field doping on the work function is also calculated using ab initio first-principle
theory. Fig. 4.13(a) shows the side-view of a (3x3x3) AZO supercell where the big green spheres
indicate the Zn atoms, small red spheres correspond to the O atoms, and the yellow sphere indicates
the Al atom. In the present case, a Zn atom is replaced by an Al atom from randomly chosen sites,
however, no significant change in the results is observed. It is known that the band gap (Eg) of
AZQ is around 3.4 eV (at RT), whereas the simple DFT result predicts the gap to be 0.7-0.95 eV,
underestimating Eq by more than 50% [60]. This is expected as a typical DFT error (band plots not
shown) and can be improved by using the Coulomb parameter (U) [61]. Here, we use U=8.5V as
an optimal value (with respect to energy minimization) for a better understanding of the electronic
structure to explain the work functions of a neutral and a charged unit cell. In addition, it needs to
be mentioned that the experimentally calculated doped charge density is converted into the charge

per unit cell, n (i.e. e/unit cell, where e is the elementary charge) and further used in DFT
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calculations [62]. Since the volume of a (3x3x3) unit cell is around 142.74 A3, the doping of one
electron per unit cell corresponds to a doping density of ~7x10%* cm™. Therefore, the

experimentally calculated doping density (~3.32x10%! cm) is converted into the charge per unit

cell and it turns out to be 0.47.
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Figure 4.13: (a) Supercell of AZO, (b) shows the variation in electrostatic potential of AZO along
the z-direction, and (c) shows the variation in work function as a function of field-induced charge
doping.

Fig. 4.13(b) depicts the variation in electrostatic potential as a function of atomic coordinates for
an AZO film. The vacuum potential was taken to be at the half way point of the vacuum slab
because at this position, the influence of the adjacent unit cell may be negligible [63]. The work

function is a difference between the vacuum potential (Evac) and the Fermi energy (Ef) and

mathematically it can be written as: @ = Evac — Er. The estimated work function is found to be 4.25
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eV, which matches well with the existing report [64]. In addition, it is important to mention that
we are using a defect-free AZO unit cell for our study, whereas the observed work function is due
to get modified after using structural defects. However, here our main aim is the theoretical
understanding of the behaviour of work function after charging and not to determine its absolute
value form the DFT calculations. Interestingly, it is observed that the work function varies linearly
with changing the electron doping per unit cell, confirming the charge doping-dependent change
in the work function [Fig. 4.13(c)] [46,47]. In addition, it is interesting to note that at lower tip
voltages, experimentally observed change in the work function varies linearly, which deviates at
higher tip bias values. This is in contrast to the results obtained from DFT calculations where the
work function also increases linearly with increasing applied Vip values. One of the possible
reasons behind this mismatch is that in our DFT calculations, we are not considering the presence
of polarization. In addition, we want to mention that a 120 nm-thick AZO film, simultaneously
deposited on a glass substrate, shows a high average transparency (85%) (in the visible region)
and low resistivity (~10° Q-cm), confirming the fabrication of a transparent contact. Interestingly,
similar behaviour is observed for two other different AZO film thicknesses, viz. 30 and 60 nm,
grown on both Platinized-Si and glass substrates. Thus, we conclude that the present study
provides important inputs towards tuning field-effect doping-mediated work function and the

charge transport processes in a TCO like AZO.
4.2.5 Conclusions

In conclusion, we have grown AZO thin films on Platinized-Si substrates at room temperature
using pulsed dc magnetron sputtering technique. The structural and compositional properties of
highly oriented AZO films are confirmed by SEM, AFM, XRD, and XPS measurements. In

addition, the tuning of work function of the AZO film due to an applied electric field-induced
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charge doping (through the AFM tip) is performed using KPFM measurements which corroborates
well with the charge transport processes in the film, as is measured by cont-mode AFM. This is
further substantiated by cAFM investigations, which show a systematic change in the turn-on
potential at a fixed point as revealed from the local 1-V characteristics, indicating the tunability of
work function of AZO. Our experimental findings are further confirmed by calculations based on
first-principle density functional theory. Tuning the work function and in turn charge transport of
AZO by injected charge (field-induced doping) has a direct application in different optoelectronic

devices, which use such optically transparent contacts materials.
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CHAPTER 5

5. Role of structural defects on charge transport in
Cu-O thin films

Generally, copper is found in two oxide states, viz. cuprous oxide (Cu20) and cupric oxide (CuO)
having the band gaps of 2.1 eV and 1.2 eV, respectively [1]. The band gaps of these
semiconductors make them good candidates for photovoltaic devices (e.g. solar cells and
photolysis of water splitting), catalysts, sensors, stable electron sources, and optoelectronic devices
[1]. Out of them, CuO is attractive as a selective solar absorber due to its high solar absorbance
and a low thermal emittance. On the other hand, due to a smooth conduction, Cu20 is a very
promising candidate for solar cell applications [1,2]. Thus, in order to make an efficient and stable
solar cell, a polycrystalline thin film of Cu-O (e.g. a mixed phase of CuO and Cu20) is used [3].

Generally, copper oxide exhibits a p-type conductivity because of copper vacancies [4]. In fact, it
is observed that the formation energy of copper vacancies in copper oxide is much lower than the
oxygen vacancies, copper interstitial, and copper anti-site, which in turn make this an intrinsic p-
type semiconductor [4]. Thus, the main conduction arises from the presence of holes in the valence
band (VB). Polycrystalline films of Cu-O have been prepared by various techniques such as
thermal oxidation, electro deposition, chemical conversion, chemical brightening, spraying,
chemical vapor deposition, plasma evaporation, magnetron sputtering, and molecular beam
epitaxy [5-8]. Out of these, the sputter deposition technique is a useful way to grow high quality
Cu-0 thin films under a controlled copper-rich (oxygen-poor) condition, which is a fundamental

need to fabricate Cu-O based electronic and optical devices [9].
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It is worth to mention here that the charge transport across the thin films depends on the
crystallinity [10]. Thus, to get a better efficiency, an in-depth understanding on the role of
crystalline nature in charge transport is needed [11]. In this chapter, we have studied the role of
crystallinity on charge transport properties of polycrystalline Cu-O thin films using local probe
techniques. This study will open a new avenue to design a solar cell, with Cu-O as the absorber

layer, having an improved efficiency.

5.1 Structural defect-dependent charge transport in Cu-O/Si studied
by Kelvin probe force microscopy and conductive atomic force
microscopy

5.1.1 Introduction

The quest for memristor or resistive random access memory (ReRAM) is driven by a cost-effective
process to develop a low power, dense, stable, and fast nonvolatile random access memories [12].
Generally, in ReRAM cells, a transition-metal oxide is used as a sandwich layer between two
electrodes where the resistance of the oxide layer can be switched electrically from a low resistance
state (LRS) to a high resistance state (HRS). As a result, a hysteresis loop appears in the current-
voltage (I -V) characteristics which is a signature of memory [12-14]. In fact, due to a suitably
applied bias, dielectric break down takes place, leading to the formation of oxygen ions, their
migration, and the formation of a subsequent conductive path which is known as a filament. This
filament is responsible for LRS, whereas rupturing of the same, due to Joule heating, gives rise to
HRS [12-14]. Transition-metal oxides such as NiO, Cu-O (Cu.0 and/or CuQ), TiO2, HfO2, ZnO,
and SiO; are some of the promising materials for memristive applications [13,14-21]. Among these
materials, copper oxide (Cu-O) has attracted a considerable attention not only due to an easy

processing of efficient and compact ReRAM but also because of its nontoxic nature, relative
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abundance on earth, and for a range of advanced applications [22-24]. For instance, superior
retention time and excellent cyclic endurance have been reported in Cu-O based memories [23].
In a recent report, Han et al. have shown the suitability of Cu-O thin films for integrated and
wearable electronics [24]. In addition, they claim that an excellent performance in resistive
switching (RS) can be achieved if copper oxide is present in the mixed phase and has a 8:1 ratio
of Cu20 and CuO. As a matter of fact, it is suggested in various reports that a Cu>O-rich film is
needed to achieve an excellent device performance [18,22-24].

Generally, copper vacancies (defects) in Cu-O act as a p-type dopant (acceptor), which in turn
makes this oxide a conductive p-type semiconductor, whereas oxygen vacancies are found at donor
sites and responsible for n-type conductivity [25]. These vacancies not only govern the charge
transport in Cu-O films but are also responsible for RS [21,23-26]. However, the influence of
defects on charge transport and/or RS in copper oxides is still not clear. Therefore, it is important
to study the role of structural defects to understand the RS behavior as well as the formation of
conduction paths in Cu-O films.

In order to confirm the presence of RS in a material, various bulk and local techniques are applied.
Versatile applications of scanning probe microscopy (SPM) have made it suitable to study the
nanoscale physical properties of materials [15]. Among different modes of SPM, conductive
atomic force microscopy is used extensively because it can build up simultaneous information on
local electrical conduction and surface topography. In fact, a one-to-one correspondence between
surface morphology and current mapping, with very high lateral resolution (~5 nm in topography
and ~1 pA in current image), can be developed by cAFM [16]. In addition, in CAFM, a conductive
tip is used as a top electrode which gives an easy control to perform I-V measurements at a desired

location.
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Normally, change in defects lead to a shift in the Fermi level position, which in turn changes the
work function of a material [17,18]. Kelvin probe force microscopy is considered to be a suitable
non-contact local probe technique which is used not only to map the work function but also to
quantify the carrier concentration [27,28]. The measurement of doping concentration without any
contact on the sample surface has a considerable advantage because this avoids the effect of an
extra Schottky barrier at the contact-specimen junction. This local quantification of carrier
concentration has a one-to-one correspondence with nanoscale conductivity [28,29].

In this work, we show the importance of structural defects on the RS behaviour of rf magnetron
sputter deposited copper oxide thin films. X-ray diffraction is used to investigate the crystalline
nature and evaluate the dislocation density of the films. In addition, KPFM is used to quantify the
carrier density, whereas cAFM studies demonstrate the crystallinity-dependent presence and
absence of bipolar resistive switching. Further, we present the experimental evidence on nanoscale
filament formation from cAFM images and discuss the mechanism of switching behavior at

nanoscale in detail.
5.1.2 Experimental detail

Cu-O thin films of thickness of 200 nm (measured by Ambios, XP-200 surface profilometer) were
grown at room temperature on ultrasonically cleaned and native oxide covered low resistive (p=0.5
Q cm), n-Si (100) substrates. Commercially available 99.99% pure Cu20 target (MTI Corporation,
USA) was used for depositing Cu-O thin films. A base vacuum of 1x10” mbar was achieved in
the deposition chamber (Excel Instruments, India) and subsequently ultra-pure (99.999%) argon
gas was injected (with a flow rate of 30 sccm) into the same to maintain the working pressure of
5x10° mbar during sputtering. A rf power of 100 W (frequency=13.56 MHz) (Cesar, Advanced

Energy, USA) was supplied to the target during deposition and the substrates were rotated with a
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speed of 3 rpm to achieve a uniform film thickness. The target-to-substrate distance was fixed at
8 cm. The deposition was carried out at 0° (called S1) and 50° (called S2) angles of incidence
(measured with respect to the surface normal) of the flux. It may be mentioned that the film
deposited at normal incidence (S1) had a growth rate of 8 nm min™, while it was 5 nm min for
the case of growth at 50° oblique incidence (S2). Hence, a higher time was required to deposit the
same thickness for the oblique incidence.

The crystallinity and phase identification of Cu-O films were performed by XRD (Bruker, D8-
Discover) in Bragg-Brentano geometry, using the Cu-Ka radiation (1=0.1542 nm). For the present
study, similar slit width, sample areas, and scan speeds were chosen to achieve uniform results
from S1 and S2. In addition, surface morphology and local electrical properties of Cu-O films
were examined by ex-situ AFM in different modes using conductive Pt-coated tips having ~30 nm
radius of curvature, ~2 N m? stiffness, and a resonance frequency of ~70 kHz. It may also be
mentioned that both cAFM and KPFM measurements were performed at large number of randomly
chosen places with different scan speeds form 0.2 to 1 Hz and at various scan angles (by rotating
the samples) on three sets of samples (for both S1 and S2), deposited under the similar conditions
to minimize tip-related artifacts in the present data [30]. In addition, the present AFM setup is
equipped with nanopositioning closed-loop sensors (NPS™), making it possible to reproducibly
position the cantilever at a point of interest and measure the I-V characteristics on the same using
the pick a point force curve interface [31].

A Pt-coated conductive probe was used as the top electrode, whereas the bottom electrode was
made on the back of the Si substrate using silver paste. This led to the formation of a Pt/Cu-O/Si/Ag
heterojunction. It would be important to mention that the electric transport properties at nanoscale,

in particular performed by cAFM measurements, would strongly depend on the applied force [16].
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Hence, the spring constant of the tip and the detector sensitivity were calibrated with the help of a
quartz crystal. This helped us to find out a relation between the set-points and the applied force
and we used a fixed set-point (applied force: 20 nN) during all cAFM measurements. In fact, the
use of a constant force set-points should reduce tip-related artefacts to a significant extent [16].

All recorded images were analyzed using WSxM [31] and ImageJ [32] softwares.
5.1.3 Results and discussion

Therefore, to study the local electrical transport properties, information on the film topography

will be useful. Thus, besides cAFM and KPFM measurements, Cu-O film morphologies are also

recorded.

Figure 5.1: Plan-view SEM images of copper oxide thin films sputter deposited at (a) 0° (S1) and
(b) 50° (S2). Plan view HRTEM images of (c) S1 and (d) S2. The insets show respective cross-
sectional TEM images.
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Scanning electron micrographs of copper oxide thin films deposited at normal incidence (S1) and
an oblique angle of 50° (S2) are shown in Figs. 5.1(a) and 5.1(b), respectively. Top view of S1
thin film shows the presence of a granular morphology, having dimension of grains in the range
of 20+£10 nm [Fig. 5.1(a)]. On the other hand, in case of obliquely deposited films, the size of the
grains becomes bigger (60£10 nm) and they evolve in triangular in shapes [Fig. 5.1(b)] [33,34].
The experimental parameters like target to substance distance (80 mm), radio-frequency power
(100 W) and the oblique angle of deposition (50°) are chosen in such a way so that as-grown films
will be continuous in nature and not sufficient enough to create a dominant shadowing effect at
substrate to grow well-separated columnar structures of copper oxide films. In the plan-view
HRTEM image of S1 film, three different lattice spacing (of about 2.1 A, 2.5 A and 2.9 A) are
found which closely correspond to d-spacing values of (200), (111), and (110) set of planes of
Cu20 [Fig. 5.1(c)]. On the other hand, in the plan-view HRTEM image of the S2 film the measured
d-spacing turns out to be 2.5 A which corresponds to (111) set of planes of cubic Cu2O [Fig.
5.1(d)].

It is well-known that an AFM phase contrast image gives a better resolution, making it possible to
detect very small features, which may otherwise remain hidden in a topographic image. A careful
observation of AFM phase image (not shown) obtained from S1 and S2 reveal that films are
granular in nature with average grain size of 30 and 70 nm, respectively. However, both films have
nearly similar root mean square roughness 2.4 nm [35]. It is well-known that the carrier density
available for the electrical transport in a material strongly depends on its crystallinity [36,37].
Thus, the XRD spectra are recorded under similar conditions to confirm the crystalline quality and

nature of the films (i.e. S1 and S2).
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Figure 5.2: (a) and (b) show the XRD spectra of S1 and S2 films, respectively. The regime marked
by a dashed circle in (a) indicates the presence of amorphous phases of Cu-O. The inset in (b)
shows a magnified view of the marked region, showing the presence of CuO and Cu20 phases. (c)
and (d) represent the contact potential difference, obtained from KPFM studies, for film: Sland
S2, respectively.

Fig. 5.2(a) represents the XRD pattern for S1, exhibiting four prominent peaks at 260=35.38°
(d=0.253 nm), 36.04° (d=0.249 nm), 38.32° (d=0.235 nm), and 43.60° (d=0.207 nm). The
corresponding d-spacings match well with the (002) plane of CuO, (111) plane of Cuz0, (200)
plane of CuO, and (002) plane of Cu20, respectively [16]. In addition, a low intensity peak is also
observed [marked in Fig. 5.2(a) by a dashed circle], which does not match with any reported peak

of either CuO or Cu20. However, it matches well with the amorphous phases of CuO and Cu20

[38,39]. On the other hand, in Fig. 5.2(b), S2 film shows only one peak which is deconvoluted into
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two peaks: one is assigned to the CuO (002) reflection and the other one is assigned to Cu20 (111).
In addition, it is interesting to note that unlike S1, no amorphous component of CuO and/or Cu20
is observed for S2 over the entire range of 26. The presence of only two peaks with excellent
intensities in S2 film indicates that it has a better crystalline nature compared to S1. As mentioned
above, S2 film has a relatively slower growth rate and hence, it tends to grow along the planes

having minimum surface free energy [40] such as (111) for Cu2O and (002) for CuO [41].

From the respective diffractogram, we have calculated the average crystallite size (D) and
dislocation density (0) for both the films (S1 and S2) using Scherer’s formula: D = 0.94/fcos6,
where £ is the FWHM, @ is the Bragg angle, A is the x-ray wavelength, and ¢ is defined ad 1/D?
[42]. In order to do the same, we have taken into account CuO (002) and Cu20O (111) peaks for
both S1 and S2, yielding the average crystallite size to increase from 14 (for S1) to 50 nm (for S2)
and the dislocation density to decrease from 5.1x10%° (for S1) to 4x10** m™ (for S2). One can see
that the measured grain sizes from AFM phase image are little bigger than the ones derived from
the XRD data. This is because of the limitation of AFM to resolve smaller crystallites within a
bigger grain [42]. It may also be noted that according to the theory of kinematic scattering, XRD
peaks may get broadened either when crystallites become smaller than about a micrometer or if
lattice defects are present in large enough abundance [43]. In the present case, S1 shows the
broader XRD peaks compared to those of S2, confirming the presence of higher number of
structural defects in S1 (as discussed above). Further, the ratio of the volume fraction of Cu,0O and
CuO phases in both films has been estimated by adding the intensity of individual diffraction peak

belonging to both the phases: X(lcu,0)/Z(Icuo), where Z(Icu,0) and Z(Icuo) are summations of the

intensity of all peaks for Cu20 and CuO, respectively [33]. It may be mentioned that during this

calculation, we have not considered the contribution of any amorphous component [33]. The ratio
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of Cu20 to CuO volume fraction is found to be 1.31 and 1.56 for S1 and S2, respectively, which
manifests that both films are rich in Cu20, albeit S2 has a nearly 20% higher Cu2O component.
Thus, both films (S1 and S2) should have different degrees of structural defect density, leading to
different charge transport processes.
Generally, charge transport in a film depends on its work function and the carrier concentration
[44]. Thus, prior to the study of local electrical transport, KPFM is used to calculate the local
carrier density. Mathematically, the work function of a sample (@sampie) Can be expressed as:
Dsample = Piip — €Vepp (5.1)
where &yip, €, and Vcpp are the work function of the AFM tip, electronic charge, and the contact
potential difference measured by KPFM, respectively [28]. In addition, it is well-known that under
the Boltzmann approximation, the concentration of holes (H) in a p-type semiconductor is given
by:

H=Na - Np"=~Na = Ca= Nerrexp[(eVcrot ¥ - Prip)/ksT] , (5.2)
where Na™ is the ionized acceptor density, Np* is the donor density, Ca is the acceptor
concentration, Nef is the effective density of states in the valance band, y is the electron affinity,
ks is Boltzmann constant, and T is the absolute temperature [29]. Since, both the samples have
mixed phases of Cu-O, it is very difficult to find out the accurate value of y. On the other hand,
the above relation indicates that H depends on exp(eVceo/ksT). The measured Vcep values for S1
and S2 are shown in Figs. 5.2 (c) and (d), respectively. Therefore, the ratio between the hole
concentration (Hs2/Hsz) is given by exp[e/keT{(Vcrp)s2 — (Vcrp)s1)}] and is found to be 2980. In
this calculation, we have assumed that all other parameters such as y, @xip, and Nefs remain constant.
This indicates that a good crystalline sample (S2), having the lesser number of structural defects,

has a much higher carrier density compared to the one having relatively poor crystallinity, which
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in turn gives rise to a difference in the charge conduction. CAFM measurements are carried out to
study the local current-voltage (I-V) characteristics of both the films. Figures 5.3(a) and (b) show
the local 1-V characteristics for S1 and S2, respectively, obtained by sweeping a dc bias according
to0V—>10V -0V —-10 V — 0V with a ramp rate of 0.2 V s at a fixed tip location on a
randomly chosen grain and a grain boundary. The I-V curve, presented in Fig. 5.3(a), is separately
analyzed for different branches: at positive voltages, the current is very low and remains constant
(path #1) until the voltage reaches +7.5 V from where the current increases suddenly (path #2) and
the corresponding voltage is identified as the ‘set’ voltage (Vset). Beyond 7.5 V, the current value
reaches the compliance limit (20 nA) of the cAFM setup and hence, shows a straight line (path
#3). On the other hand, during the decreasing cycle of voltage, the current remains saturated till
far below Vst (7.5 V). At much lower voltages (<3 V), the current decreases almost linearly,
indicating the Ohmic nature of the tip-sample contact (path #4). In fact, the S1 film exhibits a well-
defined I-V hysteresis which is a signature of the RS behaviour [12-22]. In addition, it is found
that grain boundary shows a higher turn-on potential of 0.5 V [Fig. 5.3(a)] compared to a grain,
albeit no significant change in the behaviour of |-V characteristics at G and GB is observed within
the detection limit of the present AFM setup. In addition, we have studied the I-V characteristics
at large number of randomly chosen points (plots not shown) to observe that behaviour of the
curves remains nearly similar. Therefore, choice of the spots for I-V measurements (even for G
and GB) on the films (in particular, for S1) is not expected to influence much in the present case.
One of the reasons behind observing nearly similar behaviour of the I-V data at G and GB stems
from the fact that the Pt-coated AFM tip used here has a radius of ~30 nm, which may impede it

to reach the bottom of the GBs. Instead, its lateral sides are likely to touch the surrounding grains.
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Figure 5.3: (a) and (b) show the local I-V characteristics recorded for S1 in the linear and semi-log
scale, respectively, whereas (c) represents the I-V characteristic corresponding to S2 films. (d) and
(e) represent cAFM images (0.5%0.5 pm?) taken at Viip=5 V for S1 and S2, respectively. The circle
and the star on the current map in (c) indicate the positions from where |-V measurements are
performed from a grain and a grain boundary, respectively.
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Further, to avoid any ambiguity regarding a possible reset transition at very low current at about -
2.5 V due to the presence of small bumps in the I-V characteristics, corresponding to G and GB
sites, we have plotted the same with the current values in log-scale and have presented in Fig.
5.3(b).

It should also be noted that a pronounced change in the resistance is observed for both increasing
and decreasing voltages, corresponding to a tip bias, Vip=5 V, which is known as the high
resistance state (HRS) and the low resistance state (LRS), respectively. For this particular voltage
(5 V), the conductance ratio is found to be =107 and is defined as the window of memory [45].
Subsequently, an opposite ‘reset’ process is also observed when sweeping the voltage from 0 to -
6 V (Vreset, path #5), as is evidenced by a two-step switching from LRS to HRS [Fig. 5.3(3)]. A
similar behaviour of RS has also been reported by Singh et al. in case of a Cu hybrid interface
device [46]. On the other hand, interestingly, S2 film does not show any loop in the I-V
characteristics [Fig. 5.3(c)] under similar experimental conditions. For instance, here current
increases continuously with increasing voltage and then decreases in the same manner. In fact, I-
V characteristics for S2 matches well with Schottky-type behaviour of the tip-sample contact. It
may be mentioned that since local 1-V characteristics is performed at a fixed point, it is very
difficult to predict the current conduction path over a large surface area. Hence, to address this
issue, we have performed local current mapping at randomly chosen one hundred thirty places.
Figs. 5.3(d) and (e) represent the corresponding cCAFM images of S1 and S2 (taken at a fixed tip
voltage of 5 V), respectively. Isolated current spots (in the range of pA) are observed for S1, while
a uniform current (in the range of nA), except a small variation at grain boundaries, is observed in

case of S2. It may be mentioned that similar current maps are observed from all the randomly

163



chosen areas throughout the surfaces of S1 and S2. These images, thus, confirm that transport of
charge carriers is much easier in S2 compared to that of S1.

To understand the statistical behaviour of the I-V characteristics, one hundred thirty curves are
recorded for random tip positions (as mentioned above) and variation in the Vs for S1 is plotted
in Fig. 5.4(a). This shows a fluctuation in Vst up to ~1 V to yield an average value of Vs=7.5 V.
In fact, different Vst values, obtained from different locations, reflect the local variation in the
carrier density at those locations [28]. The existence of two resistance states (viz. HRS and LRS)
in S1 is also reproduced using a two-fold overwriting process. In this process, first we scan an area
in the contact mode by applying a positive tip bias, Viip>(Vset)max (i.e. >8.5 V) which converts this
area into a low resistance state. In the second step, a large area scan is performed, at a lower tip
bias [<(Vset)min (i.e. <6.5 V)], to map this converted area. Fig. 5.4(b) is a schematic diagram,
showing both (first and second) scan areas by red and gray colours, respectively. We have
performed the above mentioned steps for S1 which yields a high and saturated current (20 nA) [as
seen from the 3D current map in Fig. 5.4(c)] from the first scan area [i.e. the central red box in Fig.
5.4(b)], indicating the presence of a LRS corresponding to Viip>(Vset)max=10 V. On the other hand,
a very low current (in the range of pA) is observed from the surrounding gray area [in Fig. 5.4(b)]
scanned at Viip<(Vset)min=5 V, depicting a HRS [Fig. 5.4(c)]. It may be mentioned that one should
mostly expect the absence of LRS after scanning the first area with an applied tip bias of 6.5 V.
However, upon applying higher tip voltages (e.g. Vip=7 V), one should observe more grains to be
conducting in nature (image not shown). Likewise, for a first scan performed corresponding

Viip>8.5 V, the entire area can be converted into a low resistance state (as discussed above).
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Figure 5.4: (a) Variation of set potential (Vset) at randomly chosen one hundred thirty places. The
average value of Vet is 7.5 V whereas (Vset)min and (Vset)max are found to be 6.5 and 8.5 V,
respectively. (b) Schematic diagram, demonstrating the conversion to a low resistance state (LRS)
as is indicated by the central red box, whereas the gray box surrounding the red one corresponds
to the HRS achieved due to a scan performed at Vip<(Vset)min and over a large area, (c) 3-
dimensional representation of the current image of S1 taken at a constant tip voltage, Viip=5 V
where the central bright spot represents the low resistance area [corresponding to the red box in
(b)] converted at Viip=10 V. The inset presents a two-dimensional view of this image, (d) the
outcome of the same scan performed (Viip=10 V) on sample S2. The scan areas for images shown
in (c) and (d) are 0.5 x 0.5 um?, and (e) shows the map of Vcep (obtained from the KPFM
measurement) corresponding to (c).
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As a matter of fact, the inset in Fig. 5.4(c) shows a 2D-view of the current map where the central
white patch corresponds to the LRS and the surrounding low current area represents the HRS.
We have also checked the sustainability of this memory, without any external power, and it is
found that the LRS remains as it is for more than 24 h at RT. The same two-fold overwriting
process is performed using the same experimental parameters, on S2, which shows the absence of
any RS behaviour in the sample. For instance, it is evident from Fig. 5.4(d) that no change in the
current map takes place even after applying a rather high tip voltage (+10 V) during the first scan
itself. These results, thus, manifest a significant change in the local electrical transport properties
in S1 and S2.

Since, the LRS of sample S1 shows a smooth charge conduction process, this state [red rectangular
box in Fig. 5.4(b)] should have a higher carrier density. It is known that the change in carrier
density has a one-to-one correspondence from the mapped Vcep [28]. Thus, after the two-fold
overwriting process, KPFM measurements are performed for both the samples on the respective
areas. Fig. 5.4(e) depicts the Vcep map corresponding to Figure 5.4(c), for S1, where only the
central area has a white contrast and corresponds to the LRS but the surrounding area does not
show any change and thus, represents the HRS. In fact, a positive voltage may produce a large
amount of charged oxygen vacancies in the surface region by extracting oxygen ions from the
lattice which in turn generates a LRS [19]. However, no such change in the Vcpp map is observed
corresponding to the sample S2.

In addition, to understand the main current conduction path in S1, a topographical image [Fig.
5.5(a)] is superimposed on the corresponding cAFM current image [Fig. 5.5(b)] and is shown in

Fig. 5.5(c). From these figures, it is interesting to note that, corresponding to Vip=+5 V, grains are
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the preferential conduction paths for charge carriers in S1, whereas grain boundaries remain
neutral. The present observation that grains are more conducting is consistent with the larger Pt-

coated tip radius, causing the tip-sample area on a grain boundary to be lesser than that on a grain.

2.3 nm 0.2 nA

Figure 5.5: (a) Surface topography of S1 measured during current mapping, (b) corresponding
current image, and (c) represents the superimposed topographic and the current images [0.3%0.3
um?] and hence, does not have any scale bar. G and GB represent grains and grain boundaries in

(a)-(c).
On the other hand, as discussed above, a much higher current flows through a desired area, which
gets transformed into a LRS [Fig. 5.4(c)] due to an applied tip voltage of +10 V across it. As a

matter of fact, this low resistance state, surrounded by the corresponding high resistance state,
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manifests the filament formation [2D representation of the current map shown as the inset in Fig.
5.4(c)] within S1.

Presently, RS in a material like Cu-O is explained on the basis of the formation of conducting
filaments and their subsequent rupturing [12-14]. In the present case, the resistive switching in Cu-
O film (viz. S1) can also be attributed to the formation of conducting filamentary paths,
presumably in the form of copper nanowires [12-14]. As mentioned above, the copper (acceptor)
and oxygen (donor) vacancies are likely to be present simultaneously in a Cu-O film, although at
thermal equilibrium, the charge generated inside the film due to the O™ ions is balanced by the Cu*
ions [25]. After applying a positive bias to the cAFM tip, O™ ions migrate towards the anode and
get neutralized due to the recombination with positive charges (holes). Due to the recombination
of O ions or vacancies, the density of Cu* ions increases and in turn forms a metallic conduction
channel, known as a filament in RS [set state, path #2, Fig. 5.3(a)] [20-25]. In fact, Cu® ions are
responsible for the metallic behaviour (i.e. LRS) whereas O~ ions give rise to the semiconducting
nature (i.e. HRS) of Cu-O films. In the present scenario, recently, Zhang et al. have shown that the
RS behaviour depends on oxygen vacancies [25]. However, they do not find any absence of RS
behavior even after changing the oxygen concentration. This confirms that the absence of RS (in
S2) in the present study, is not governed by oxygen vacancies alone and some other effect is also
responsible for the same, e.g. variation in the compositional and structural defects (arising due to
growth-dependent crystalline quality). It is worth mentioning that the ratio of Cu20:CuQ in S1 is
20% greater than that of S2 and S1 exhibits the presence of amorphous components of both CuO
and Cu20 as well. Thus, in the present study, the most crucial factor responsible for the presence
and absence of RS, in two-types of Cu-O films, can be attributed to different degrees of structural

defects.
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As mentioned above, S1 consists of more structural defects (as is seen from the calculated
dislocation density and the presence of amorphous components of CuO and Cu20) in comparison
to S2. It has been reported that, in case of a poor polycrystalline oxide material, oxygen vacancies
can be present at non-lattice sites and be loosely bound in comparison to the lattice oxygen
vacancies [25,26]. Following this argument, non-lattice oxygen vacancies can easily move at low
electric field and give rise to the observed RS behavior. These oxygen vacancies can play a crucial
role in the reset process by direct heating effect as well [28]. On the other hand, a better crystalline
sample (viz. S2) has relatively lower defect density (and also a lesser resistivity) which is not
expected to be mobile due to an applied electric field. Thus, such a sample is due to exhibit smooth
conduction, as is seen in Fig. 5.3(e) [47]. Our results are well supported by the existing theoretical

[47] model since according to the same, the RS behaviour is governed by defects.
5.1.4 Conclusions

In conclusion, the resistive switching (at room temperature) and the formation of conductive
filament in an rf sputter deposited Cu-O thin film is demonstrated by cAFM and KPFM
measurements. XRD is used to evaluate the crystalline quality, dislocation density, and the ratio
of Cu20:CuO crystalline phase present in two-types of Cu-O specimen. We observe the resistive
switching behaviour in a relatively poor crystalline film, whereas it disappears for the one having
a better crystalline quality. These observations are explained on the basis of structural defect-
dependent variation in the local carrier density and match well with the existing theoretical model
based on the conducting filament formation. The present findings are not only useful for
fundamental understanding of local electrical transport in Cu-O/Si heterostructures but also
improve our knowledge for not only to design advanced nanoscale memory devices but also for

an efficient solar cell.
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CHAPTER 6

6. Study of the hole blocking behaviour InTiO; thin
films

In the present work, the sandwich layer between the window (AZO) and the absorber (Cu-O) layers
is TiO2. Generally, TiO2 is widely used in emerging technologies because it can prevent the
shunting and leakage currents under reverse bias condition [1]. It shows the ability to selectively
block the flow of holes (via valence band barrier). In fact, due to a mismatch in the band gaps, the
band bending at the interface of TiO and the coexisting layer is formed, which in turn blocks both
the ionic and electronic charge carriers across the junction [2]. This property makes this material
useful to augment or replace the traditional p-n junction to achieve similar effects [2]. Generally,
for high efficiency solar cells, a wider p-n junction with a smooth band bending at the interface is
required, although the design of the same is time consuming and costly. On the other hand, as
mentioned above, the hole blocking behaviour depends on the band bending due to mismatch in
the band gaps and thus, can have relatively thinner junction. However, the charge transport across
TiO> its interfaces with other constituent layers of the cell is still not fully understood. In fact, it
depends a lot on the film properties and thus, in this chapter, first we describe the growth of TiO>
thin films and study their structural properties. Following this, we study the charge transport across
TiO> films having an optimal thickness.

In this chapter, we investigate the growth of TiO> thin films using radio frequency (rf) sputter
deposition technique. The as-prepared thin films are characterized by scanning electron
microscopy, atomic force microscopy, x-ray diffraction, and x-ray photoelectron spectroscopy.

Following this, using Kelvin probe force microscopy and temperature-dependent current-voltage
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characteristics, we study the charge transport across the TiO2/Si heterojunction. In particular, the
KPFM results show a variation in the work function on TiO2 surface. On the other hand,
temperature-dependent current-voltage characteristics depict a non-ideal hole blocking behavior.
In addition, the measured barrier height is found to decrease with temperature and not following
the thermionic emission theory, strongly suggesting an inhomogeneous nature of the interface. The
observed result of barrier inhomogeneities is attributed to the interfacial disorders, arising due to
the growth dynamics and corroborates well with the KPFM map. Further, as a main content of the
present thesis, we go ahead to demonstrate that like TiO2/Si, the TiO2/Cu-O heterojunction also

shows the hole blocking property.
6.1 Experimental detalil

Thin films of TiO, were deposited at RT using an rf magnetron sputtering setup at normal and
different oblique angles (viz. 45° and 87°) of incidence on p-type Si(100) (B-doped, resistivity of
0.01-0.02 Q-cm) and soda lime glass substrates simultaneously. Before deposition, the substrates
were ultrasonically cleaned in trichloroethylene, alcohol, acetone, and de-ionized water to remove
the organic contaminants. Commercially available TiO> target (99.99%) of diameter 50 mm
(Testbourne, UK) was used as the target material. The deposition chamber was evacuated to a base
pressure of 5x10°" mbar. Sputtering was performed in pure Ar atmosphere at a pressure of 5x103
mbar under an rf power of 100 W (Cesar, Advanced Energy system). The target-to-substrate
distance was kept fixed at 80 mm. The deposition time was chosen in a way so that it yields the
same film thickness for each angle, which was confirmed by thickness calibration using a surface
profilometer (described earlier in section 2.2). Films having different thicknesses (in the range of
5-80 nm) were grown and during each deposition, the substrates were continuously rotated at a

constant speed of 3 rpm. The nature of crystallinity of the films was investigated using the x-ray
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diffractometer with Cu-K, radiation (1=0.15418 nm). In addition, the compositional analysis was
carried out using x-ray photoelectron spectroscopy. Detail microstructural analysis of the films
were performed using a field emission scanning electron microscopy operated at 20 keV. Film
morphologies were studied by ex-situ atomic force microscopy in the tapping mode. Root mean
square (rms) surface roughness (w) was extracted using the WSxM software. KPFM studies were
carried out in the tapping mode using conductive tips having a radius of curvature of ~30 nm, a
stiffness of ~2 N m™, and a resonance frequency of ~70 kHz. For each sample, a large number of
micrographs were collected from different regions to check the uniformity in the results.

Silver paste was used to make electrical contacts on top of the TiO> films and back side of the Si
substrates. An indigenously developed sample holder assembly (having a heating stage), whose
temperature was precisely controlled (0.5 K) by a proportional-integral-derivative temperature
controller and sensed by a Platinum resistance temperature detector (RTD, A-class) thermocouple,
was coupled with a source meter to perform the temperature-dependent electrical studies [3]. The
I-V data were recorded using a commercially available software (Lab-Tracer 2.0) during annealing
(203-313 K) of the TiO/Si heterojunction in air. Following the similar experimental procedure,
TiO2 thin films were also deposited on Cu-O/Mo/Si substrate to study the hole blocking nature of
the same.

6.2 Physical properties of TiO:z thin films: Role of growth angle

Prior to the electrical measurements, TiO> films are analyzed by XRD, XPS, SEM, and AFM to
look for a possible correlation between the charge transport and the structural properties as well as
composition of the film. Fig. 6.1(a) presents XRD data of as-prepared TiO: films deposited at all

three deposition angles (0°, 45° and 87°). The diffractograms (corresponding to the film thickness
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of 80+3 nm) do not show any peak, which indicate that as-prepared films are amorphous in nature

in all three cases [4].

Ti 2, 2
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Figure 6.1: (a) XRD patterns of TiO- thin films sputter deposited at normal as well as oblique
incidences. (b) XPS spectra of the Ti 2p line corresponding to the film (80 nm-thick) deposited at
normal incidence.

On the other hand, Fig. 6.1(b) shows the XPS spectrum of Ti 2p line in which two main peaks,
corresponding to the binding energies of 458.8 and 464.6 eV, are observed. The main peak at 458.8
corresponds to the Ti 2pss. for Ti** in TiO; (458.6-459.2 eV), whereas the second peak can be due
to the spin orbit coupling [5]. It is noted that the observed peaks are significantly different from
the Ti 2ps2 peak of Ti?* (454.9-455.2 eV) and Ti° (453.7-454.2 eV) states [5]. In addition, the
calculated intensity ratio of the two peaks at 458.8 eV and 464.6 eV is 2.3:1, which is very close
to the branching ratio of 2:1, expected for the 2p lines. Further, the difference between the two
peaks is found to be 5.8 eV, which is more likely due to the spin-orbit splitting of Ti** (5.5 eV)
rather than the Ti° (6.2 eV) [5]. In fact, the XPS measurement confirms the presence of titanium

dioxide on the surface of the Si substrate. Similar XPS results are also observed for TiO> thin films

deposited at under the oblique angles geometries.
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Figure 6.2: SEM images of TiO; thin films: (a) plan-view for deposition at 0°. (b) and (c) plan-
and cross sectional-view, respectively for deposition at 87° where the columnar nanostructures are
evident and marked by yellow lines.

Fig. 6.2 shows the SEM images which depict the angle-dependent change in the surface
morphology. Figs. 6.2(a) and (b) are plan-view SEM micrographs corresponding to films deposited
at 0° and 87°, respectively. In the case of normal incidence [Fig. 6.2(a)], a granular microstructure
is observed and the film is largely uniform. In contrary, the film deposited at 87° shows the
presence of porosity spreaded over the entire surface [Fig. 6.2(b)]. The cross-sectional view [Fig.
6.2(c)] of the same film (i.e. the one deposited at 87°) shows the presence of well-aligned

nanocolumns of height 80-90 nm and width 15-20 nm. It is also seen that tips of the nano-structures

are wider than their bases. This kind of widening of the top end compared to the base occurs due
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to the fast rotation of substrate applied during sputter deposition in glancing angle mode. In case

of normal incidence (i.e. for 0°) no such nano-columnar structures is observed in the cross-

sectional view (micrographs not shown).

0

Figure 6.3: Surface morphologies of TiO; thin films sputter deposited at various angles: (a) 0°, (b)
45°, and (c) 87°, respectively.

Fig. 6.3 shows AFM images of the TiO> thin films deposited at incidence angles of 0°, 45°, and
87°. Fig. 6.3(a) presents an AFM image of the film corresponding to normally incident flux, which
shows the presence of an ultra-smooth surface (surface rms roughness 0.10 nm). On the other hand,
AFM images of films grown under incidence angles of 45° and 87° are shown in Figs. 6.3(b) and
(c), respectively, which show granular microstructures. It is interesting to note that roughness value

is the lowest for the deposition angle of 0° (0.10 nm), which increases to 0.57 nm for the deposition
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angle of 45°, and finally reaches 1.13 nm for the film deposited at 87°. This behavior can be
realized as follows. As the deposition angle increases, the shadowing effect becomes more and
more prominent and controls the granular morphology [6]. For instance, films grown at higher
incidence angle show more porosity as well [4]. Surface roughness is known to play an important
role in case of charge transport. In fact, a low interfacial roughness is desired to obtain a smooth
charge transport across a device [7]. For the present study, the lowest roughness is found
corresponding to the TiO> film deposited under normal indigence and thus, for further studies, we
deal with the film grown under normal incidence to study the charge transport across it.

It is known that for an efficient hole blocking junction, a low reverse leakage (due to blocking of
holes) and high forward current (due to a smooth flow of electrons) are desired [2]. Thus, in order
to get an optimized hole blocking nature, various thicknesses of TiO: (e.g. 5, 20, and 80 nm) are
deposited on Si substrates at normal incidence and study the charge transport across the same. It
may be mentioned here that the heterojunction made with a 5 nm-thick TiO> layer shows a high
reverse leakage current, while a low forward current is observed for the junction made by 80 nm-
thick TiO2 (data not shown). On the other hand, the junction made with a 20 nm-thick TiO> layer
shows a low reverse leakage current and a smooth forward current and thus, for the further study,
we will deal with 20 nm film thickness as the optimal one. In addition, it is mentioned that the 20

nm-thick films also show the lowest roughness (i.e. 0.1 nm).

6.3 TiO2 hole blocking properties

Generally, electrical transport in a film depends on its work function and the carrier concentration.
Thus, to understand the local electrical transport, we have undertaken KPFM studies for two-

dimensional mapping of the work function of the optimized film. As discussed earlier, in such

cases, mathematically, the work function of a sample (Wsampie) is expressed as: Wsampie = Wrip —
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qVepp , Where Weip, g, and Vcpp are work function of the tip, the electronic charge, and the contact
potential difference, respectively [8]. Figs. 6.4(a) and (b) show the topography and the surface
potential distribution, respectively. It is interesting to note that although the surface of the film is
uniform and smooth (surface roughness of 0.10 nm), a variation (~30 meV) in the Vcpp is observed.
Since, the work function of the tip is found to be 4.85 eV [measured with respect to a cleaned,
highly ordered pyrolytic graphite, (HOPG)], the calculated work function of the TiO> film turns
out to be 4.62+0.2 eV which matches well with the existing report [8]. It is interesting to note that
the measured nanoscale surface potential is found to be inhomogeneous throughout the mapped

area [Fig. 6.4(b)].

1.0 nm

0.12Vv

Figure 6.4: (a) AFM surface topography of a 20 nm-thick TiO> film deposited on the p-Si substrate
and (b) KPFM map corresponding to (a).

In fact, the nanostructured film surface with blue contrasts correspond to a lower work function
with respect to the adjacent areas and the maximum variation is found to be up to ~30 meV. It is
interesting to note that this variation in the work function does not have any one-to-one correlation
with the surface topography, confirming the role of growth dynamics. On the other hand, due to
different electron affinities of the Pt-tip and the TiO2 film, an electrostatic potential barrier is

generated at the interface and for a uniform film, this is expected to remain spatially invariant,
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leading to a uniform value of the work function [8]. However, the observed variation in the work
function indicates that some other factor may be responsible for the same. The existence of this
inherent spatial inhomogeneity in Vcpp value at the TiO> surface leads to a variation in the barrier
height (&), as is determined by carrying out the temperature-dependent 1-V measurements.

Fig. 6.5(a) shows the I-V characteristics of an n-TiO/p-Si heterojunction at different temperatures,
varying from 203 to 313 K, where all the I-V curves show a rectifying property. It is interesting to
note that relatively low current flows corresponding to the negative applied bias in comparison to
the positive one, indicating the blocking nature of holes [Fig. 6.5(a)]. It is evident from this figure
that both the currents, viz. forward and reverse bias are not only dependent on the applied voltage
but also on the sample temperature [3,8]. Generally, temperature-dependent charge transport is
governed by thermally excited charge carriers and can be understood on the basis of thermionic

emission (TE) model [9-10]. Mathematically, the TE model is written as follows: I=
I,(T) [exp (mi—VT) — 1] , Where V is the applied voltage, kg the Boltzmann’s constant, and 7 is the
B

ideality factor. The @y is the zero bias barrier height and can be extracted from the extrapolation

kgT, ,AA*T? .
%ln( —), where A is
S

of Is(T) in the semi-log forward bias In(1)-V using the formula: @, =

the diode area and A* is the effective Richardson constant of the semiconductor. Since, it is known
that the ideality factor is a dimensionless parameter and it should be 1 for an ideal diode [10], any

change in # is related to the deviation from the standard TE theory. Here, In(l)-V is used to

av
dl1n(I)

calculated 7 using the following formula: n = —— |

- ]. In addition, the temperature-dependent
B

forward bias In(1)-V plots are depicted in Fig. 6.5(a), which remain linear at low voltages and

deviate at the higher ones, which is likely due to the presence of series resistance [10].
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Figure 6.5: (a) Temperature-dependent current-voltage characteristics of TiO2/Si junction, (b) the
semi-log plot of the forward bias, and (c) variations in the zero bias barrier height and the ideality
factor with temperature.

On the other hand, Fig. 6.5(b) shows the temperature-dependent zero bias Schottky barrier height
(SBH), @0, and the ideality factor, #. The calculated barrier height decreases with increasing
temperature, while the ideality factor increases with the same. It is worth mentioning here that
according to the TE theory, the barrier height and ideality factor should behave in different
manners. For instance, the ideality factor should increase as 1/T, although the observed results do
not match with the TE theory, suggesting the presence of an inhomogeneous barrier height [10] at

the TiO2/Si interface. In the present case, the TiOz layer is grown by sputtering where, depending

on the thermodynamic driving forces, isolated islands coalesce and form the film. Thus, due to the
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growth dynamics, the interfacial disorders get generated, which in turn give rise to an intrinsic

inhomogeneity in the barrier height.

n-Tio, p-Si

Figure 6.6: Schematic band diagram of TiO2/Si heterojunction, indicating a large barrier (AEy) at
the interface [11].

The hole blocking properties of a TiO2/Si heterojunction can be understood on the basis of the
schematic band diagram shown in Fig. 6.6. In fact, the conduction band edge (electron affinity, y)
and valance band edge (ionization energy) are at about 4.30 eV and 7.45 eV below the vacuum
level, respectively. On the other hand, the conduction band edge at about 4.05 eV and the valance
band edge at about 5.17 eV of Si below the vacuum level, leads to the band gap energies (Eg) of
TiO2 and Si to be 3.15 eV and 1.12 eV, respectively. The energy barrier (AEc) for an electron is
AE=y(TiO2)-#(Si)=4.30-4.05=0.25 eV, while the potential barrier (AEy) for a hole is:
AEy=Eg¢(TiO2)+ AE. - E¢(Si)=3.15+0.25-1.12=2.28 eV (Fig. 6.6)[11]. As is seen form this figure,

there is a large barrier at the valance band interface, which in turn blocks the transport of holes
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from silicon to the titanium dioxide layer. On the other hand, a small barrier in the conduction
band would allow the transport of electrons from silicon to the titanium dioxide film. This
interesting property opens up a new way to control the charge transport in an oxide solar cell. In
the context of the present thesis work, the band gap of Cu-O (Eg~1.4 eV) is similar to that of Si

and thus, it is expected that the TiO> layer should also show a hole blocking nature, if it is grown

on Cu-O layer [12].

(a)

Mo Mo

Si-substrate

Si-substrate

== Cu-O/Mo/Si
=3— TiO,/Cu-O/Mo/Si

Current (mA)

Voltage (V)

Figure 6.7: (a) and (b) depict the schematic representations of Cu-O/Mo/Si and TiO2/Cu-O/Mo/Si
heterostructures, respectively. (¢) shows the current-voltage characteristics corresponding to (a)
and (b). (d) KPFM map of the TiO> thin film deposited on Cu-O/Mo/Si heterojunction.
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In fact, the hole blocking nature of TiO», deposited on a Cu-O layer, is also confirmed by studying
the current-voltage characteristics at RT. In order to do so, two types of junctions (e.g. Cu-O/Mo/Si
and TiO2/Cu-O/Mo/Si) have been fabricated [Figs. 6.7 (a) and (b)]. It is interesting to note that the
Cu-O/Mo/Si shows a nearly linear 1-V characteristics, which is almost similar to that of an Ohamic
nature of the Mo back contact and the top Ag contact [Fig. 6.7(c)]. The observed little deviation
from the exact linear 1-V characteristics can be due to different top and bottom contacts. In fact,
both the contacts (top and bottom) have different work functions and thus, can give rise to this
behaviour. On the other hand, a non-liner behaviour in current-voltage characteristics of the
Ti0,/Cu-O/Mo/Si heterojunction is observed, which confirms the charge blocking nature of TiO-
[Fig. 6.7(c)]. In fact, similar to the TiO./Si junction, Cu-O/TiO: interface also allows the
conduction of electrons, while it blocks the flow of holes, although it is more prominent (reverse
bias current: 500 pA) to that of TiO2/Si heterojunction (reverse bias current: 80 pA). On the other
hand, the variation in the work function for the TiO2/Cu-O/Mo/Si heterojunction is also measured

using KPFM, which is found to be inhomogeneous [Fig. 6.7].
6.5 Conclusions

We report here the growth of ultrathin TiO> films at RT on Si and glass substrates by rf magnetron
sputtering. It is found that the surface roughness increases with increasing growth angle. Using
Kelvin probe force microscopy and temperature-dependent current-voltage characteristics, we
have studied the charge transport across the TiO2/Si heterojunction. In particular, KPFM result
shows a variation in the work function at the TiO> surface. In addition, the temperature-dependent
current-voltage characteristics show an intrinsic non-ideal hole blocking behavior in the TiO-
layer. The measured barrier height is found to decrease with temperature, strongly suggesting its

inhomogeneous nature at the interface. Further, in the context of the present thesis work, the hole
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blocking nature of TiO: is also confirmed by depositing it on a Cu-O thin film. As a matter of fact,
this study is very important, in particular for solar cell applications, because the hole blocking
nature of TiO2 will reduce the leakage current which in turn open a new avenue to design an

efficient solar cell.
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CHAPTER 7

7. Introduction

The back contact is an essential part of a solar cell and thus, in order to design an efficient solar
cell, the optimization of the same is desired. This contact should have a low resistivity and high
reflectivity such that it can not only helps flowing the charge carriers smoothly but also reflects
the incident photons back into the absorbing layer. In the present chapter, first we will study the
growth of molybdenum (Mo) thin film towards achieving the above mentioned properties.
Following this, the optimized Mo thin film will be used as a back contact to grow other necessary
overlayers. In addition, we present the structural and charge transport properties of the full solar

cell structure chosen in this work.

7.1 Growth of low resistive and highly reflective Mo thin films

7.1.1 Introduction

Mo thin films show high stability and good electrical conductivity and are thus, considered to be
better suitable for making electrical contacts in different nano-electronics applications, compared
to other materials [1]. In addition, Mo is also used as a back electrode for solar cell applications
where it is used not only as a conducting layer but also as a reflecting mirror [2]. As discussed
earlier, using oblique angle deposition, tunable structural properties, surface reflection, and
electrical transport properties have been demonstrated for large number of materials, including

metals and semiconductors [2-8]. However, to the best of our knowledge, a systematic study of
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structural, electrical, and optical properties of molybdenum thin films, deposited at oblique angles,
is still lacking.

In this study, we investigate on tunable structural, optical, and electrical properties of radio-
frequency (rf) sputter-deposited Mo thin films by changing the growth angle during deposition.
The surface morphology of Mo thin films is studied by atomic force microscopy (AFM) which
shows an enhancement in the grain size and root mean square (rms) roughness with increasing
angle of deposition. Since the surface morphology is known to play a crucial role in controlling
the refractive index and charge transport, we have measured the surface reflectance and resistivity
of these films. In fact, as a novelty, we show that the film deposited under the normally incident
flux can be used as a good reflecting surface with a very low resistivity, leading to its use as a back

contact.
7.1.2 Experimental

Molybdenum films of 500 nm thickness, measured by a surface profilometer, were deposited on
ultrasonically cleaned soda lime glass substrates at room temperature (RT) using rf magnetron
sputtering technique. Commercially available (Testbourne) 99.99% pure Mo target (50.8 mm
dia.x6.35 mm-thick) was used for deposition. The deposition was carried out at 0°, 20°, 65°, and
85° angles of incidence (with respect to the surface normal). Ultra-pure (99.999%) argon gas was
injected into the chamber with a flow rate of 30 sccm to maintain the working pressure of 5x103
mbar during sputtering. An rf power of 100 W (frequency = 13.56 MHz) was supplied to the target
and the substrate was rotated with a speed of 3 rpm to achieve uniform film thickness, where the
target-to-substrate distance was 80 mm. Surface morphology of Mo films were examined by ex-
situ AFM studies in tapping mode using a silicon tip. For each sample, several images were taken

from different randomly chosen regions to check the uniformity of the films. WSxM software was
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used for AFM image analysis [9]. The optical reflectance measurements were carried out using a
UV-Visible spectrophotometer in the wavelength range of 300 to 800 nm with unpolarized light.
The angle-dependent variation in resistivity was measured by the linear four-probe technique using

a source meter.
7.1.3 Results and discussion

Figs. 7.1(a)-(d) show AFM images of all four samples, exhibiting a gradual change in the surface
morphology with increasing deposition angle. Fig. 7.1(e) depicts the variation in average grain
size and rms roughness as a function of deposition angle. It becomes evident that rms surface
roughness and average grain size increase monotonically with increasing oblique angle of
deposition [Fig. 1(e)]. In fact, as the deposition angle increases, the shadowing effect becomes
more and more prominent, which in turn controls the surface morphology [3,4,7]. Besides
investigating the topographical evolution of Mo films, as a function of deposition angle, the growth
of 3D nano-columnar structures of the films is also confirmed from the corresponding cross-
sectional scanning electron microscopic (XSEM) images [Figs. 7.2(a) and (b)], for films grown at
0° and 85°, respectively. It may be noted that the film deposited at normal incidence has closely
packed granular nanostructures, which transforms into a well-defined columnar nanostructures.

Figs. 7.3(a)-(c) show the x-ray diffraction patterns obtained from the Mo thin films, grown under
normal as well as oblique incidences, depicting a strong peak at 40.6°. In fact, the phase
identification reveals a bcc crystal structure with a very strong [110] preferential orientation, which
is along the direction normal to the substrate. It is interesting to note that the peak becomes quite
narrow and its position shifts towards a higher 26-value (viz. 44°) for the film grown at 85°, which
can be attributed to much bigger grain size and a large compressive strain arising from the tilting

of the columnar nanostructures (by 12.5°), respectively [7].
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Figure 7.1: AFM images of Mo films grown at different angles: (a) 0°, (b) 20°, (c) 65°, and (d)
85° with the individual height scale of 14, 16, 22, and 73 nm, respectively. (e) Variations in the
rms roughness and average grain size with angle of deposition.
Since the charge transport in a material depends on the surface roughness, I-V characteristics are
recorded under similar conditions. Fig. 7.4(a) shows the 1-V plots for all the films measured by the
linear four-probe technique. Note that, the linear variation in the 1-V characteristics of Mo films

confirms the Ohmic nature of the contacts, and hence, the slope of these |-V characteristics gives

rise to the sheet resistance of the films.
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Figure 7.2: (a) and (b) Show the cross-sectional SEM images of the film grown at 0° and 85°,
respectively.
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Figure 7.3: (a), (b), and (c) show the XRD patterns of Mo films grown under different angles.

192



Interestingly, a systematic variation in the resistance is observed for all of them. In fact, the
resistance increases by nearly an order of magnitude for the film grown at 20° in comparison to
the one grown under normal incidence. A similar enhancement takes place in the resistivity when
one compares the cases of 65° and 85°. For instance, the resistivity of these films from 7.9x10° to

1.4x107 to 7.5x10° to 8.1x10™* Q-cm for growth angles of 0°, 20°, 65°, and 85°, respectively.
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Figure 7.4: (a) I-V characteristics and (b) surface reflectance of Mo films grown at different angles.
Angle-dependent variations in surface reflectance (at 400 nm) and resistivity of Mo films are
shown in (c).

It is clear that the resistivity increases by two orders of magnitude due to an increase in the growth

angle from 0° to 85°. Such a large change can be attributed to a variation in the porosity as well as

surface roughness of the films with increasing deposition angle [6,7,10]. Porosity of thin films is
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known to govern not only the charge transport in the films but also has a bearing on the optical
reflectance spectra [6,11]. In fact, reflectance of a film is inversely proportional to the porosity [7].
Fig. 7.4(b) shows the reflectance spectra of Mo films deposited at different angles. A careful
observation of these reflectance spectra reveals that the local reflectance minimum of each
spectrum appears at 400 nm. It is also observed that the reflectance decreases in a sequential
manner with increasing angle of deposition. As a matter of fact, the calculated average residual
surface reflectance of the films (deposited at 20°, 65°, and 85°) reduces by 20%, 42%, and 80%,
respectively with respect to the one deposited under normal incidence, which can be attributed to

the presence of porosity in the films.
7.1.4 Conclusions

In this section, the tunability of microstructural, electrical, and optical properties of rf sputter-
deposited Mo films, by changing the growth angle, has been demonstrated. Atomic force
microscopy measurements show an increase in the average grain size and rms roughness with the
angle of deposition. A sequential increment in the resistivity and decrement in the reflectance is
observed with an increase in the growth angle. Thus, in the context of the present thesis work, it is
found that the film grown under normal incidence shows the lowest resistivity (7.9x10° Q-cm)
and the highest average reflectance (~65%) and has been used to deposit several overlayers

(included active one) to construct a copper oxide-based solar cell (as described below).

7.2 An efficient hole blocking copper oxide-based solar cell

7.2.1 Introduction

Generally, a p-n junction is needed to design a solar cell where the p-type material works as an
absorber and the n-type material generates an electric field at the junction which can be used to

separate out the electron-hole pairs [12]. In particular, for a Cu-O based solar cell, it is very difficult
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to achieve a high efficiency because of the difficulty in obtaining a suitable n-type semiconductor
as well as the chemical instability of the Cu20O surface [13]. In the present scenario, Avasthi et al.
have shown a new concept of holes blocking solar cell [14]. In fact, they have demonstrated that
the TiOz thin film shows the ability to selectively block the flow of holes (via valence band barrier).
Due to a mismatch in the band gaps, the band bending at the interface of TiO> and the coexisting
layer is formed, which in turn blocks both the ionic and electronic charge carriers across the
junction [14]. This property makes this material useful to replace a traditional p-n junction to
achieve similar effects [14]. As described in the previous chapter, a TiO2/Cu-O heterostructure
shows a better hole blocking property in comparison to that of a TiO/Si heterostructure and thus,
can be used to design an efficient solar cell. However, to the best of our knowledge, the
construction of a hole blocking Cu-O based solar cell deposited at room temperatures is still
lacking.

In this study, the structural properties of individual as well as the full solar cell is studied using
SEM, EDX, and XRD. In particular, SEM images of the individual layers show granular structures,
while their crystalline nature is confirmed by XRD. We also investigate the current-voltage (I-V)
characteristics (in dark) of an Al-doped ZnO (AZO) and Cu-O heterostructure, fabricated without
TiO2 layer, which shows a high leakage current. In contrast, a significant reduction in the leakage
current is noticed after introducing a TiO layer between the AZO and Cu-O layers, confirming
the hole blocking nature of the same. Finally, it is found that the AZO/TiO,/Cu-O/Mo/Si
heterostructure solar cell shows an eight times higher efficiency compared to the AZO/Cu-

O/Mo/Si heterostructure.
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7.2.2 Experimental

Cu-0, TiO2, and AZO thin films having optimal thickness values were deposited sequentially on
~400 nm-thick Mo-coated Si substrate at room temperature using a magnetron sputtering system.
As described earlier, commercially available 99.99% pure targets of Cu20, TiO, and ZnO:Al>O3
(2 wt.%) were used to deposit 120 nm-thick AZO, 20 nm-thick TiO2, and 600 nm-thick Cu-O
layers in a sequential manner. We also constructed a cell configuration having similar thicknesses
but without having a TiO2 layer. For each deposition, ultra-pure (99.999%) argon gas was injected
into the chamber with a flow rate of 30 sccm to maintain the working pressure of 5x10° mbar
during sputtering. An rf power of 100 W was applied for Cu20 and TiO targets, while a pulsed
dc power of 100 W (frequency=150 kHz, reverse time=0.4 us) was put on the AZO target. The
substrates (kept at a fixed target-to-substrate distance of 8 cm) were rotated at a speed of 3 rpm to
achieve uniform film thickness values. We have also used separate substrates to grow individual
layers, which were taken out after the growth of each layer. In addition, separate substrates were
also used to grow Mo/Si, Cu-O/Mo/Si, and TiO2/Cu-O/Mo/Si multilayers.

Change in microstructures after each deposition was monitored by a field emission gun scanning
electron microscopy (FEGSEM) in the plan- and cross sectional-view geometries using 5 keV
electrons. FEGSEM-based energy dispersive x-ray (EDX) spectrometric analysis was performed
for compositional analysis of the AZO/Ti0,/Cu-O/Mo/Si heterostructure. The crystallinity and
phase identification of the used layers were performed by x-ray diffraction (XRD) studies using
the Bragg-Brentano geometry and the Cu-K, radiation (1=0.1548 nm). Silver paste was used to
make electrical contacts on top of the AZO layer and the Mo back contact. The |-V data were

recorded using a commercially available software (Lab-Tracer 2.0).
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7.2.3 Results and discussion

In order to look for a possible correlation between the charge transport and structural properties of
different layers in both the heterostructures, SEM, EDX, and XRD studies are carrier out. Fig.
7.5(a) shows a schematic diagram of the studied solar cell. Figs. 7.5(b)-(e) show the plan-view
SEM images of Mo/Si, Cu-O/Mo/Si, TiO2/Cu-O/Mo/Si, and AZO/TiO2/Cu-O/Mo/Si,
respectively. It is observed that the Mo film deposited on a Si substrate [Fig. 7.5(b)] shows
elongated granular structures with an average grain size of 35 nm, while after the growth of Cu-O
layer on top of it, spherical grains are observed (average grain size of 30 nm) [Fig. 7.5(c)]. On the
other hand, no significant change in the topography (apart from a little enhancement in the grain
size) is noticed after TiO2 deposition on top of Cu-O/Mo/Si and this can be attributed to a low
thickness of the same. It is interesting to note that the grain size increases further after the growth
of AZO layer on top of TiO2/Cu-O/Mo/Si substrate. However, no other drastic change in the
surface topography is observed even after the deposition of AZO thin film on top of, confirming
the conformal nature of growth. Besides investigating the topographical evolution, the growth of
solar cell structures using different layers is also confirmed from the corresponding cross-sectional
scanning electron microscopic (XSEM) images. Fig. 7.6(a) shows a XSEM image of the film
deposited on the Si substrate. The XSEM image not only confirms the intended thicknesses of the
grown layers but also shows the formation of microstructures with in these films. On the other
hand, Fig. 7.6(b) shows magnified view of the AZO/TiO2/Cu-O interface. The elemental
composition of the heterostructure is studied by EDX spectrometric analysis, which clearly shows
the presence of Zn, Cu, Ti, and O but the absence of Al (due to its very low concentration) or any
other metallic impurity in the film. An EDX spectrum corresponding to the heterostructure grown

on the Si substrate is depicted in Fig. 7.6(c).
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Figure 7.5: (a) Schematic diagram of the full solar cell configuration, (b)-(e) present the plan-view
SEM images of Mo deposited on Si, Cu-O deposited on Mo/Si, TiO> deposited on Cu-O/Mo/Si,
and AZO deposited on TiO2/Cu-O/Mo/Si substrate, respectively.
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Figure 7.6: (a) XSEM image of the complete hole blocking solar cell where various colour
corresponds to the different layers, viz. bottom yellow: Mo, light blue: Cu-O, yellow on top of Cu-
O: TiO2, and light magenta: AZO. (b) Magnified part of (a), and (c) present the EDX spectrum
collected from (b).
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Figure 7.7: (a)-(c) XRD plots of Mo, Cu-O, AZO individual layers deposited on Si substrate,
respectively. (d) Represents the XRD plot of full solar cell.

It is well-known that the carrier density available for electrical transport in a material strongly
depends on its crystallinity. The XRD spectra of the individual layer as well as the whole
AZOQOITiO2/Cu-O/Mo/Si cell configuration are recorded under similar conditions to confirm the
phase and crystalline nature of the films (i.e. AZO, TiO., Cu-O, and Mo). Fig. 7.7(a) shows the x-
ray diffractogram obtained from the Mo thin film, depicting a strong peak at 26=40.6°
corresponding to this peak, the phase identification reveals a bcc crystal structure with a very
strong (110) preferential orientation along the direction normal to the substrate. On the other hand,
TiO> film turns out to be amorphous in nature (diffractogram not shown) [7]. Fig. 7.7(b) represents
the XRD pattern corresponding to the Cu-O layer, exhibiting one prominent peak which is

deconvoluted into two peaks: one is assigned to the CuO (002) reflection and the other one is
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assigned to Cu20 (111) [15]. Further, Fig. 7.7(c) shows the XRD pattern of the AZO layer which
confirms the crystalline nature of the film. In this case, the dominant peak at 26=34.1° can be
attributed to the (002) reflection of hexagonal wurtzite structure, indicating the formation of highly
oriented grains along the c-axis. It may be mentioned that no signature of Al or Al,Oz is observed
in the films [15]. The XRD spectra of the full solar cell configuration is depicted in Fig. 7.7(d)
where a combination of all possible peaks are observed. Similar XRD lines are observed for the

AZO/Cu-0O/Mo/Si heterojunction (plot not shown to maintain the clarity).
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Figure 7.8: (a) and (b) Represent the schematic diagrams of solar cells built up with and without
TiO2 sandwich layer, respectively. The I-V characteristics under dark and white light conditions
corresponding to (a) and (b) are depicted in (c) and (d), respectively.
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The hole blocking nature of the TiO2 layer is confirmed by making two types of heterostructures
viz. AZO/Cu-O/Mo/Si and AZO/Ti02/Cu-O/Mo/Si [Figs. 7.8(a) and (b)]. The I-V characteristics
(under dark and white light) of both types of junctions are presented in Figs. 7.8(c) and (d),
respectively (olive color). It is interesting to note that a high reverse leakage current is observed
for the configuration without TiO> [olive color, Fig. 7.8(a)], while it turns out to be very low after
introducing the same [Fig. 7.8(b)], confirming the hole blocking nature. In the similar way, the
behaviour of photocurrent is also observed.

To evaluate the performance of such simplistic solar cells, photocurrent density-voltage
characteristics of both the heterojunctions, under white light illumination of 100 mW cm™2, are
performed [Figs. 7.8(c) and (d)]. These plots indicate that light absorption takes place in both the
cells, leading to the formation of electron-hole pairs and in turn the generation of photocurrent.
Following this, the cell configuration in (a) shows an open-circuit voltage (Voc) of 0.11 V and a
short-circuit current (Isc) of 10 mA cm™2. Subsequently, the fill factor (FF) and the power
conversion efficiency (or cell efficiency) of this cell are found to be 43% and 0.58%, respectively.
On the other hand, for the hole blocking cell configuration shown in (b), both Vo and Isc get
enhanced and are found to be 0.4 V and 15 mA cm, respectively which correspond to a cell
efficiency of ~5.2%. It is interesting to note that comparatively the FF (68%) does not increase
much, albeit the efficiency increases by a factor of nine in comparison to the cell based without
TiO». This enhancement in the cell efficiency can be attributed to the hole blocking nature of the
TiO. layer. For instance, when light falls on the heterojunctions, both the generation and
recombination of electron-hole pairs take place. TiO: layer in between the AZO and Cu-O layers
reduces the flow of holes, while it allows the movement of electrons and in turn reduces the

recombination rate, resulting in an improvement in the cell efficiency.
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7.2.4 Conclusion

In summary, two types of heterojunction solar cell viz. AZO/Cu-O/Mo and AZO/Ti0,/Cu-O/Mo
have been grown and studied their charge transport properties. In is observed that the
heterostructure grown with TiO2 sandwich layer between AZO and Cu-O shows a much higher
efficiency in comparison to without the same. The observed results is attributed to the hole

blocking nature of TiO,.
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CHAPTER 8

1. Summary and future scope

In summary, we have carried out extensive experimental investigations on the growth and
characterization of individual layers as well as copper oxide-based full solar cell. As a starting
point, we have deposited AZO films at different growth angles (using pulsed dc magnetron
sputtering) at room temperature and demonstrated that the optoelectronic properties of AZO films
can be tuned by varying the growth angle. The observed grain growth with increasing deposition
angle is confirmed from the SEM and XRD results. In addition, optical transmittance of the AZO
films, in the visible region, is found to be more than 80% and a blue shift is also observed till the
growth angle of 70°. Further, we have demonstrated that low resistive films (5.6-4.3x10 Q-cm)
can be obtained for the growth angle between 50° to 70°. A continuous change in the work function
with the growth angle is also observed, which becomes the highest (4.78 eV) corresponding to
50°. Thus, the AZO film, grown at 50° shows the best optimized physical properties to use it as a
transparent conductive contact to the construct the solar cell in the present study.

Following this, we have varied the AZO film thicknesses at 50° angle of deposition on SLG and
p-Si substrates and performed temperature-dependent I-V studies. |-V characteristics of n-AZO/p-
Si heterojunction diodes, at different temperatures, reveal unusual behaviour, which is correlated
with the temperature-dependent resistivity of the AZO film deposited on the SLG substrates. At
higher temperatures, an increase in the resistivity takes place which is attributed to the annihilation

of oxygen vacancies. The metallic-like of conductivity of the AZO film, at relatively higher
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temperatures, is concluded to be responsible for the transition of the conduction mechanism from
diffusion to the thermionic emission mode.

In addition, the roles of UV absorption on bulk and nanoscale charge transport in AZO film are
also studied. cCAFM investigation shows an enhancement in the local electrical conductivity at
grains after UV-exposure, which gives a smooth conduction in the film. In particular, it is observed
that a smooth charge transport takes place not only in the bulk but also at the nanoscale. In fact,
our experimental observation of enhancement in the photoresponsivity of an AZO/Si
heterojunction diode in the visible range, after UV-exposure, manifests that UV absorption in the
AZO overlayer should not be considered as an optical loss for the underlying absorber layer of a
solar cell which is in contrary to the common belief.

Further, we demonstrate a first conclusive experimental evidence on nanoscale room temperature
pseudoferroelectricity in preferentially oriented thin films of AZO. Local probe microscopic
measurements like cCAFM, KPFM, and PFM indicate that pseudoferroelectricity in AZO gives rise
to the polarization-driven barrier formation, which in conjunction with the defect-induced
electrostatic potential barrier matches well with the experimentally observed local band bending
at the grain boundaries. The present observation of the polarization-driven potential barrier
formation can be a benchmark for understanding the charge transport process across the GBs even
in other pseudoferroelectric materials. However, more detail investigations are underway to
address the local band bending at AZO grain boundaries in light of roles played by the type and
nature of the grains and GBs.

The polarization in the AZO film opens a new way to control the charge transport. Thus, the tuning
of the work function of an AZO film due to an applied electric field-induced charge doping

(through the AFM tip) is performed using KPFM measurements, which corroborates well with the
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charge transport processes in the film, as is measured by contact-mode AFM. This is further
substantiated by cAFM investigation, which shows a systematic change in the turn-on potential at
a fixed point (as revealed from the local 1-V characteristics), indicating a tunability in the work
function of AZO. Our experimental findings are further confirmed by calculations based on first-
principle density functional theory. Tuning the work function and in turn charge transport of AZO
by injected charge (field-induced doping) has a direct application in different optoelectronic
devices, which use such optically transparent contacts materials.

The growth and characterization of the main absorbing layer in the form of copper oxide layer is
performed. In fact, XRD is used to evaluate the crystalline quality, dislocation density, and the
ratio of Cu20:CuO crystalline phase present in two-types of Cu-O specimen. We observe the
resistive switching behaviour in a relatively poor crystalline film, whereas it disappears for the one
having a better crystalline quality. These observations are explained on the basis of structural
defect-dependent variation in local carrier density and match well with the existing theoretical
model based on conducting filament formation. It is found that the film deposited at 50° have a
smooth charge transport and thus, it is used for the growth of full solar cell.

It order to get a better efficiency, the hole blocking nature of TiOz is also studied. In particular, we
have studied the growth of ultrathin TiO films at RT on Si and glass substrates by rf magnetron
sputtering. It is found that the surface roughness increases with increasing growth angle. Using
KPFM and temperature-dependent current-voltage characteristics, we have studied the charge
transport across the TiO2/Si heterojunction. In particular, KPFM result shows a variation in the
work function at the TiO. surface. In addition, the temperature-dependent current-voltage
characteristics show an intrinsic non-ideal hole blocking behavior in the TiO> layer. The measured

barrier height is found to decrease with temperature, strongly suggesting its inhomogeneous nature
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at the interface. Further, in the context of the present thesis work, the hole blocking nature of TiO-
is also confirmed by depositing it on a Cu-O thin film. As a matter of fact, this study is very
important, in particular for solar cell applications, because the hole blocking nature of TiO2 helps
reducing the reverse leakage.

As a back contact, the growth and characterization of Mo thin film is also studied. The bottom
electrode for the presently studied cell configuration is a Mo thin film. For a better efficiency, this
electrode should have a high optical reflectivity and a good charge collection efficiency. Thus, in
chapter 7, first we have optimized the growth of Mo thin films at various angles and studied their
structural, electrical, and optical properties. It is observed that the resistivity increases with the
increasing growth angle, and thus, the film deposited under normal incidence shows the lowest
resistivity (~10° Q-cm) and the highest reflectivity (~65%), which are considered to be the
optimised ones for the present architecture of the Cu-O based cell. Finally, based on our
experimental findings on individual layers, we have constructed a full solar cell and demonstrated
that the efficiency of a hole blocking copper oxide-based solar cell can be increased up to 5.2%.
This is nine times higher compared to the one where TiO> has not been used as a sandwich layer
between AZO and Cu-O.

In the last chapter, we provide a summary of the present thesis work, which deals with the growth
and characterization of heterostructures towards constructing a copper oxide-based solar cell. In
particular, we have studied the bulk as well as nanoscale charge transport properties across the
used layers. For the optimization of growth, different thin films have been deposited over a large
angular window (0°-80°). Following the same, structural, morphological, microstructural,
compositional, and electrical properties of all the different layers have been critically evaluated.

Finally, based on our experimental findings on individual layers, we have optimized the growth
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conditions at RT and thicknesses of different layers, viz. Mo, Cu-O, TiO2, and ZnO:Al and
constructed a fully functioning Cu-O based solar cell whose efficiency has been demonstrated to
be 5.2%. This, to the best of our knowledge, is by far the highest among the Cu-O based solar
cells, using the similar architecture and thus, shows an improvement by a factor of 2.5 times. We
believe that the cell efficiency can be increased further by enabling more light trapping in the

active layers through the use of textured substrates and/or individual layer.
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