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An excellent candidate for an earth abundant absorber material is tungsten
selenide (WSe2) which can be directly grown as a p-type semiconductor with a band gap
value that matches well the solar spectrum. Although several fabrication methods were
reported, further improvement is highly needed to make high quality WSe: films. In
addition, the numerical modelling of WSe: solar devices is highly desired to assess the
overall utility of the material. In this work, the growth and characterization of tungsten
selenide thin films are investigated, as well simulations of homo- and hetero-junction
devices. In the first part, the growth and characterization of WSe: films has been studied.
By means of selenization of tungsten films in a closed tube in a single-zone furnace,
highly c-axis orientated P-type WSe> thin films with a large carrier mobility have been
grown. In the second part, multiple sets of simulations of the WSe: solar cell devices are
carried out by using PCID software. Both WSe: homo-junction devices and
hetero-junction devices with an AZO window layer present high efficiency values, over
20%, at several tens of ns carrier lifetime of the absorber layer. This is in large part due to

the very high absorption coefficient of WSe: thin films.
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Chapter 1 Introduction

1.1. Background

The global demand for energy has been growing rapidly and is causing an energy
crisis for human beings which is one of the most crucial issues in the world. Currently,
there are two main energy sources on the earth: one is called conventional energy, such as
petroleum, coal, and natural gas while the other is called renewable energy which directly
or indirectly comes from solar radiation, such as solar energy, biomass energy, wind

energy and hydropower energy.

1.2. Conventional Energy

Conventional energy sources (petroleum, coal, and natural gas) have played an
important role in the industrial revolution of human beings and still drive economic
progress in modern society. The principle of conventional energy sources is that when
fossil fuels burn, the component of the fuels which mainly contains carbon and hydrogen
atoms will chemically react with the oxygen in the air at high temperature. The reaction is
an exothermic process and releases a large amount of heat which may be used to produce
electricity and power. Negative effects, such as global warming and air pollution, are a

result of this process.



1.2.1 Global Warming

Carbon oxide and hydrogen oxide molecules are the primary two byproducts of
fossil fuel combustion. Hydrogen oxide will become water, however carbon oxide which
is a greenhouse gas prevents part of the IR radiation from escaping the earth’s atmosphere.
In the United States, it is reported that more than 90% of greenhouse gas (carbon oxide)
emissions come from the combustion of fossil fuels [1]. Greenhouse gas is accumulating
around the earth’s surface, causing global warming. Fig.1.1 shows the effect of
greenhouse gas on the earth’s temperature, sea level, and carbon oxide concentration in
recent decades [2]. Future predictions from scientists indicate that if action is not taken
the earth’s surface temperature may rise by between 1.4 °C and 5.8 °C, which will
probably cause serious droughts, flood, rising sea levels, glacier melting, and serious

disruptions to agriculture and natural ecosystems [3].
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Figure 1.1 The source, concentration and effect of greenhouse gas in earth temperature, sea
level.

1.2.2 Air Pollution

Additionally, impurities in the fossil fuel can pollute the earth’s atmosphere. For
example materials such as nitrogen oxides, sulfur dioxide, volatile organic compounds,
heavy metals, and particulate matter can enter the atmosphere as a result of fossil fuel

combustion. Some of them, such as nitrogen oxides and sulfur dioxides result in acid rain,



which can erode both natural areas and the man-made environment. Some of them such
as particulate matter also known as ‘PM’ will permeate the air, saturate the air with fog,
and become poisonous dust/smoke that threatens the health of human beings. Currently
some cities in the developing countries are suffering from PM, such as PM 2.5, which is a
particulate matter with diameter of 2.5 micrometers or less. According to the U.S.
Environmental Protection Agency, such fine particles can cause asthma, bronchitis, and
acute and chronic respiratory symptoms such as shortness of breath and painful breathing,
and may also lead to premature death [4]. Fig. 1.2 shows the air pollution in a developing
country due to the excessive combustion of fossil fuel. Furthermore, recent research also
found that fossil fuels contain radioactive materials, mainly uranium and thorium, which
are released into the atmosphere and it is reported that in 2000, about 12,000 tons of

thorium and 5,000 tons of uranium were released worldwide from burning coal [5].



Figure 1.2 Air pollution in a developing country.

Currently conventional energy sources dominate energy production and supply
about 90% of the energy demand in the world. However, fossil fuels cannot last forever,
and after a few decades all these current sources on the earth may be exhausted. Based on
all of these factors, people are seeking other energy sources, particularly renewable

energy sources.

1.3. Renewable Energy
Renewable energy is defined as energy that comes from resources which are
naturally replenished on a human timescale such as sunlight, wind, rain, tides, waves, and

geothermal heat [6]. Renewable energy, which is clean, safe and infinite, would generate



significant economic benefits and also reduce current air pollution caused by combustion
of fossil fuels and eventually improve public health, reduce premature mortalities and
save associated health costs. Recently, the use of renewable energy sources such as
photovoltaic energy, biomass energy, hydropower energy and wind energy is becoming

more widespread.

1.3.1 Biomass Energy

Biomass is biological organic material that is the product, waste, and residue from
agriculture, forestry, and related industries. Currently, wood remains the largest and most
widespread biomass energy source in the world. Biomass energy refers to the renewable
energy that is generated from a variety of biomass. Biomass can be directly burned and
generate heat and electricity. Besides, biomass can also be converted into other usable
forms of energy, such as biofuel, which is achieved by employing different methods
which are broadly classified into: thermal, chemical, and biochemical methods. Rotting
garbage, and agricultural and human waste can generate ‘biogas’ which is actually
methane. This means that biomass can also be converted into methane gas or

transportation fuels like ethanol and biodiesel.

1.3.2 Hydropower Energy
Hydropower harnesses the energy of falling water or running water for electricity

generation. Early in the late 19th century, hydropower became a source for generating



electricity. Cragside in Northumberland was the first house powered by hydroelectricity
in 1878 and the first commercial hydroelectric power plant was built at Niagara Falls in
1879 [7]. Currently hydroelectric power is recognized as a means for economic
development without adding substantial amounts of carbon to the atmosphere and
hydroelectric power systems are currently found in most places in the world [8].
Depending on the hydrology and topography of the watershed, hydropower plants vary
from small to large in terms of scale. There are four main hydropower categories: run of
stream, reservoir, dam, and pumped storage. The water flow in a stream can change
greatly from season to season, and even year to year, which requires years’ analysis of
flow records to determine the possible annual power supply of the hydropower systems.
Reservoirs and dams, compared with the stream, can provide a more dependable source
of power by smoothing seasonal changes in water flow. However dams can impact the
surrounding environment and cause significant social or environmental issues.
Pumped-storage systems transfer water from the bottom of a reservoir to the upper
reservoir during off-peak hours to be used later and during periods of high electrical
demand. The stored water is released through turbines to produce electric power.
Currently, pumped-storage systems are a practical approach to enhance the hydropower

and accounts for 99% of on-grid electricity storage.

1.3.3 Wind Energy

Wind energy is renewable, clean and practically unlimited. Generally the wind



drives the turbines to rotate and generate electricity. Usually, a large amount of turbines
are employed in wind farms. Wind turbines can be constructed where there is enough
wind, such as in a valley, on a plain, or offshore. Wind sources in most places varies
significantly from season to season. Offshore sites provide relatively stable and high
wind sources throughout the whole year. However, the cost is very high. In most cases,
wind power plants are usually integrated with other electric power sources in order to
provide a reliable supply.

In recent years, wind power has grown quickly, as shown in Fig 1.3, and has
reached around 4% of the electricity usage in the world by 2014 [9]. More than 83
countries in the world are using wind power in their electric grids and some countries in
Europe have reported that the production of the wind power had achieved around 40% of

the overall electricity [10].
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Figure 1.3 Global growth of wind power capacity.

1.3.4 Photovoltaic Energy

When light (usually sunlight) is incident on a semiconductor p-n junction,
electrons in the valence band of the semiconductor material will absorb the photons
which have higher energy than the bandgap, become excited, and jump to the conduction
band. As a result, a large amount of free electron-hole pairs are generated. As a result of
the built-in voltage or electric field in the p-n junction, electron-hole pairs are accelerated
moving in the opposite directions yielding a net current. Thus some of the light energy is
converted into electric energy. In recent years the growth of photovoltaics has been

exponentially increasing throughout the world, as shown in Fig 1.4 [11]. By 2014,
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cumulative photovoltaic capacity has reached about 200 gigawatts (GW), which accounts

for 1 percent of supply of total electricity consumption in the world.
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Figure 1.4 Growth of photovoltaics power (Megawatts).

Sunlight is the most abundant energy source available on the earth. Most of the
renewable energy sources derive their energy from solar radiation, either directly or
indirectly, employing various process and technologies. Figure 1.5 shows how the various
forms of renewable energy are connected with solar radiation [12]. Among these

renewable energy types, photovoltaic (PV) systems can directly convert solar energy into



electricity and is believed to be the simplest technology to design and install.

Figure 1.5 Relationships between other renewable energy and solar radiation.
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Chapter 2 Photovoltaic Cell and Material

2.1 History

The photovoltaic device has been experiencing steady theoretical and
technological progress since French physicist Alexandre-Edmund Becquerel discovered
that ‘electrical currents arose from certain light induced chemical reactions’ in the year of
1839 [1]. The first photovoltaic devices (solar cell) were created with crystalline silicon
at Bell Laboratory in 1953, achieving an efficiency of 4.5%. Later in 1954, the scientists
at Bell Laboratory improved the solar cells to 6% efficiency [2]. With the improvement of
the conversion efficiency, solar cells could be used as electrical power sources for
spacecraft, special terrestrial applications such as lighthouses, and consumer products

such as electronic calculators.

2.2 Photovoltaic Cell

2.2.1 Structure

A solar cell usually consists of semiconductor materials in the form of a p-n
junction. When light shines on the p-n junction, it will absorb the light and generate
excess electron hole pairs. Due to the electric field in the depletion region, the excess
holes in the n-region move towards the p-region and the excess electrons in the p-region

move towards n-region, which produce both a current and a voltage. Figure 2.1 shows a
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typical p-n junction solar cell. The operation of a solar cell entails the following four
basic steps:

a) light-generation of carriers;

b) the collection of the light-generated carriers yielding a current;

c) the generation of a voltage across the solar cell;

d) the dissipation of power in the load and in parasitic resistances.

v.A
-

7N

Front electrode

Anti-reflective coating—p»

N-type sillicon

P-type sillicon

Back electrode

Figure 2.1 A typical p-n junction solar cell (silicon).

2.2.2 Conversion Efficiency

Besides silicon solar cells, various types of solar cells are currently studied, such
as polymer organic cells, thin films cells, and compound semiconductor cells. Many of
them are already industrially available. The efficiencies of various kinds of solar cells

have significantly improved over the past 30 years, as is shown in Figure 2.2. Although
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silicon solar cells do not have the highest efficiency among various types of solar cells,

they are still dominant in the solar sell market because they currently provide a good

compromise between efficiency and cost.
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Figure 2.2 Research solar cell efficiencies reported by NREL (2010).

2.2.3 Equivalent Circuit

The solar cell can be ideally seen as a parallel connection of a current generator

and a diode, as is shown in Figure 2.3. The current generator is producing a current Iv.

The dark current Ip, which is caused by a potential applied to the diode, flows in the
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opposite direction of the IL. Hence the current through load R is ideally:
I=1_-1; (2.1)
and the voltage applied on the load Rv is

V=>_-1H)R (2.2)

—]

Ip
) LY V||R

_—

Figure 2.3 Equivalent circuit of an ideal solar cell.

In the actual case, the solar cell material is not a perfect conductor and there exists
a resistance Rs. In addition, due to poor insulation or packaging in the fabrication process,
leakage of current may occur from one terminal to the other, such as at the edges of the
cell. Therefore, two more resistances called parasitic resistances should be inserted: one
in series (Rs) and one in parallel (Ryp), as is shown in Figure 2.4. In an ideal solar cell, Rs=

0 and Rp = oo. When these so called parasitic resistances are included, the current



expression becomes:

RP
R +R;

(IL_ID)

And the voltage on the load R is:

V =

R R,
I —1
RL+RP( L~ lo)

17

(2.3)

(2.4)

Figure 2.4 Equivalent circuit of an actual solar cell.

2.3 Photovoltaic Material

All solar cells require a light absorbing material to absorb photons and generate

free electrons via the photovoltaic effect. The properties of photovoltaic material directly

determine the performance of solar cell devices.
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2.3.1 Silicon

The first solar cells were fabricated from silicon. Silicon is still the main material
for photovoltaic devices. Silicon technology has been recognized as the dominant one for
the supply of power modules into photovoltaic applications [3-11]. Monocrystalline
silicon and polycrystalline silicon are expected to occupy an increasing proportion of
photovoltaic devices with the development of silicon technology [12].

Monocrystalline silicon is the most widely used solar cell material, offering a high
efficiency of 14-19% for commercial photovoltaic devices [13-19]. Due to the intrinsic
properties of silicon material, currently attempts to enhance the efficiency are limited by
the amount of photon energy since it decreases at longer wavelengths. Solar cell module
efficiencies usually tend to be lower than the single solar cell device. Recently an
efficiency of 20.4% for a full module panel was reported by National Renewable Energy
Laboratory (NREL). Monocrystalline silicon solar cells own 80% of the market and will
continue to be the leader until a more efficient and cost effective PV technology is
developed.

Polycrystalline silicon is another very popular material with cell efficiencies of
10-15%, which is mainly due to much larger concentrations of defects and impurities in
silicon crystal, partially offsetting the benefits of the lower cost material [20-28].
Although its efficiency is slightly less than that of monocrystalline, polycrystalline silicon
is becoming attractive because its manufacturing cost is much lower and the efficiencies

of polycrystalline cell modules are almost the same as those for monocrystalline cells
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(14%) due to the higher packing factor of the square polycrystalline cells [29].

2.3.2 Polymer

Organic solar cells are fabricated with organic semiconductor thin films, such as
polymers, pentacene, polyphenylene vinylene, and carbon fullerenes. Although the
present dominant photovoltaic devices are based on inorganic materials, organic
photovoltaic cells have attracted considerable attention in recent years. Currently reported
conversion efficiency of polymer cells are less than 10% [30-47]. However, the polymer
has several advantages over the traditional photovoltaic materials, such as a low-cost
manufacturing process, mechanical flexibility, and disposability [48-51].

In 1979 Tang et al. introduced an organic PV cell based on the donor-acceptor
bilayer planar heterojunction with a power-conversion efficiencies of around 1% [52][53].
Yang Y. et al. explained that the highest-efficiency polymer solar cells are those based on
polymer-fullerene systems, and conversion efficiencies can reach 10%. Jorgensen et al.
presented an understanding of stability/degradation in organic and polymer solar cell
devices and discussed the methods for studying and elucidating degradation and
enhancing the stability through the choice of better active materials, encapsulation,
application of getter materials and UV filters [54]. Mozer et al. presented successful
strategies towards improved photovoltaic performance using various novel materials,
including double-cable polymers, regioregular polymers, and low bandgap polymers,

demonstrating that the bulk heterojunction concept is a viable approach towards



20

developing photovoltaic systems by inexpensive solution-based fabrication technologies
[55]. Due to its natural advantages, organic photovoltaic technology is recognized as one
of the most promising PV technologies with lower cost and potentially high conversion

efficiency.

2.3.3 Compound Semiconductor

Compound semiconductor solar cells are generally made of III-V semiconductor
materials (e.g., GaAs, InP, GaN, AlAs, AIP, and InAs), specifically with multi-junction
tandem, photonic up/down conversion, and plasmonic metallic structures. Although the
material processing cost of conventional III-V semiconductor is relatively high, the
superior performance (high energy conversion) makes it attractive among all different
types of solar cell materials [56-75]. Energy conversion efficiencies of ~40%, which is
the highest value of any photovoltaic technology to date, have been achieved in
laboratories using I1I-V compound semiconductor material in the form of sophisticated
epitaxial multi-junction device structures.

One of the major factors resulting in energy loss in a solar cell is the gap between
the photon energy and the bandgap energy of the photovoltaic material. If the photon
energy was smaller than the bandgap energy, no absorption would occur. The
photovoltaic material can only absorb the photons whose energy is larger than the
bandgap energy, leaving the other part of the sunlight wasted as heat. The multi-junction

solar cell can solve this problem. Each type of semiconductor materials has a different
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band gap energy which allows it to absorb certain range of the spectrum efficiently. A
typical structure of a compound multi-junction semiconductor solar cell is shown in
Figure 2.5 [76]. The multi-junction solar cell device consists of a germanium (0.7 eV)
bottom junction and middle and top junctions of GaAs (1.4 eV) and GaInP (1.9 eV). As a
result, solar cell devices made of multi-junctions of different bandgaps are tuned to utilize
the whole sunlight spectrum from 300 nm to 1880 nm. Furthermore, compound
semiconductor solar cells have higher resistance to high-energy rays in space, and higher
tolerance of increased operating temperatures, which make them promising in space PV
cells with applications in telecommunication satellites, military satellites, and scientific

space probes.

frant contact
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Figure 2.5 Structure of multi-junction compound semiconductor solar cell.

2.3.4 Thin Film
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layers on a substrate, such as glass, plastic or metal. The advantage of thin film
technology is that the thickness of the deposited layers is barely a few microns (smaller
than 10 pm) thick which is much smaller than the crystalline wafers which tend to be
several hundred microns thick [77-81]. The resulting advantage for thin film solar cells is
lower manufacturing cost due to the high throughput deposition process as well as less
cost of materials. In comparison with crystalline silicon cells, thin film technology holds
the promise of reducing the cost of PV array by lowering material and manufacturing
without jeopardizing the cells’ lifetime as well as any hazard to the environment.

Chalcogenides, such as cadmium telluride, cadmium sulphide, and cadmium
selenide, are very important thin film solar cell materials [82-86]. Among the
chalcogenide based solar cells, Cadmium telluride (CdTe) is recognized as a promising
photovoltaic material due to its band-gap (1.5 eV) is close to the ideal value for
photovoltaic conversion efficiency, as well as a high direct absorption coefficient. The
energy conversion efficiency is larger than 15% for solar cells and 9% for modules.
Cadmium telluride is currently predominant in thin film solar cell technology, and is very
successful in commercial applications, which accounts for more than half of the thin film
PV market. However, the disadvantage of CdTe modules results from the toxicity of
cadmium, and a limited tellurium supply. Cadmium based modules are banned in some
countries such as Netherlands.

Transition metal chalcogenide (TMC) semiconducting materials MX2 (M=W Mo;

X= 8§, Se) display potential for use as solar cells, because their optical bandgaps are well



23

matched to the solar spectrum, as is shown in table 2.1 [87]. Furthermore, due to their
unique physical and electronic structure, the mono-layered di-chalcogenides, as
two-dimensional materials, display a variety of interesting properties and phases,
including highly anisotropic mechanical, optical, and electrical properties. In 2014, a
large scale MoS2 monolayer heterojunction photovoltaic device was reported to achieve a
power conversion efficiency of 5.23%, which is the highest efficiency among all

monolayer transition-metal di-chalcogenide-based solar cells [88].

Table 2.1 Optical band gaps of MX; compounds.

Material Indirect Bandgap (eV) | Direct Bandgap (eV)
MoS:2 1.14 - 1.50 1.7-2.0

MoSe: 1.05-1.12 1.35-1.40

WS 1.29-1.35 1.7-1.9

WSe2 1.16 - 1.22 1.35-1.50

Among all chalcogenide (TMC) semiconducting materials, WSe2 is promising
because its bandgap is closest to the ideal bandgap value for solar cells. This research is
mainly focused on the fabrication of WSez thin films, as well as various physical, optical
and metrology characterizations. In the end, the simulation of WSe: solar cell is carrier

out with PC1D software.
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Chapter 3 Synthesis and Characterization of WSe; Thin

Films Using One-zone Furnace

3.1 Introduction

The group VI transition metal chalcogenide (TMC) semiconducting material MX2
(M= W, Mo; X= Se, S) crystallize with a layered structure consisting of hexagonal
X-M-X sandwiches separated by van der Waals gaps. Transition metal chalcogenides can
be grown in the form of large, flexible, hexagonal plates which may be repeatedly
cleaved, using adhesive tape, to give very thin crystals having the optic ¢ axis normal to
the major (001) crystal surfaces [1]. Because of the weak bonding between the layers, it
has been possible to exfoliate (separate into single molecular layers) a number of layered
dichalcogenides [2]. Due to their unique physical and electronic structure, the layered
dichalcogenides display a variety of interesting properties and phases primarily due to
their “two dimensional (2-D)’’ nature, including highly anisotropic mechanical, optical,
and electrical properties [3].

Furthermore, the layered structure transition metal dichalcogenides MXz have
demonstrated their potential in photovoltaics as a long term, inexpensive, and reliable
energy technology, especially for large scale thin films solar cells [4][S]. These
semiconductors exhibit several advantages over conventional semiconductors; for
example, they are made of relatively abundant materials and the band gaps are well

matched to the solar spectrum.
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WSe: is a transition metal chalcogenide (TMC) semiconducting material of group
VI with a layered crystal structure consisting of hexagonal Se-W-Se sandwiches
separated by van der Waals gaps [6-8]. Among the TMCs, WSe2 owns a direct band gap
of 1.2-1.5 eV, which matches well with the solar spectrum and it has been proposed as a
promising material for photovoltaic applications [9-13]. Indeed, solar devices based on a
WSe: single crystal have been reported to possess conversion efficiencies in excess of 8%
[14]. In addition we have simulated homo-junction and heterojunction photovoltaic
devices based on the material properties measured in this work where ideal efficiencies

well in excess of 20% have been obtained [15].

3.2 Properties

Tungsten di-selenide adopts a hexagonal crystalline structure consisting of
hexagonal Se-W-Se sandwiches separated by van der Waals gaps. Every tungsten atom is
covalently bonded to six selenium ligands in a trigonal prismatic coordination sphere
while each selenium atom is bonded to three tungsten atoms in a pyramidal geometry, as
is shown in Fig 3.1. The tungsten—selenium bond has a length of 0.2526 nm, and the
distance between selenium atoms is 0.328 nm. The chemical and physical properties are

shown in table 3.1.
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(a) side view (b) top view
Se
3.28A
Figure 3.1 Structure of WSe; : (a) side view; (b) top view.
Table 3.1 Chemical and physical properties of WSe,.
Molar mass Color State Density
341.76 g/mol grey to black solid 9.32 g/cm’
Melting point Crystal structure Lattice constant Solubility in water
>1200 °C Hexagonal a=0.3297nm insoluble
€c=1.2982 nm

3.3 Fabrication
Several methods have been employed to prepare WSe: thin films including

electrodeposition, chemical bath deposition, and pulsed laser deposition [16-18]. In 2002,
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tungsten diselenide thin films were electrodeposited by the galvanostatic route. In 2009, a
chemical bath deposition method was used to prepare WSe: films. In 2012, WSe: thin
films were obtained by pulsed laser deposition in vacuum and in a buffer gas atmosphere.
The selenization in a selenium gas atmosphere was widely used to make WSe: thin films
and has also been quite successful, however in the previously reported work either a two
zone furnace was employed to directly grow the material or a single zone furnace process
which necessitated post process removal of a selenium layer was used [19-21].

In our research, WSe: thin films were prepared by selenization of tungsten films
under 1 atmosphere selenium pressure in a closed tube in a single-zone furnace without
the need for removal of a selenium over layer after processing.

Tungsten films of about 100 nm thickness were DC-sputtered from a 50.8mm
diameter 99.5% pure tungsten target onto 15 mm x 15 mm quartz substrates at room
temperature. The substrates were thoroughly cleaned prior to insertion into the vacuum
chamber with a base pressure of 1.33 x10* Pa. Before the tungsten films were deposited
onto the substrates the target itself was pre-sputtered for 5-10 minutes to clean away
oxides on its surface. The operating pressure (with argon flow) was kept constant at 0.133
Pa during sputtering. The sputtering power was set to 40 watts and the deposition rate
was about 3 nm/s. In order to obtain a uniform W film, the substrate was rotated at a
speed of 20 revolutions per minute. Figure 3.2 shows the XRD of a tungsten thin film

with a thickness of 100 nm.
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Figure 3. 2 XRD of W film (100 nm thickness).

A tungsten film and selenium powder (99.999%) were sealed into a quartz tube
evacuated to 1.33x10° Pa, as is shown in Figure 3.3. The amount of selenium was
controlled to yield 1 atmosphere of Se pressure at the process temperature. The sealed
tubes were placed into a room temperature furnace and ramped to the process
temperature at a rate less than 6 °C/min, baked for 18 hours and ramped down to room
temperature at the same rate. Processing temperatures from 825 °C to 900 °C with a step

of 25 °C were investigated.
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Figure 3.3 Sealed quartz tube.

The results of these experiments clearly show that a single zone, single step
process can produce high quality WSe: films. All WSe: thin films synthesized under
different temperatures are highly oriented with the ¢ axis predominantly perpendicular to
the substrate. The mobility of WSe: thin films varied with process temperature and rises
to 30 cm*V-Is'! at 875 °C, which is the largest thin film value reported. The preparation
process, morphology, optical and electronic properties of the WSez thin films are

discussed in detail in the following.

3.4 Characterization

3.4.1 Raman Spectroscopy

In order to determine the lattice dynamics of WSez thin films, a WSe:

commercially purchased single crystal and the thin films grown here are investigated by
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Raman spectroscopy employing a 633 nm excitation laser and 2400 mm'! grating. Figure
3.4 shows the Raman spectra of the crystal and films prepared from 825 °C to 900 °C. At
a processing temperature of 825 °C, the the E'24 and A1g modes, which form a doublet,
are obscured compared with the crystal [22]. The doublet becomes more pronounced with
increasing growth temperature and at the 875 °C and 900 °C growth temperatures the
Raman spectra of the WSe: films are very close to that of the crystal. It should be
mentioned that if the Raman spectra is taken with a 1200 mm'! grating only one peak at

252.5 em’! is observed for the crystal which was previously reported [23].
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=
C
] | 3
% 4000
x 2
2000 X T T
1
E 29 Alg
0 T T T T T T T T T
200 220 240 260 280 300

Raman Shift (cm™)

Figure 3.4 Raman Spectra of WSe; crystal and WSe; thin films fabricated under different
temperatures: 825 °C, 850 °C, 875 °C, 900 °C.



42

3.4.2 XRD

The x-ray diffractograms (XRD) indicate that all the films exhibited the 2H-WSe:
hexagonal structure. Figure 3.5 shows the x-ray diffractograms of WSe: thin films grown
under different selenization temperatures, as well as the WSe:z crystal which was bought
from ‘2D Semiconductors’. The three primary peaks in the spectrum of the films
correspond to the (002), (006), (008) peaks of WSe2 which indicate that the ¢ axis of the

hexagonal structure is primarily perpendicular to the substrate.
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Figure 3.5 XRD patterns of WSe; crystal (a) and WSe; thin films under different synthesis
temperatures: (b) 825 °C, (c) 850 °C, (d) 875 °C, (e) 900 °C.
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The average grain size for different films, as seen in Fig. 3.6, was determined by
the Debye-Scherrer formula:
L = (kA)/(Bcosb)
where L is the crystallite size, k is a constant taken as 0.9, A is the X-ray wavelength, B is
the line width at half maximum height, and 0 is the diffraction angle. The grain size
increases with selenization temperature and ranges from 53.3 nm at 825 °C to 79.98 nm

at 900 °C.
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Figure 3.6 Grain sizes of WSe; thin films under different synthesis temperatures.
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3.4.3 Optical Microscopy
The optical microscopy at 5x, 20x and 50x was employed to observe the surfaces
of the samples, as is shown in Figure 3.7. From the images it is seen that films grown at

825 °C exhibit a smooth surface. Films grown at 900 °C appear to become rougher.

(a) WSe: film @ 825 °C Images (x5, x20, x50)

(b) WSe: film @ 850 °C Images (x5, x20, x50)

(c) WSe: film @ 875 °C Images (x5, x20, x50)
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(d) WSe: film @ 900 °C Images (x5, x20, x50)

Figure 3.7 Magnified images of WSe; film surfaces under different temperatures: (a) 825 °C,
(b) 850 °C, (c) 875 °C, (d) 900 °C.

3.4.4 SEM

The morphology of the films including both the planar surface and cross section
were investigated by scanning electron microscopy (SEM). Figure 3.8 shows the SEM
images of WSe: films under different synthesis temperatures. The surface structure of the
film selenized at 825 °C, shown in Fig. 3.8(a), exhibits the hint of a hexagon, but it is not
clearly formed. When the selenization temperature is 850 °C or greater, the grains on the
surface are hexagonal as seen in Figs. 3.8(c), (e) and (g). In the cross section view of the
film grown at 825 °C, shown in Fig. 3.8(b), it is seen that grains are columns that are
perpendicular to the substrate. When the selenization temperature is increased to 850 °C,
a bi-layer granular structure appears as seen in Fig. 3.8(d). In the top layer the grains are
parallel to the substrate, and the bottom layer they are perpendicular. At selenization
temperatures of 875 °C and 900 °C the grains are parallel to the substrate as seen in Figs.
3.8(f) and (h) respectively. It should be pointed out the x-ray diffraction data clearly

indicates the crystalline orientation is independent of selenization temperature, while the
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SEM data shows that the orientation of the largest dimension is a function of process

temperature.
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Figure 3.8 SEM of WSe; films fabricated under different temperatures (a) 825 °C, planar
surface; (b) 825 °C, cross section; (c) 850 °C, planar surface; (d) 850 °C, cross section; (e)
875 °C, planar surface; (f) 875 °C, cross section; (g) 900 °C, planar surface; (h) 900 °C, cross
section.

3.4.5AFM

The morphology of the film surfaces was investigated by atomic force
microscopy (AFM) in 2-D and 3-D presentation. Figure 3.9 shows the AFM planar
surface images of the WSe: films. All AFM tests were carried out on a Sum times Sum

area. With increasing selenization temperature, the granules become larger and clearer.
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Meanwhile, the surface roughness also increases with the temperature. The roughness
average (Ra) is 8§ nm, 11 nm, 13 nm and 20 nm for films grown at 825, 850, 875 and 900

°C respectively.
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Figure 3.9 AFM 2D and 3D images of WSe; films fabricated under different temperatures:
(a) 2D @825 °C; (b) 2D @ 850 °C; (c) 2D @ 875 °C; (d) 2D @ 900°C. (e) 3D @825 °C; (f) 3D
@850 °C; (g9) 3D @875 °C; (h) 3D @ 900°C.

3.4.6 Ellipsometric Characterization

Variable angle spectroscopic ellipsometry characterization of a WSe: single
crystal sample and WSe: thin films at three angles (55°, 65°,75°) across the 350 nm-1200
nm wavelength was performed. The general oscillator model, employing 5 Lorentz
oscillators and 1 Cody-Lorentz oscillator, was used to fit the data. The measured film

thickness, as determined by profilometry, was employed in the ellipsometry analysis
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where the final ellipsometrically determined film thickness was within 10% of the
measured value. The spectroscopic ellipsometric fitting curves (Amplitude ratio Psi and
phase difference Delta) are shown in Figure 3.10. The MSEs are between 12 and 17 for

different WSe: thin films.
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Variable Angle Spectroscopic Ellipsometric (VASE) Data
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Variable Angle Spectroscopic Ellipsometric (VASE) Data
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Figure 3.10 Spectroscopic ellipsometric data fitting curves of WSe, films under different
temperatures: (a) 825 °C, (b) 850 °C, (c) 875 °C, (d) 900 °C.

The dispersion of the refractive index n and extinction coefficient k of the WSe2
thin films, as well as the crystal, are shown in Fig. 3.11 and Fig. 3.12. The WSe:2 films
fabricated at 875 °C are very similar to the crystal. There are two local maximums A and
B at 580 nm and 770 nm in the dispersion curve of k, whereas n shows two local dips.

The extinction coefficient k is in good agreement with previously reported results [24].
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Figure 3.11 Dispersion of refractive index n of WSe; crystal and WSe; thin films: (a) crystal,
825 °C, and 850 °C; (b) crystal, 875 °C, 900 °C.
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Figure 3.12 Extinction coefficient k of WSe; crystal and WSe; thin films: (a) crystal, 825 °C,
and 850 °C; (b) crystal, 875 °C, 900 °C.
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3.4.7 Transmission Optical Spectra

Both transmission spectra and reflection spectra were also acquired in a UV-Vis
spectrophotometer for all the films under different temperatures, as seen in Fig. 3.13,
from which we can calculate the absorption coefficient. The crystal was so thick that data

could not be obtained.
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Figure 3.13 Transmittance and reflection spectra of WSe, films under different
temperatures: (a) 825 °C, (b) 850 °C, (c) 875 °C, (d) 900 °C.

3.4.8 Absorption Coefficient
The transmission spectra as well as the extinction coefficient obtained from

ellipsometry were employed to calculate the absorption coefficient. Figure 3.14 is the



absorption coefficient obtained from ellipsometry and includes the single crystal.
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Figure 3.14 Absorption coefficient calculated from ellipsometry data for WSe; crystal and
thin films under different temperatures: (a) crystal, 825 °C, and 850 °C; (b) crystal, 875 °C,

900 °C.
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Figure 3.15 shows the absorption coefficient obtained from transmission data. It
should be mentioned that reflection was taken into account for calculations based on data
taken from the spectrophotometer. For wavelengths below about 600nm the transmission
dropped to 0 so the absorption coefficient data obtained in that spectral region is an

underestimate. The data agree well for the spectral region above 600nm.
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Figure 3.15 Absorption coefficient calculated from transmission data for WSe; crystal and
thin films under different temperatures.

3.4.9 Bandgap
Tauc plots to determine the direct and indirect band gaps were generated from
both sets of absorption coefficients. Typical results are seen in Fig.3.16 for a film

selenized at 875 °C. Tauc plots from both sets of absorption coefficients yielded very
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close direct and indirect band gap values, and the difference was smaller than 5% range

1n most cases.
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Figure 3.16 Tauc plots of a WSe; thin film from both transmittance and ellipsometry data.
(a) Direct band gap, (b) Indirect band gap. The WSe; thin film is made at 875 °C.
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In view of the issues associated with the transmission data Table 3.1 shows the
band gaps obtained only from ellipsometry. All the films selenized at different
temperatures have similar direct band gap values from 1.50 eV to 1.56 eV. The WSe:

crystal data yielded a 1.59 eV direct band gap and a 1.25 eV indirect band gap.

Table 3.2 Band gaps of WSe;, obtained from ellipsometry spectra.

WSe2 crystal 825 °C 850 °C 875 °C 900 °C
Dircet band gap (eV) | 1.59 1.54 1.50 1.56 1.54
Indircet band gap (eV) | 1.25 1.38 1.28 1.43 1.42

3.4.10 Hall Effect Test

Electrical transport properties, including the carrier type, mobility, and carrier
concentration, were investigated by performing Hall Effect and van der Pauw
measurements. All measurements were performed at room temperature and the Hall
Effect measurements employed a magnetic field of 1.3 T. Electrical contact was made
with silver paint. All films are clearly p-type as indicated by the Hall voltage. Figure 3.17
shows the carrier concentration and Hall mobility as a function of selenization

temperature.
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Figure 3.17 Mobility and carrier concentration (Log(C.C.)) of WSe; thin films as a function

of selenization temperature.

The carrier concentration decreases by nearly 2 orders of magnitude for a 25 °C
increase in selenization temperature from 825 °C to 850 °C, while the mobility increases
from 0.1 cm?V-'s™! to a value of about 5 cm?V-!s™! , a 50 fold increase. The next 25 °C
increment drives the hall mobility to the highest value yet reported in thin films,
approximately 30 cm?*V-!s! although the carrier concentration decreases just slightly.

These properties are essentially the same at a processing temperature of 900 °C.

3.5 Discussion

In relating all the results several useful conclusions can be drawn. The Raman
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spectra is an excellent initial indicator of the film quality. At a processing of temperature
of 825 °C only a single Raman peak is observed and the film has poor mobility and high
carrier concentration. As the processing temperature increases the E'2; peak begins to
appear, and the more pronounce this peak the higher the mobility and lower the carrier
concentration. In the crystal the E'2 and A'€ peaks are nearly the same magnitude.

The SEM and AFM micrographs and grain size data support the changes in film
properties. As the processing temperature increases, the grain size increases, while the
crystal orientation stays the same, as shown by x-ray diffraction. However, the
micrographs show a distinct change in microstructure. At lower process temperatures the
grains are mainly perpendicular to the substrate while at the higher temperatures the
grains, while maintaining their crystal orientation, are now plate like and parallel to the
substrate. This transition corresponds directly to the measured increase in carrier mobility.
It should be pointed out that the mobility measurement is taken with current flowing
parallel to the substrate thus the structure change may account for this. However, in a
photovoltaic device current flows perpendicular to the substrate, thus it is not all clear if
the maximum mobility material would be the best choice for a device. The material
processed at 850 °C has a low carrier concentration, like the high mobility samples but
exhibits a low mobility. The micrograph (Figure 4d) shows grains perpendicular to the
substrate topped with a layer parallel to the substrate. This structure may account for the

low mobility parallel to the substrate.
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3.6 Conclusion

In summary, a single zone furnace has been employed to grow highly c-axis
oriented, single phase p-type WSe: thin films, without the need for post processing
selenium film removal. The band gap, absorption coefficient and mobility indicate that

this material could be an excellent photovoltaic absorber.
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Chapter 4 Simulation of WSe; Solar Cells with PC1D

4.1 Introduction

The software package PC1D (Personal Computer One Dimensional) is one of the
most commonly used modelling programs for semiconductor device simulation, with an
emphasis on solar cells [1-5]. It is widely used for both research and industrial purposes,
not only helping users to understand the fundamental mechanisms and operation of solar
cells, but also efficiently giving reliable and predictable results [6].

Based on the analysis in Chapter 3, WSe2 has the potential to be an absorber
material. In this work, simulation of WSe: solar cells are carried out with PC1D software.
The performance of homo-junction and hetero-junction devices is investigated and the
simulation results will show that WSe:2 solar cell devices can achieve an efficiency of

over 20% for lifetimes in the tens of ns regime.

4.2 Analytical Model

4.2.1 Voltage and Current

The short circuit current Isc (the current when the terminals are connected to each
other or zero load resistance) and open circuit voltage Voc (the voltage between the
terminals when no current is drawn or infinite load resistance) are two of the most

important solar cell device parameters.
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A solar cell device consists of a p-n junction which is a diode. When a voltage is
applied across the diode a current flows through it, which is called dark current since

there is no light shining on the diode. It is expressed as:
qVv
Il =1,| exp(—)—1 4.1
dark 0 ( p( KT ) j ( )

where Io is the dark saturation current (the diode leakage current in the absence of light),
V is the applied voltage, q is the charge on an electron, k is Boltzmann constant and T is
absolute temperature.

Under photon illumination, the p-n junction device yields a light-generated
current I, which is proportional to the light intensity. The current I. produces a voltage
drop across the resistive load that forward biases the p-n junction. The forward-bias
voltage produces a dark current which flows opposite to the direction of IL. Hence, the
resulting current can be approximated as a superposition of the light-generated current

and the dark current:
\%
=1, - Io(exp(E—T)—lj 4.2)

In order to obtain the short current Isc, V = 0, which means that there is no voltage
and the circuit is shorted, yielding
I.=1 (4.3)
It is noted that the short current is equal to the light-generated current Iv.

To find an expression for the open circuit voltage Voc, I = 0. This means that the

two currents cancel out so that no current flows, which is exactly the case in an open
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circuit. The resulting expression is

V= k—Tln('IiJr 1) (4.4)
q

oc
0

4.2.2 Efficiency and Fill Factor

The product of the current and voltage on each point of the I-V curve represents
the power output at that operating condition. The maximum power occurs somewhere
between V = 0 (short circuit) and V = Voc (open circuit) at a voltage Vm, with the
corresponding current Im, and thus the maximum power is Pm = Im Vm, which is shown in
Figure 4.1. The value of Vm can be calculated by

d(Iv)
— =0 (4.5)

Yielding,

Vm
kT/q

V. =V, K gy (4.6)
q
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Figure 4.1. Maximum output power of a solar cell.

The conversion efficiency of a solar cell is defined as the ratio of output power to

incident power. If the incoming light has a power of Ps, the efficiency for the maximum

power output will be

—_mm 4.7
n P 4.7)

The fill factor (FF) is another measure of the solar cell quality, which is calculated

by comparing the maximum power to the theoretical power. It is defined as

4.8
Ty (4.8)
The fill factor shows how much of the open circuit voltage and short circuit

current is "utilized" at maximum power. Obviously, the nearer the fill factor is to unity,

the higher the quality of the cell.
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The four quantities Isc, Voc, 1 and FF are frequently used to characterize the
performance of a solar cell. All of them are normally measured under standard lighting
conditions, which implies Air Mass of 1.5 spectrum, light flux of 1000W/m? and room

temperature of 300 K.

4.3 PC1D Software

4.3.1 Introduction of PC1D

The PC1D software was developed in Australia at the University South Wales of
Sydney. It uses a finite-element numerical method to solve the coupled nonlinear
equations for carrier generation, recombination and transport in the devices, which will
eventually provide a simulation of solar cell performance [7].

By inputting the parameter values of the semiconductor materials, PC1D can
calculate most of the parameters that describe solar cell output performance, such as
current-voltage characteristics, short circuit current, open circuit voltage, maximum

output power, and conversion efficiency.

4.3.2 Operating Interface
The software used in this research is PCID 5.9 version. A typical operation
interface is shown in Fig. 4.2. There are four parts besides the device schematic on the

right side. The ‘Device’ section contains basic information about the device such as the
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device area and surface reflection. The ‘Region 1’ section contains the detailed
parameters of the semiconductor material that is used in the device. All these values
essentially determine the output performance of the solar cell. In addition, more regions
can be added so as to make a hetero-junction or multi-junction. The ‘Excitation’ section
contains the illumination conditions such as the irradiation strength and working

temperature. The ‘Results’ section shows the output parameters of the solar cell.
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DEVICE

Device area: 100 cm’

No surface texnuring

No surface charge

Extenior Front Reflectance: 10%

No Exwerior Rear R¢flectance

Internal optical reflectance enabled
Froar surface optically rough

Enurter contact enabled

Base contact enabled

No internal shunt elements
REGION1

Thickness: 300 Hm

Material from s1.mat
Camer mobilities fom internal model
Dielectric constant: 11.9
Band gap: 1.124 eV
Intrinsic conc. at 300 K: 110" cm?
Refractove index from siinr
Absorption coeff. from 51300.abs
Free camer absorption enabled

P-type background doping: 1.513x10'¢ e
1st front &iff : N-type, 2.87x10% cm’ peak
No 2nd front diffusion
No rear diffusion

Bulk recombination: 1 = 1; = 7.208 1S
Front-surface recom.. S model. S, =5, = 1x10f cm’s
Rear-surface recom : S model S, =5, =1x10° cm/s
EXCITATION

Excitation mode: Transient, 16 timesteps

Temperature: 300 K

Base ciromit: Sweep from 081008V

Collector circuit: Zero

Primary light source enabled
Constant intensity: 0.1 W cm
Spectrum from am15g spc

Secondary light source dizabled
RESULTS

Short-circuit Ib: -3.123 amps

Max base power out: 1 535 watts

Open-circuit Vb: 0.5946 volts

Figure 4.2 Operation interface of PC1D.

4.3.3 Advantages of PC1D

The PC1D software contains library files with the optical and physical parameters
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of the common semiconductor materials that are widely used in photovoltaic technology
such as the GaAS, a-Si, AlGaAs, Si, InP, and Ge. High calculation speeds and intuitive
user interfaces are other advantages of PC1D [8].

In the following simulation work, the four output performance quantities (n, FF,
Is, and Voc) for both homo-junction and hetero-junction solar cell devices are
investigated. The device area is set to be 100 cm? and the excitation lighting condition is

AM1.5 G spectrum and 0.1 W/cm? at room temperature of 300 K.

4.4 Simulation of Homo-junction

4.4.1 Input Parameter
(a) Physical and optical parameters for WSe:

The physical and optical properties of WSe2 used in the PC1D were obtained
through a combination of existing literature values and direct measurements performed
on the thin films grown as part of this work.

The absorption spectrum, refractive index and band gap are from the direct
measurements of in-house grown WSe: thin films [9]. Data are taken from the film
fabricated at 900 °C. The refractive index value of 4.1 is used. The corresponding direct
band gap and indirect band gap are 1.54 eV and 1.42 eV. For simulation purposes the
indirect gap value of 1.42 eV is used.

The electron affinity (4.0 eV) and the dielectric constant (20.5) for WSe2 come
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from [10] and [11]. Electron and hole effective masses are very important parameters,
which can determine the effective density of states (Nc, Nv) and the intrinsic carrier
concentration (ni). The Electron effective mass, m™ =0.79 mo, and hole effective mass,
m'n =0.58 mo, are taken from [12], where m, is the electron mass. N¢/Nv s calculated to

be 1.59 and ni is 1.67x107 cm™ at 300 K by using the following equations:

27m kT
Ne =2(=7 ) (4.9)
N, = 2(2’”:—;”)3/2 (4.10)
n =N:N, exp(;kTg) (4.11)

where k is Boltzmann constant, T is absolute temperature and Eg is the band gap.
The model for the carrier mobility as a function of doping concentration (N) is
part of the software. A simplified version is shown as:

- Hhigh T\lﬂlow 4.12)

I+

ref

The four quantities Wiow, Mhigh» Nrefand o are fit parameters. Both the majority carrier
mobility model and electron mobility model for p-type WSe: thin films were investigated

in [12]. All the parameters are summarized in Table 4.1.



Table 4.1 WSe; parameters for PC1D simulation.

Band gap 1.42 eV
Electron affinity 4.0eV
Dielectric constant 20.5
Refractive index 4.1
Electron effective mass 0.79 mo
Hole effective mass 0.58 mo

Intrinsic carrier density

1.67x107 ¢cm?

Nc/Nv

1.59

Mobility model parameters

Hhigh,p 32.16 cm?/V's

Hhigh,n 23.68 cm?/V's

Wow,p 0.127 cm?/Vs

Wiow,n 0.094 cm?/V's

Niet 1.15x107em”
a 10

(b) Model parameters

78

There are five main model parameters of the cell structure that are considered in

this simulation: thickness of the P-type WSe:2 absorber, doping of the P-type WSe: layer,
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thickness of the n-type layer, doping of the n-type layer, and minority carrier lifetime in
the p-type absorber layer. The effect of these parameters on the cell output are studied
one by one in order to determine a reasonable solar cell structure. Based on this analysis,
two parameters are fixed (thickness of the P-type WSe2 absorber and doping of the P-type
WSe: layer) and the remaining three model parameters (n-type thickness, n-type doping
and carrier lifetime) will be studied separately in the following sections to show how they
influence the cell performance. The model parameters are determined as follows:
(1) Thickness of the P-type WSe: absorber
The selection of the WSe: thickness is based on the desire to minimize the absorber
layer thickness while still collecting the incident photons. Calculations show that a
400-500 nm absorber layer achieves more than 95% absorption by using the

approximate formula:

IL: - exp(-ad) (4.13)

0

where I is the absorbed intensity, Io is the initial light intensity, d is the thickness of
the absorber layer, a is the absorption coefficient. A relatively small value of o near
the edge of absorption (close to bandgap energy) was employed, where it was
assumed that the absorption coefficient and incident light intensity throughout the
relevant incident light energy range (about 1.4 eV-3.4 eV) are constant. Therefore,
in this research, thicknesses of 400-500 nm are selected for the WSe2 absorber

layer throughout the following homo-junction and hetero-junction simulations.
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(2) Doping of the P-type WSe: layer
The carrier concentration of the p-type layer is taken from the experimental film
growth at 900 °C in Chapter 3. The lowest carrier concentration 7 x 10'® cm™ from
our experimental results is employed since yields the highest carrier mobility of 30
cm?Vish

(3) Thickness of the n-type layer
The thickness of the n-type layer is the first model parameter to be optimized in
section 4.4.2. The n layer thickness is swept from 0.05 um to 0.25 pum. The
minimum layer thickness, 0.05 um, is selected based on the fact that the measured
roughness of the p-type layer is 0.02 pum according to the AFM measurement in
Chapter 3. Therefore the n layer must be thicker than this in order to provide
complete coverage.

(4) Doping of the n-type layer
The n-type doping is another model parameter to be optimized which is swept from
3 x 10" ecm™ to 1 x 10" ¢m?, based on the following considerations. The main
function of the n-type layer is to form the p-n junction. In addition it is necessary
for the depletion region to lie almost exclusively in the p-region to obtain a high
efficiency. This is an n+-p junction requiring the doping level in the n-type region
to be much higher than that of the p layer. In this simulation we use the n doping
level of 10'® ¢m?. The other consideration is the n region depletion width which

depends on the n layer doping should be smaller than the n layer thickness. With
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the doping value of 3 x 10'® cm?, the electric field value at the outside edge of n
layer is smaller than 0.01 V/cm based on the PC1D simulation results, which can
effectively assume that it is not fully depleted since the peak value of electric field
is in the order of 10° V/cm. It is well known that a higher doping concentration
results in a narrower depletion width [13], where it can be shown that the n
depletion region is thinner than the n layer when the doping is greater than 3 x 108
cm. Meanwhile, the p region depletion width is also checked and it is less than the
p layer. Therefore, sweeping the n-type doping from 3 x 10'® cm™ to 1 x 10" cm™
is reasonable, where more details with respect to the influence of the n-type doping
will be discussed in the section 4.4.3.
(5) Minority carrier lifetime in the p-type absorber layer

The minority carrier lifetime of the WSe: films discussed in Chapter 3 has not been
quantified. A value of 0.03 ps is reported from the literature for single crystals [14].
More details with respect to the influence of carrier lifetime will be discussed in the

section 4.4.4.

4.4.2 Influence of the n-Layer Thickness
First, a study of how n layer thickness influences the output performance is
carried out. The parameters are set:
(1) The total thickness of device is set to be 0.5 um based on the analysis in Section

4.4.1. The p-type layer thickness is automatically adjusted when sweeping the
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n-type layer thickness.

(2) The carrier concentration of the p-type layer is set to be 7 x 10'® cm™ based on the
analysis in Section 4.4.1.

(3) A few values between 3 x 10'® cm™ to 1 x 10" cm™ n-type doping are investigated,
where it will be shown that the n-type doping has little effect on the solar cell
performance.

(4) The carrier lifetime of the WSe: thin film has not been quantified. A value of 0.03
us was reported for WSe: crystal from literature [14]. It is reasonable to employ
this value for WSe: thin film in the simulation for the demonstration purpose.

(5) Sweep the n layer thickness from 0.05 pm to 0.25 um. A carrier concentration of 3
x 10" cm™ is employed to demonstrate how the n-type thickness influences the
output performance.

The performance simulation outputs four quantities: 1, Isc, Voc, and the FF.

Figure 4.3 shows that how the efficiency changes as a function of n-type thickness.

The efficiency decreases from 21.6% to 5.1% when the thickness increases from 0.05

pm to 0.25 pm.
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Figure 4.3 Efficiency versus n-layer thickness.

Figure 4.4 shows the dependence of Isc and Voc on n-type thickness. Clearly the
short circuit current decreases with increasing n layer thickness. The open circuit
voltage decreases slowly compared with the short circuit current because Voc is

dependent on the In(Isc) according to equation (4.4).
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Figure 4.4 Iy and Vo versus n-layer thickness.

The high carrier concentration in the n-type layer results in a low carrier
motility according to the Figure 3.17 in Chapter 3. When the n layer becomes thicker,
the low carrier mobility in the n layer decreases the carrier collection in the device,
resulting in the decrease of Isc. Though the efficiency decreases quickly with the n-type
layer thickness, the fill factor remains nearly constant at 0.8, as is shown in Figure 4.5.
This is because the maximum output power decreases with the product of Isc and Voc,

according to equation (4.8).
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Figure 4.5 Fill factor versus n-layer thickness.

4.4.3 Influence of the n-Layer Doping
The effect of n-type layer doping on the solar cell output performance is

investigated. The parameters are set as:

(1) Total thickness of device: 0.5 pm.

(2) The thickness of n-type part: 0.05 um, based on the analysis of section 4.4.2.

(3) The carrier concentration of the p-type layer is set to be 7 x 10'® cm™.

(4) Carrier lifetime in each layer is set to be 0.03 ps,

(5) Sweep the carrier concentration in the n-type layer from 3 x 10'® cm™ to 1 x 10"

cm?
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The simulation results of efficiency as a function of n-type carrier concentration
is seen in Figure 4.6. It shows that the efficiency remains almost constant at 21%
regardless of the n-type doping. That is because for an n+-p junction the p layer
absorbs most of the light and plays a decisive role in the cell performance. Meanwhile,
it indicates that there is a range of doping values that can be utilized to design a cell

with very close to optimum parameters.
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Figure 4.6 Efficiency versus n-layer doping.

Figure 4.7 shows that Isc and Voc remain nearly constant at 2.7 A and 0.95 V

respectively. The Fill Factor, as is shown in Figure 4.8, remains around 0.8.



Voc

Isc
3
28 M
26 F
3
24
22+
2 1 1 1
3.00E+18 5.00E+18 7.00E+18 9.00E+18
n type doping (cm3)
Voc
1

0.8

3.00E+18

5.00E+18 7.00E+18 9.00E+18
n type doping (cm3)
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4.4.4 Influence of Minority Carrier Lifetime in the p-Layer
The effect of the minority carrier lifetime in the p-layer on the device output is
investigated in this section. The parameters are set at:
(1) Total thickness of device: 0.5 pm.
(2) The thickness of the n-type layer: 0.05 um.
(3) The carrier concentration of the p-type layer: 7 x 10! cm™.
(4) Carrier concentration of 3 x 10'® cm™ in the n-layer is used for this simulation.
(5) Sweep carrier lifetime from 10 ps to 1 ps.
The simulation results show that 1, Isc, Voc, and FF have a similar increasing trend

with the lifetime, as is shown in Figure 4.9, Figure 4.10, and Figure 4.11. It should be
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noted that the quantities 1, Isc, Voc, and FF increase rapidly with the lifetime from 10 us
to 0.02 ps, and then increase slightly after that. It should be mentioned that at the lifetime
of 0.03pus (the value is from reference [14]) the efficiency reaches 21.3%, very close to
the maximum value of 25.9% at 1 ps. The diffusion length is proportional to the square
root of lifetime. The very high absorption coefficient of WSe: films make the device very
thin. As a result, a relatively short diffusion length (or lifetime) can make the device to

reach a high efficiency.
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Figure 4.9 Efficiency versus carrier lifetime.
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4.4.5 Summary

Multiple sets of simulations performed on WSe2 homo-junctions indicate the
promise of WSe: as a photovoltaic material. The efficiency of WSe2 homo-junction can
reach over 25% for high lifetime values around 1ps and over 20% efficiency is obtained
for lifetimes in the tens of ns regime. Of course this device requires an n-type WSe: layer.
It has been reported that tungsten di-selenide single crystals doped with copper are n-type
in nature [15]. In addition, a chemical method was reported to intercalate copper atoms
into two dimensional layered materials [16]. This method may also be employed to make
n-type WSe: thin films since it is a two dimensional layered material. The fact that the n

type WSe:z requires complicated fabrication process makes it challenging to synthesize a
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homo-junction device. However, for the homo-junction, the n layer and p layer are of the
same material. Both layers have a matched lattice structure and energy band structure. As
a result, unlike the hetero-junctions, there are no interface problems for the homo-
junction, e.g. interface recombination, or band edge discontinuities. This makes the WSe:

homo-junction device very attractive in PV technology.

4.5 Simulation of Hetero-junction

4.5.1 Window Materials

A hetero-junction consists of a window layer and an absorber layer. Since most
window materials are able to be directly deposited by sputtering technology, a WSe:
hetero-junction is much easier to fabricate than a homo-junction. In view of this
hetero-junction device performance is also investigated.

Several window materials are considered. Typical window materials used in solar
cells are transparent conductive oxide (TCO) layers such as tin oxide doped with fluorine
(FTO), indium oxide doped with tin (ITO), zinc oxide doped with aluminum (AZO), and
cadmium stannate Cd2SnO4 (CTO). In addition CdS is also used in CdS-CdTe and
CdS-CIGS solar cells. However, ITO is of high cost due to the scarcity of Indium and
FTO is unstable in hydrogen plasma environments [17][18]. Cadmium toxicity is an issue
with respect to CTO and CdS. Therefore AZO is employed as the window material in this

simulation.
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4.5.2 Properties of AZO

Zinc oxide doped with aluminum is currently under intense investigation and
development as a transparent conductive coating [19]. The thin films of AZO exhibit a
wide band gap, are non-toxic, are as-grown n type, have a relatively low resistivity, the
constituent materials are abundant, are environmentally inert, have high chemical and
thermal stability, and are cost effective to manufacture [20]. Various deposition
techniques have been applied to deposit AZO films, such as magnetron sputtering, pulsed
laser deposition (PLD), chemical vapor deposition, atomic layer deposition (ALD), spray
pyrolysis, and metal organic chemical vapor deposition (MOCVD) [21].

Recently, AZO thin films have been used as windows and contact layers for thin
film solar cells with various absorber materials, such as amorphous silicon,

Culni—~GaxSez (CIGS), and CdTe [22-24].

4.5.3 Input Parameters of AZO

Physical and optical properties of the AZO material used in the simulation shown
in Table 4.2 are mostly from the existing literature. The band gap, 3.3 eV, and the
refractive index, 1.2, for AZO thin films are taken from [25]. The AZO electron affinity
of 4.5 eV is reported in [26] and the dielectric constant of 8.8 is used from [27]. The
Electron effective mass, m"s =0.28 mo, and hole effective mass, m™n =0.59 m,, are taken
from [28], where mo is the electron mass. N¢/Nv is calculated to be 0.327 and the intrinsic

carrier density is 1.27 x 10° cm™ at 300 K by using the equations (4.9)-(4.11). An
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electron mobility value of 0.4 cm*V with 1 x 10" ¢cm™ carrier concentration is reported
in [29]. The lifetime value of 3.8 ns is taken from [30]. The absorption spectra is from the

direct measurement of our in-house grown AZO films.

Table 4.2 AZO parameters for PC1D simulation.

Band gap 33eV
Electron affinity 4.5¢eV
Dielectric constant 8.8
Refractive index 1.2
Electron effective mass 0.28 mo
Hole effective mass 0.59 mo
Intrinsic carrier density 1.27 x 10 cm™
Nc/Nv 0.327
Carrier lifetime 3.8 ns
Carrier mobility 0.4 cm?/Vs
Carrier concentration 1x 10" cm-3

4.5.4 Simulation results of AZO-WSe>
The simulation results for the hetero-junction device are similar to the

homo-junction device. Therefore, Isc, Vo, | and the FF as a function of the various input
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parameters for the hetero-junction device are not presented. Instead a characteristic
current-voltage curve is used to present the basic performance of the hetero-junction solar
cell. The parameters of the hetero-junction are set at:

(1) Total device thickness: 0.5 pm.

(2) The thickness of WSe2: 0.45 pum.

(3) The thickness of AZO: 0.05 um.

(4) Carrier lifetime of p type WSe2: 0.03 ps.

(5) Carrier concentration of p type WSe2: 7 x 1016 cm.

(1) Equilibrium band structure

The behavior of the hetero-junction depends crucially on the alignment of the
energy bands at the interface of the two semiconductor materials. In the hetero-junction
band structure, the layer on the right side is the p-type WSe2 absorber layer, and the
n-type AZO layer is on left side. The equilibrium band structure is shown in Figure 4.12.
The electron affinity of AZO is 4.5 eV, which is larger than WSe:2 of 4 eV. Hence, it forms

a Type II hetero-junction [31].
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Figure 4.12 Equilibrium band structure of AZO-WSe;.

(2) The output performance and I-V curve are shown in Figure 4.13
Short circuit current Ise=2.87 amps
Open circuit voltage Voc = 0.982 volts
Maximum conversion efficiency n = 23.7%

Fill factor FF = 0.843

0.45
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Figure 4.13. 1-V characteristic of the hetero-junction cell.

(3) Efficiency versus minority carrier lifetime in p type WSe2

The carrier lifetime of p type WSe: is a very important parameter. The efficiency
versus minority carrier lifetime of WSe:z is presented in Figure 4.14. It shows a similar
trend to homo-junction. At low carrier lifetime 10 ps, the efficiency is as low as 12.8%.
However, the efficiency rapidly increases to 23.7% at 0.03 ps, and then grows slowly

after that, achieving 26.9% at 1 ps.
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Figure 4.14 Efficiency versus minority carrier lifetime of p type WSe..

4.5.5 Summary

AZO-WSe; forms a Type II hetero-junction. Based on the simulation results for
an AZO-WSe: hetero-junction, this solar cell device can achieve an efficiency of 23.7%.
Compared with the WSe2 homo-junction, AZO can be RF sputter deposited, allowing
preliminary hetero-junction devices to be rapidly achieved. Moreover, AZO is of
relatively high conductivity. As a result, light-generated electrons can easily flow laterally
in the window layer to reach an electrical contact. In addition, the wide band gap of AZO
allows most of the light absorption to occur in the WSe2 absorber layer, maximizing the

efficiency.
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4.6 Discussion and Conclusion

Multiple sets of simulations for WSe2 homo-junction and hetero-junction devices
were performed using PC1D software. It appears that WSe2 has a high potential for
photovoltaic applications. The very high absorption coefficient of WSe thin films results
in simulations reaching near saturation in efficiency at around only 400-500 nm of
absorber layer thickness, indicating a good economic prospect for large-scale production.
According to the simulation results, both homo-junction and hetero-junction devices can
achieve an efficiency of over 25%, corresponding to 1 ps carrier lifetime in the p type
WSe: layer. Values at or smaller than 1 ns would lead to poor performance. However,
values at or over several tens of ns would indicate a promising performance. For example,
if we use a carrier lifetime of 30 ns taken from a WSe: single crystal [14], both
homo-junction and hetero-junction devices yield an efficiency over 20%.

In summary, based on the simulation analysis, WSe2 homo-junctions as well as
hetero-junction devices with an AZO window layer yield high efficiency values, over
20% at several tens of ns carrier lifetime and over 25% around 1 ps lifetime in the
absorber layer. The simulation results indicate that the semiconductor material WSe: is a
very promising thin film solar cell candidate. In addition to the attractive high efficiency,

the device materials are of low cost and non-toxicity.
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Chapter 5 Conclusion and Future Work

In this work, the growth and characterization of WSe> film has been studied. By
using soft selenization approach in a single-zone furnace, highly c-axis orientated P-type
WSe: films have been grown. The WSe: thin films were characterized by Raman
spectroscopy, x-ray diffraction, scanning electron microscopy, atomic force microscopy,
near UV-VIS spectrophotometry, spectroscopic ellipsometry and hall effect measurement.
Raman spectroscopy is a good indicator for film quality. It shows that WSe: films of
higher quality present more pronounced doublet Raman peaks. By optimizing the film
growth conditions, an optimal processing temperature is found where high quality WSe2
thin films are achieved with a large mobility value. The scanning electron microscopy
clearly shows that the direction of grains is parallel to the substrate at that temperature.
The characterization results, such as band gap and absorption coefficient, show that WSez
has a good potential for photovoltaic applications.

Then with the aid of PC1D software, multiple sets of simulations for WSe:
homo-junction and hetero-junction devices were performed. The very high absorption
coefficient of WSe: thin films results in a thin absorber layer (about 0.5 pm) reaching
near saturation in efficiency, indicating a good economic prospect for large-scale
production. Based on our simulation results, both WSe2 homo-junction devices and
hetero-junction devices with AZO window layer present high efficiency values, over 20%

at several tens of ns carrier lifetime of absorber layer. The simulation results indicate that
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WSe: is a very promising thin film solar cell candidate.

Although the results obtained in the simulations are good, it should be pointed out
that the carrier lifetime of the p type WSe: layer has not been quantified. Lifetime of
several tens of ns results in very promising efficiency and values at or less than 1 ns
result in poor performance. Therefore, measurement of the carrier lifetime is of most
importance. In addition, a homo-junction device requires an n-type WSe:z layer. However,
there is no high quality n type WSe: thin films reported in the literature. Several methods,
such as copper doping and copper intercalation, may be able to make n type WSe: thin
films. Future study should be performed on the preparation of high quality n type WSe2
thin films. For hetero-junction devices, the relatively simpler fabrication process make it
very attractive. However, due to the unmatched lattice structure and energy band
structures for n layer and p layer, the interface problem may become a significant issue
for hetero-junction devices. Clearly, further research should be carried out with respect to

the interface problems, such as interface recombination and band edge discontinuities.



106

Appendix: Experimental Technology

A.1 Sputtering Deposition

Sputtering deposition is based on the theory of momentum exchange due to
collisions between the ions and atoms in the target materials. In this technique, ions are
accelerated to the negatively charged target and bombard the target surface [1]. These
ions derived from a plasma. Ions with an energy greater than the surface binding energy
of the target dislodge target atoms and other ions, as is shown in Fig A.1. Part of ejected
atoms attach themselves to the substrate, and a thin film of the target material is produced.
Sputtering sources often employ magnetrons that utilize strong electric and magnetic
fields to confine charged plasma particles close to the surface of the target in order to
generate more ionizing collisions near the target surface and lead to a higher deposition

rate.

substrate and film growth

Sputtering | [ ] -
Gas —— - »
DO & \
© o
e \‘ 00 o
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[ ]

— Sputtering Target

Figure A.1 Sputtering principle.
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Sputtering can be categorized into direct current (DC) and the radio frequency
(RF) sputtering based on the type of power source. The DC sputtering utilizes a constant
voltage to accelerate the ions to the desired bombarding velocity. It is normally adopted
when the target materials are conductors because charges can move freely about the
conductors to prevent any charge buildup. However, if the material is an insulator,
charges will remain localized and accumulate on the target surface, preventing further ion
bombardment. RF sputtering utilizes an alternating voltage at radio frequency (typically

about 13.5 MHz) to prevent the buildup of charges on the insulator targets.

A.2 Raman Spectroscopy

Raman spectroscopy utilizes the inelastic scattering of photons, usually from a
monochromatic laser source, to determine the energy of vibrational or rotational modes in
a material. It can be very useful in semiconducting applications for identifying the
presence of different crystallographic phases.

When photons are scattered from an atom or molecule, most photons are
elastically scattered (also called Rayleigh scattering), such that the scattered photons have
the same energy as the incident photons [2]. A small fraction of the scattered photons are
from the inelastic scattering. Inelastic scattering means that the energy of photons in
monochromatic light changes upon interaction with a sample. When shining a
monochromatic light source on a sample, photons of the light are absorbed by the sample

and then reemitted. The incident photons interact with molecular vibrations, phonons or
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other excitations in the sample, resulting in the energy of the reemitted photons being
shifted up or down in comparison with original incoming photon energy. This energy
shift, which is called Raman shift, provides information about vibrational, rotational and
other low frequency transitions in molecules. Raman shifts are typically reported in

wavenumbers, expressed as:

Aw 1.1 (6.1)

A A
where A is the Raman shift expressed in wavenumber, Ao is the excitation wavelength,
and A1 is the Raman spectrum wavelength.

The Raman interaction leads to two possible outcomes. If the photon lost energy
after exciting a vibrational mode, then the material absorbs energy and the scattered
photon has a lower energy than the incident photon. This is called Stokes scattering. If the
vibrational mode contributes to the scattered photon, leading to a higher energy of
scattering photon compared with the incoming light, it is referred to as Anti-Stokes
scattering. The difference in energy between the incoming and scattered light is called the
Raman shift, and it corresponds to the energy difference between two resonant states of
the material and is independent of the absolute energy of the photon. Figure A.2 shows
the difference of three light scattering types: Rayleigh scattering, Stokes scattering and

Anti-Stokes scattering.
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Figure A.2 Three types of light scattering: Rayleigh scattering, Stokes scattering and
Anti-Stokes scattering.

A.3 Spectroscopic Ellipsometry

Spectroscopic ellipsometry is an optical measurement technique that characterizes
light reflection or transmission from samples. Its key feature is to measure the change in
polarized light upon light reflection off a sample. The name "ellipsometry" stems from
the fact that polarized light often becomes ‘elliptical’ upon reflection. The term
"spectroscopic” relates to the fact that the information gained is a function of the light
wavelength (spectra).

Ellipsometry is an indirect method, and does not directly measure the optical
information of films. Instead, it measures two values: the amplitude ratio Psi and the
phase difference Delta between light waves known as p- and s-polarized light waves. In
spectroscopic ellipsometry, spectra are measured by changing the light wavelength from

the ultraviolet to the visible region [3].
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A model analysis based on the measured data must be performed. By the
construction of an optical model, the measured Psi and Delta can be converted into
optical information of the sample. Upon the analysis of the change of polarization of light,
ellipsometry can yield a wealth of information about a thin film, such as thickness,

roughness, index of refraction, and extinction coefficient, as is shown in Figure A.3.

Optical constants:
Measured Complex refractive index
values: Construction g ’ Y :
% of optical % n(hv). k(hv): N=n—ik
W (hv) model Complex dielectric constant
A (hv) €1(hv),ey(hv): €=€,—i€y
Absorption coefficient
o = 41k/A

Figure A.3 Characerizations from spectroscopic ellipsometry.

A.4 X-ray Diffraction
X-ray diffraction is a powerful non-destructive tool primarily used for identifying
the phase composition and structural properties of thin films and single crystals by
analyzing the interference patterns of scattered x-rays. This analytical technique is based
on the Bragg Law, shown in Figure A .4:
nA = 2d sin(&) (6.2)
where n is a positive integer, A is the wavelength of incident wave, 0 is the incident angle,

d is atomic lattice plane spacing.
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Figure A.4 The schematic of Bragg scattering.

X-rays with wavelengths at the same order of magnitude as the spacing d between
planes in the crystal can elastically interact with the lattice, which is normally called
Thompson scattering. When the Bragg law is satisfied, X-rays scattered from parallel
lattice planes can constructively interfere, resulting in Bragg peaks [4]. By analyzing the
peak positions and shapes, information of the thin film or single crystal can be achieved,

such as lattice structure, orientation, and small crystallite region size.

A.5 Transmission Spectra

A Perkin Elmer lambda 900 spectrometer was used to measure the transmission
and reflectivity of samples. This data was used to determine the absorption coefficient
and the bandgap via the Tauc plot.

When a beam of light is incident on the film, part of the light is reflected on the

front surface, part is absorbed by the material and the rest goes out of the film, as is
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shown in Figure A.S.

Reflection
. Transmission
|::> Absorption | —— ==

Incident light

Film

Figure A.5 The schematic of light going through a film.

The absorption coefficient of the film is calculated by using equation:

a =%ln((1—R)/T) (6.3)
where a is the absorption coefficient, R is reflectivity, T is the transmission and t is the
thickness of film. The optical band gap energy and the absorption coefficient has a
relation expressed as [5]:

(ahv)' =c(hv-E,) (6.4)
where hv is the photon energy, c is a constant, Eg is direct band gap or indirect band gap, i
is a number equivalent to 2 for direct band gap and 1/2 for indirect band gap. Both direct
and indirect band gap energy can be determined by plotting (ahv)' as a function of photon

energy (hv).
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A.6 Hall Effect Test

The van der pauw technique can be used to determine the resistivity of a uniform
and pinhole free thin film, provided its thickness is known. This is achieved by the
measurement of resistances along predetermined configuration (Fig. A.6). Silver paint is

used to make contacts onto the samples in order to make measurements.

Figure A.6 Resistivity measurement configuration (NIST, 2010).

The carrier type and sheet carrier density can be determined by the Hall

measurement in the van der pauw technique. The sheet carrier density is given by

IB
n=—— 6.5)
qVy
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where I is the current forced through diagonally opposite pair of contacts, Vu is the
voltage measured across remaining diagonally opposite contacts, B is the magnetic field
perpendicular to sample, q is the charge of an electron.

The carrier mobility p can be determined from the carrier density ns and sheet
resistance Rs by the equation:

p = 1/(q ns Rs) (6.6)

A schematic for making a Hall-effect measurement using the Van der Pauw
technique is shown in Fig A.7 [6]. Current is sent through the diagonally opposite
contacts 1 and 3 whilst the Hall voltage is measured across diagonally opposite contacts 2

and 4. The magnetic field is normal to the plane in which measurement is being made.

V. =V, Coordinate
"H 24P System

||\Hl

|}?‘ |||I.

il

Figure A.7 Hall-effect measurement schematic (NIST, 2010).
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A.7 Scanning Electron Microscope

The scanning electron microscope (SEM) is an instrument that produces a largely
magnified image by using electrons to form an image. It utilizes a focused high-energy
electron beam to hit the samples in a vacuum condition and generate a variety of signals
at the surface of samples. The signals that derive from electron-sample interactions
provide information about the sample including external morphology, chemical
composition, and crystalline structure and orientation [7].

A scanning electron microscope normally consists of electron gun, electron lenses,
sample stage, detectors and display. A typical structure is shown in Figure A.8 [8]. An
electron gun at the top of the microscope is to produce electron beams. The electron beam
follows a vertical path through the microscope, travels through electromagnetic fields and
lenses, and finally focuses the beam down toward the sample. Once the beam hits the
sample, signals such as secondary electrons and back scattered electrons are ejected from
the sample and collected by detectors. Normally, secondary electrons are used to generate
the morphology images of the sample surface and back scattered electrons is used to

detect the chemical composition.
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Figure A.8 Schematic of a SEM structure.

A.8 Atomic Force Microscopy

The Atomic Force Microscopy (AFM) is a very high resolution type of scanning
probe microscopy, providing a 3D profile of the sample surface with a resolution on the
order of nanometer by measuring forces between a sharp probe and sample surface at a

very short distance (Figure A.9) [9].
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Figure A.9 Block diagram of AFM.

During the AFM imaging process, the sample surface is scanned by a nanometer
radius tip mounted on the end of a flexible cantilever. The cantilever performs like a
spring. Therefore, the amount of force is dependent on the spring constant of the
cantilever and the distance between the probe and the sample surface, which is described
by Hooke’s Law:
F=-k-x (6.7)
F is force, k is spring constant, and x is cantilever deflection.
When the AFM probe gently touches the sample surface, the cantilever bends and

reflects the laser beam into the photodiode detector. The small forces between the probe
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and the surface are monitored and finally form the image of the surface.
The AFM can be simply categorized into three modes based on the mature of the
probe motion: contact mode, non-contact mode, and tapping mode. In this work, a Bruker

Dimension Icon AFM was used at Peak Force tapping mode.

A.9 Profilometry

An Ambios Technology XP2 surface profilometer was used to determine the
thickness of thin films. During the process of sputtering film, a mask made by Al foil is
used to cover part of the substrate. Hence, there will be step between the film region and
clean quartz region when sputtering is done. The profilometer measures the step height
which is then equal to the film thickness. The sputtering rate is the thickness divided by

the sputtering time.
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