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Abstract

Transparent conducting oxides (TCOs) are one of the key components of a solar cell
to collect charge carriers from the illuminated side of the cell. In order to achieve high
conversion efficiency, TCOs that can transmit light in a wide range of wavelengths is
required. However, widely used TCOs such as In;03: Sn (ITO), In203:Ga (IGO), and
Zn0:Al (AZO) have limited transmittance in the IR region (>1000 nm) because of their
high electron concentration (> 10! cm™) and low mobility (< 40 cm?/Vs) which give rise
to strong free carrier absorption (FCA) and plasma reflection. Therefore, the research to
find new TCO materials with high transmittance extending into the IR region (> 1500 nm)
are essential for full solar spectrum photovoltaics.

Among the various TCO material candidates, CdO has the highest reported mobility
values of 200 cm?/Vs at an electron concentration > 10?! cm?, and thus has been
considered as a promising candidate for full spectrum solar cell applications. Because of
the high mobility, CdO is expected to realize a low resistive thin film with a low carrier

concentration, extending the FCA and a plasma reflection effect to a much longer



wavelength region (A > 2000 nm). Hence it can be used as transparent conductors on
devices in which transparency in the long wavelength infrared region is required.
Although the band gap (2.3 eV) of CdO is small for a transparent conductor application,
it can be increased by alloying with a larger gap oxide such as ZnO which has a band gap
of ~ 3.3 eV. However, because ZnO has a wurtzite (WZ) structure (a=3.25 A, c=5.21 A)
whereas CdO a rocksalt (RS) structure (a=4.70 A), the crystal structure of Zn;.,Cd,O
(ZnCdO) is expected to change at a certain Cd composition. However, reported ZnCdO
thin films shows lower band gap compared to other TCOs materials. Therefore, this
research mainly focused on expanding the band gap of ZnCdO thin films to absorb much
more sun spectrum, archiving higher conversion efficiency

This dissertation explores the optical, structural, and electrical properties of ZnCdO
thin film alloys (0 < x ¢< 1) grown by molecular beam epitaxy under various growth
condition.

At the beginning of this research, ZnCdO thin films are grown on sapphire substrate
by MBE with various Cd compositions for studying structural, electrical, and optical
properties of ZnCdO thin films. The phase transition from WZ to RS is found to take a
place at the Cd content x ~ 0.5 to 0.6. Within the composition region of x ~ 0.5 to 0.6,
both RS and WZ crystals co-exist. Transmittance above 80 ~ 95 % in the visible range is
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observed for both the WZ and RS alloys. Optical gap of the WZ alloys decreases from
3.27 eV for ZnO to ~ 2.35 eV (x ~ 0.44). At the phase transition to RS at x ~ 0.55, the
optical gap increases drastically to > 3.0 eV RS-alloys with a large optical gap of 3.0 eV
(an intrinsic gap of ~ 2.7 eV) is achieved for x ~ 0.6. RS-ZnCdO thin films exhibit a low
resistivity of 5 x 10 Qcm with maximum mobility of ~ 90 cm?/Vs and a high carrier
concentration 4 x 10%° cm™.

Secondly, the sapphire substrate is replaced with MgO (100) substrate to improve the
crystallinity and increase the bandgap of RS-ZnCdO thin films. It is found that the phase
transition from WZ to RS occurs at the Cd composition x between 0.51 and 0.59, and RS-
ZnCdoO is epitaxially grown on MgO (100) at the Cd composition x above 0.59. In the
visible range, high transmittance above 85% is observed for RS-ZnCdO films (0.59 <x <
1.0). In the WZ-phase region, the optical band gap energy decreases from 3.25 eV for
Zn0 to ~ 2.16 eV for WZ-ZnCdO with x ~ 0.51. After the partial phase transition from
WZ to RS at x > 0.51, the optical band gap energy increases intensely and the largest
optical band gap energy of 3.08 eV is obtained for x =0.59 with an intrinsic band gap
energy of 2.72 eV. RS-ZnCdO films shows a low resistivity around 2.5 x 10 Qcm with
a maximum mobility of ~ 51.7 cm?/Vs and a high carrier concentration around 5 x 10%
cm™.
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Finally, in order to further increase the band gap energy of ZnCdO, the effects of Al
doping on the structural, electrical, and optical properties of RS-ZnCdO thin films on
MgO substrates are investigated. The electron concentration increases with increasing Al
cell temperature Ta, and is n~1.5x10%' cm™ at Ta1 = 875 °C, which corresponds to an Al-
doping concentration of ~7.8%. The corresponding optical band gap energy increases
because of free-carrier effects including Burstein-Moss-shift and band-renormalization.
Furthermore, Al is an efficient donor dopant in both RS-ZnCdO and WZ-ZnCdO thin

films. Electron concentrations >10?! ¢m

are obtained with Al doping for alloys
incorporating Cd content x ranging from 0.27 to 1.0, regardless of the crystal structure. A
large optical band gap energy of 3.45 eV is observed in the RS-ZnCdO thin film having
x~0.7, with a resistivity of 1x10* Q-cm, and a wide transmission window of up to 2000

nm. These characteristics of RS-ZnCdO are attractive as TCO materials in future full

spectrum solar cells.
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Chapter 1

Introduction

1.1 Introduction

Recently, environmental pollution has become serious globally, and research to reduce it
has been actively developed. Among them, research about global warming is becoming most
attractive nowadays [1]. Global warming is caused due to the increase of greenhouse gases such

as methane or propane gases and carbon dioxide in the atmosphere. Carbon dioxide charges the

38 T T T T T T T T T
= i I |
S s eena” \
[ I o/./ ° ]
g 34+ / _
5 | [ )
U') 32 ~ ./.\./ -
S J/
9 80t S .
- 4
o 28 ./ .
O 26 | /./ -
24 1 L 1 L 1 L 1 L 1
2000 2005 2010 2015 2020
Years

Figure 1.1 Carbon dioxide emissions from the burning of fossil fuels for energy and cements
production from the Global Carbon Project.



most of greenhouse gases. According to the report of Robbie Andrew [2], fossil CO2 emissions of
a global world and national is gradually increased and reached 34.7 billion tons in 2020 as shown

in Fig. 1.1.

The most significant amount of carbon dioxide (COy) is produced by the combustion of
fossil fuels [3], which is the most significant part of energy in modern life. Therefore, the need for
research and policies to reduce carbon dioxide is growing and increasing. As a solution to such
environmental pollution, research on renewable energy like wind power generation [4],
hydroelectric power generation, and photovoltaic power generation [5], which are eco-friendly

energy generations, has been conducted worldwide.

According to the global average annual energy investment reported by World Energy
Outlook 2019 [6], among the investments from 2014 to 2018, coal was reported as 7%, 19% for
natural gas, 25% for oil, and 17% for renewable energy as shown in Fig. 1.2. In addition, according

to the investment scenarios goals from 2019 to 2040, coal decreased 2%, and oil decreased to 18%,

but renewable energy increased to 25%. As such, policies to reduce environmental pollution
2014 ~ 2018 2019 ~ 2040
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Figure 1.2 Global average annual energy supply investment by type and scenario from
by World Energy Outlook 2019.



increase worldwide by reducing fossil fuels and natural gas, furthermore, using nature-friendly

energy by developing renewable energy.

Figure 1.3 shows the reported state's policies for the global installed power generation
capacity scenario from the world energy outlook 2019. The most remarkable thing is that solar
photovoltaic power accounts for more global installed capacity than any other energy source by
the late 2020s to mid-2030s, depending on the scenario. One of the most attractive advantages of
photovoltaic power generation is that solar energy is directly converted into electric energy by
solar cells, which means that the energy source is unlimited and the adverse effects on the
environment are small [7, 8]. Therefore, solar photovoltaic can be a responsible candidate for the

future of energy. In this chapter, the principle and the current states of solar cells are explained.
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Figure 1.3 Global installed power generation capacity by scenario from the World
Energy Outlook 2019.



1.2 History of solar cell

The Earth receives 174 PW of solar radiation above the Earth's atmosphere. About 30%
bounce back into space, but the rest seeps into the atmosphere, sea, and land. Solar cells can
convert those atmospheric solar radiation energies into electrical energy that we can use for daily

life.

Solar cells are devices that convert sun spectra into direct electric current using
photoelectric effects. Charles Fritts assembled the first solar cell in the 1880s. Russell Ohl in the
1940s and Daryl Chapin et al. in 1954 developed silicon solar cells. These early solar cells cost
286 USD per watt and reached 4.5 to 6% efficiency. As such, solar cells in the early days were
expensive and showed low conversion efficiency. However, the highest conversion efficiency of
50 ~ 52 % was achieved through repeated developments on recent reports in the National

Renewable Energy Laboratory (NREL) [9].

Solar cells are fabricated using semiconducting materials and based on photovoltaic effects.
When light having energy equal to or greater than the semiconductor's band gap is irradiated to the
material, electrons are excited from the valence band to the conduction band and generate energy

through an external circuit.

However, there are many disadvantages too, because of the low efficiency and relatively
high production costs, the need for a large land area to produce large quantities of electricity, and

the discontinuity of sunlight. Therefore, it needs much more research.



1.3 The principle of solar cells

As mentioned in Chapter 1.2, a solar cell is a photovoltaic cell designed to convert solar
energy into electrical energy using the photovoltaic effect. The photovoltaic effect is a process that
generates a voltage or electric current in a photovoltaic cell when it is exposed to sunlight. The
photovoltaic effect was first discovered in 1839 by Edmond Becquerel. When doing experiments
involving wet cells, he noted that the cell's voltage increased when its silver plates were exposed

to the sunlight [10].

Solar cells generate electrons with that photovoltaic effect on the pn junction
semiconductor. The process of the current generation in the solar cell is explained as follows [11,

12].

I.  pn junction semiconductor solar cell is fabricated by contacting of p-type and n-type
semiconductor. Generally, phosphorus doped for n-type and boron doped p-type
silicon semiconductors are used. The n-type film is thin to allow light to pass through

to the pn junction.

I. As the n-type material has lost electrons and the p-type has lost holes, an electric field
across the pn interface is established. Due to this electric field, electrons on n-type and
holes on p-type are recombined, and a depletion zone is built at the pn junction

interface.

I11. When light is illuminated to the solar cell face, electrons and hole in the semiconductor

are excited to move freely within the diffusion length. The collection of light-generated



carriers by the pn junction causes a movement of electrons to the n-type side and holes

to the p-type side of the junction.

IV. When they enter the region with the electric field, the electrons are collected in the n-

type semiconductor, and the holes are collected in the p-type semiconductor.

V. When an electrode is formed on the p-type surface, the n-type semiconductors and

electrons flow to the external circuit, generating a current.

1.4 Current states of solar cells

There are many types of solar cells like silicon solar cells, compound semiconductor solar
cells, and tandem solar cells, depending on the materials and structure. Among the most widely

used ones is the silicon solar cell.

Silicon solar cells are classified into first-generation bulk solar cells and second-generation
thin-film solar cells. First-generation bulk solar cells include single-crystalline silicon and poly-

crystalline silicon solar cells.

Single-crystalline silicon is obtained by melting the silica with high purity and then mono
crystallizing by the Czochralski(CZ) process or floating zone method. The CZ process involves
heating and melting poly-crystalline silicon in a crucible, contacting the single-crystalline seeds
into the melt surface, and gradually raising the seeds to grow a single-crystalline at the tip of the

seed to form a thick rod. Currently, about 90% of the production of single-crystalline silicon is



made by the CZ method [13]. The resulting silicon ingot is cut, polished, and cleaned to a thin

plate-like silicon wafer.

The single-crystalline silicon solar cells are fabricated on the single-crystalline wafer [14].
Single-crystalline silicon solar cells have a high conversion efficiency. Therefore, single-
crystalline silicon solar cells are used the most widely and have the longest history of currently
used solar cells globally. However, it has disadvantages: it is expensive to produce high purity and

low defect of single-crystalline silicon.

Poly-crystalline silicon solar cells are manufactured using extra materials or lower grade
silicon or raw materials produced during the manufacturing process of other silicon semiconductor
devices [15]. Although it has a disadvantage of low conversion efficiency compared to single-
crystalline silicon solar cells, it is widely used because of its low production cost and its balance

that performance is not so bad compared with single-crystalline silicon.

Solar cells fabricated using I11-V compound semiconductors such as GaAs and InP are
expected to have high conversion efficiencies of 30% to 40% [16]. However, since these materials
have a high substrate cost and a high process cost, it is mainly used as a space or a concentrator

photovoltaics applications in the present state.

On the other hand, a thin film solar cell refers to a solar cell having a semiconductor layer
with a thickness of several micrometers. Thin film solar cells include amorphous silicon solar cells,

[1-VI compound thin films, or I-III-VI> compound thin film solar cells.

The amorphous silicon solar cells are manufactured in a completely different method from

the crystalline silicon solar cell. Silicon containing gas as source material is injected into the



vacuum chamber, and a high-frequency discharge is performed to form a thin film on the glass
substrate [17]. As a result, the amount of silicon material used is small. Furthermore, the energy
efficiency of amorphous silicon solar cells is good, and the manufacturing cost is low. However,

there is a disadvantage that the amorphous silicon solar cell is easy to take light degradation.

CdTe, 11-VI compound semiconductor, has a high conversion efficiency and has become

a highly efficient material as a thin film.

Solar cells have been studied in many ways to achieve high efficiency with low
manufacturing costs. For example, multi-junction solar cell has been investigated as shown in Fig.
1.4. Multi-junction solar cell is fabricated with different semiconductor materials to absorb broader
range of wavelengths, improving the solar cell's conversion efficiency. Therefore, the importance

of transparent conducting oxides has been increased to achieve higher performance.
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Figure 1.4 Example of full-spectrum solar cell
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1.5 Transparent conducting oxide film

Transparent conducting oxide films (TCOs) are thin films of optically transparent and
electrically conductive material. TCOs is one of the key components of a solar cell to collect charge
carriers from the illuminated side of the cell. In order to increase a conversion efficiency of solar
cells, it is required to utilize a wide range of photons in the solar spectrum. Therefore, several
studied have been investigated on full spectrum solar cells including multi-junction solar cells
(MJSCs) [18,19,20], intermediate band solar cells (IBSCs) [21.22.23], and so on. At present, a
very high efficiency > 40% has been already achieved in MJSCs based on I11-V semiconductors
on a Ge bottom cell [20]. However, in those MJSCs, a TCO layer has not been used because of a

lack of TCOs with a high transmittance in a wide spectral region from ultra-violet to infrared (IR)
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Figure 1.5 Transmittance spectra of a typical 300nm AZO films and an In-doped
CdO TCO layer together with external quantum efficiency (EQE) of an inverted
triple-junction (GalnP/GaAs/InGaAs) solar cell [29].



(~ from 300 to 1600 nm). The transmittance of widely used TCOs such as In.Os: Sn (ITO) [24],
In203:Ga (1GO), and ZnO:Al (AZO) [25] have limited transmittance in the IR region (>1000 nm)
because of their high electron concentration (> 102 cm) and low mobility (< 40 cm?/Vs) which
give rise to strong free carrier absorption (FCA) and plasma reflection [26,27,28]. Figure 1.5 shows
the transmittance spectra of a typical 300nm AZO films and an In-doped CdO TCO layer together
with external quantum efficiency (EQE) of an inverted triple-junction (GalnP/GaAs/InGaAs) solar
cell [29]. Hence TCO materials with high transmittance extending into the IR region (> 1500 nm)
[30] are essential for full solar spectrum photovoltaics. Among the various TCO materials, CdO
has the highest reported mobility values of 200 cm?/Vs at an electron concentration > 10% cm™
[28], and thus has been considered as a promising candidate for full spectrum solar cell applications
[26,31,32,33,34,35]. Because of the high mobility, CdO is expected to realize a low resistive thin

film with a low carrier concentration which can extend the FCA and a plasma reflection effects to
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Figure 1.6 Band gap and structure of ZnO, CdO, and MgO. The structure of ZnCdO
thin films has differed depending on the composition ratio of ZnO and CdO.
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a much longer wavelength region (A > 2000 nm) as shown in Fig.1.5. Hence it can be used as
transparent conductors on devices in which transparency in the long wavelength infrared region is

required [26,31].

However, as shown on Fig. 1.6 and Table 1, the band gap (2.3 eV) of CdO is small for a
transparent conductor application. One of the ways to expand the band gap is alloying with a larger
gap oxide such as ZnO which has a band gap of ~ 3.3 eV. However, because ZnO has a wurtzite
(WZ) structure (a=3.25 A, c=5.21 A) whereas CdO a rocksalt (RS) structure (a=4.70 A) as shown
on Fig. 1.7 and Table 1.1, the crystal structure of Zn1xCdxO (ZnCdO) is expected to change at a

certain Cd composition.

Therefore, in study focuses on fabricating n-type ZnCdO thin films by MBE system under

different conditions for following purpose.

Table 1.1 Fundamental physical properties of ZnO and CdO

Crystal Structure Lattice constant | band gap

ZnO | Wurtzite structure |a=3.250A, c=5.207A,| 3.37eV

CdO | Rocksalt structure a=4.670A, 2.3eV
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Figure 1.7 Structure of Wurtzite and Rocksalt of ZnO and CdO, respectively.
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1.6 Purpose of this study

As described above, a full-spectrum solar cell requires a new TCO with high transmittance

from infrared to ultraviolet to improve conversion efficiency. Among the various TCO material,

CdO has taking excellent attention as promising material due to its good optical and electrical

properties. Although, there are several reports on the synthesis of ZnCdO [31,36,37,38], only few

studies reported the full range of Zn1.xCdxO by molecular beam epitaxy (MBE). This study focuses

on fabricating n-type ZnCdO thin films by MBE system under different conditions for following

purpose:

To investigate the growth and characterization of ZnCdO thin films on a-Al>O3 (0001)

substrates by MBE.

To investigate the way to expand the band gap energy of ZnCdO thin films.

To investigate the growth and characterization of ZnCdO thin films on MgO (100)

substrates by MBE.

To investigate the effect of Al doping on ZnCdO thin films on MgO (100) substrates

by MBE.

In Chapter 1, the introduction containing the background of the research, the history of a

solar cell, the principle of a solar cell, current states of solar cells, introduction about transparent

conducting oxide film is discussed.

In Chapter 2, experimental details and characterization methods of films are discussed.

This study uses molecular beam epitaxy MBE for the films' growth. For the characterization

13



methods, reflection high-energy electron diffraction (RHEED), scanning electron microscope
(SEM), X-ray Diffraction, energy dispersive X-ray spectroscopy (EDX), secondary ion mass

spectroscopy (SIMS), ultraviolet-visible spectroscopy, and Hall effect measurements are used.

In Chapter 3, the growth and characterization of ZnCdO thin films on a-Al.O3 substrates
are discussed. ZnCdO thin films are grown on a-Al>O3 substrates under the various Cd flux ratio
(fca= [Cd] / (Zn) + [Cd]) by MBE to grow a full range of Zn1xCdxO compositions with various
properties for a new type of TCO which have high transmittance in broad wavelength. The phase
transition and corresponding optical and electrical properties of ZnCdO thin films are investigated.
Results reveal that a higher optical band gap above 3.0 eV were archived on rocksalt ZnCdO thin
films with high transmittance above 80 ~ 95 % in the visible range with a low resistivity of 5 x 10°
4 Qcm with a maximum mobility of ~ 90 cm?/Vs and a high carrier concentration 4 x 102° cm3,

Chapter 4 describes the effects of MgO (001) substrate on the structural, optical, and
electrical properties of ZnCdO thin films. The a-Al>Os substrates are replaced with MgO (001)
substrates which have same rocksalt structure to archive a single crystalline RS-ZnCdO alloy with
high Zn content. As the results, the optical band gap energy of ZnCdO increases and the largest
optical band gap energy of 3.08 eV is obtained for x = 0.59 with an intrinsic band gap energy of
2.72 eV. RS-ZnCdO films show a low resistivity around 2.5 x 10 Qcm with a maximum mobility
of ~ 51.7 cm?/Vs and a high carrier concentration around 5 x 102 cm3,

Chapter 5 describes the effects of Al doping on the structural, electrical, and optical
properties of ZnCdO thin films. Firstly, Al-doped ZnCdO thin films are grown on MgO (001)
substrates under the various Al cell temperatures with fixed fcq to carry out the suitable Al doping.

And then, the structural, optical, and electrical properties of Al-doped ZnCdO thin films are

14



investigated. As the results, the electron concentration increases higher than 102 cm=, and a large
optical band gap energy of 3.45 eV is observed in the RS-ZnCdO thin film having x~0.7, with a

resistivity of 1x10* Q-cm, and a wide transmission window of up to 2000 nm.

And finally, Chapter 6 summarizes the results obtained and concludes this thesis.
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Chapter 2

Experimental details and characterization method of thin films

2.1. Substrate preparation

In this study, two types of substrates were used. For the first research, a c-plane a-Al>0O3
(0001) substrate was used to grow ZnCdO to figure out the properties of ZnCdO thin films. And
then, the substrate was changed from a-Al.O3 to MgO to improve the properties of the rocksalt-
ZnCdO structure by using rocksalt structure substrate to reduce the lattice mismatch during the

growth.

After cleaning, the substrates were set to the holder for MBE, and introduced to load lock

chamber in the MBE system.

2.1.1. Cleaning method of a-Al>O3 (0001) substrate

The dust attached to the a- Al>Os substrate was removed in methanol, and the surface
dried with nitrogen gas blow. After that, ultrasonic cleaning was performed for 20 minutes in
acetone and methanol, respectively, and then the surface was dried with nitrogen gas. For the
etching to the surface of the substrate, the mixed solution was prepared from (sulfuric acid:

phosphoric acid = 3: 1) and etched the sapphire substrate at a temperature of 80 °C for 5 minutes.
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2.1.2. Cleaning method of MgO substrate

The MgO substrate was cut appropriately 5mm x 5mm square size and blew with air blush
to clean the surface. After that, ultrasonic cleaning was performed for 20 minutes in acetone and
methanol, followed each with a nitrogen gun to blow off the liquid drop. For the MgO substrate,

there was no specific etching process performed.

2.2 Film deposition

The deposition method is one of the keys to fabricating solar cells and TCOs. Depending
on the deposition materials, the deposition method is divided into physical and chemical methods.
Generally, sputtering [1,2], vapor deposition [3], sol-gel [4], solution growth [5], electron beam
evaporation [6], thermal evaporation [7], electrodeposition [8], pulsed laser deposition [9], and
molecular beam epitaxy (MBE) [10] are used as deposition method. In particular, MBE [11,12],
MOCVD [13,14], sputtering [15,16], and PLD [17,18] methods are widely used as ZnCdO growth
methods. In this research, MBE has been used for the deposition of ZnCdO thin films and the

details of MBE is described as follows.

2.2.1 Molecular beam epitaxy (MBE).

Molecular Beam Epitaxy (MBE) is a method of growing a thin film by epitaxial growth by
evaporating the element into a vaporized molecular beam by heating a raw material such as metal

in an ultra-high vacuum [18]. Among the component elements that reach the substrate in the beam
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shape, molecules that cannot grow on the substrate are excluded from the growth process by the
vacuum system, and only the "fresh” molecular beam from the evaporation source reaches the
substrate surface. This method is performed in ultra-high vacuum pressure about 10 Pa. Moreover,
the number of molecules of each element reaching the substrate is uniquely determined by the
geometry of the vapor deposition system and the evaporation source. Therefore, it is possible to
accurately control the crystal growth rate, the ratio of the impurity concentration, or the mixing
ratio. In addition, oxygen or hydrogen can be produced by using a radical gun. The surface can be

observed during crystal growth using a reflection high-energy electron diffraction.

® Advantages of MBE
» MBE is a low-temperature process.
» MBE process can be used for generating detailed doping profiles as it regulates the
amount of dopant.
» As the MBE process is based on evaporation, no chemical reactions are involved.
» For the MBE process, safety precautions are not required extensively as compared to
those required in a CVD process.
® Disadvantages of MBE
» For the overall perfect and pure film, it is necessary to maintain a very low pressure of
the order of 1078 Pa.
» This process is very expensive as compared to the sputtering or CVD process.
» The growth rate in the MBE process is 0.01 — 0.3 pm/min, which is very small compared

to the other deposition method.
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Figure 2.1 Schematic of molecular beam epitaxy system.
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2.3. Characterization method

In this section, the material characterization methods used to analyze the surface
morphology, crystal structure, composition, optical properties of transmittance and reflectance,
thickness, and electrical properties of conductivity, mobility, carrier type and concentration of the

deposited films are represented.

2.3.1 Reflection high-energy electron diffraction (RHEED)

Reflection high-energy electron diffraction (RHEED) is a technique in which an electron
beam of about 10 keV ~50 keV is incident on a surface of a sample at a shallow incident angle, an
electron beam diffracted by a crystal lattice is projected onto a fluorescent screen and observe the
appearance of the crystal surface. Since the angle of incidence is shallow, the electron beam
penetrates only a few atomic layers from the sample's surface and is highly sensitive to the surface

lattice structure because of its significant diffraction from the surface.

RHEED has a great feature that can be observed without disturbing growth. This feature
makes it widely known that RHEED is an excellent way to investigate surface structures in many
areas. Figure 2.2 shows the relationship between the shape of the substrate surface and the RHEED

pattern.

As shown in Fig. 2.2. (a), if the substrate's surface is roughened, a diffraction pattern of a
spot shape due to the transmitted electron beam is observed. When growth starts on such a

roughened substrate, a soft surface, as shown in Fig. 2.2. (b), becomes difficult to transmit the
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electron beam, and a long-dotted stripe pattern is produced. As the growth continues, the thin film
grows flat, but there are countless atomic layer steps on its surface, as shown in Fig. 2.2.(c).
Therefore, the point of intersection with Ewald's sphere in the vicinity of the Oth Laue zone became
a line and was observed as a linear strike pattern according to the growth of the thin film. However,
in the case of a completely flat surface, as shown in Fig. 2.2. (d), the RHEED pattern becomes a

short-dashed line [19].
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Figure 2.2 Relationship between the shape of the substrate surface and RHEED
pattern.
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2.3.2 X-ray diffraction (XRD)

X-ray diffraction (XRD) is an X-ray-based method for determining the crystal structure
of a material. It was discovered by Max von Laue in 1912 in Germany. The XRD peak is obtained
by detecting the reflected intensities and scattering angles of the X-rays that leave the material. X-
ray is irradiated by the X-ray tube as shown in Fig. 2.3, and Bragg’s law and diffraction used to

explain the working principle of XRD in Fig. 2.4.
At here, nA = BC + CD.

BC =CD =dsin®.
Therefore, BC + CD = 2d sin 6.

nA = 2d sin 6.

X-ray tube

Detector

Figure 2.3 Schematic of XRD.
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Also, lattice constants can be calculated by following equation for cubic crystalline :

1 h2+k?+41?
2 - .
A a?

In this study, PANalytical X’Pert MRD (Materials Research X-ray Diffraction) system is

used.

Figure 2.4 Schematic of XRD.
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2.3.3. Energy dispersive X-ray spectroscopy (EDX)

In this study, the system named Philips XL30 EEG SEM are used. When one type of light,
such as an electron beam or an X-ray, is projected onto an object, the electrons in the electron shell
are struck out. At this time, the electrons in the outer shell find stability and move to a lower
potential energy cabinet. The extra energy generated by this transition is radiated to the outside,
which is called characteristic X-rays or fluorescent X-rays. The X-rays come out in different
energy and intensity depending on atoms. EDX (Energy Dispersive X-ray spectroscopy) is an
analytical method in which an energy dispersion detector detects an X-ray, and the element and

concentration constituting the object are examined from the energy.

1. Electron beam

irradiation 2. Inside electron

is erupted @)

3. Second shell electron /’O\

move to inside shell

4. X-ray is emitted

Nucleus

Electron

Figure 2.5 Principle of EDX
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2.3.4 Transmittance and reflectance measurements

The transmittance and reflectance spectra of the films are measured using a Jasco V-570.
Spectrophotometers include ultraviolet, visible, near infrared, and infrared rays depending on the

wavelength range measured.

In this study, we used the double-beam method, which directly measures the reference
and control samples, with the wavelength range is between 300 ~ 2500 nm with a wavelength

accuracy of 1.5 nm.

Figure 2.6 is a schematic diagram of the process of the spectrophotometer. The light from
the light source is condensed and enters the monochromator. This light is diffracted by the
monochromator and is condensed on the exit slit. The light coming out of the exit slit becomes

monochromatic light.

The monochromatic light is divided into two beams by a sector mirror, one side to the

measurement sample and the other to the control sample. The light passing through the sample or

Sample

O =

Light Detector
source Monochrometer I Amplifier  sjgnal Data

reader displayer

Control sample

Figure 2.6 Schematic diagram of the process of the spectrophotometer
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control sample is incident on the amplifier or PbS photoconductive cell and then is digitized by

the spectrometer and the software program.

With the results of transmittance and reflectance, the optical absorption coefficient (o) of

thin film was obtained by using the following equation :

1I—m—RP—Jm—RM+4WW
n

__1 21
« 2TR? 2.1

where o is the absorption coefficient, d is the thickness of the thin film, R is the reflectance of, and

T is the transmittance of thin film.

In a direct transition semiconductor, the relationship between the optical absorption

coefficient o and the incident photon energy hv can be expressed by the following equation :

a=A(hv — Eg)% (2.2)

\

Figure 2.7. Example plot of o? vs photon energy.

0 hv N
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Here, Eq is the band gap energy, and A is the proportionality constant. Therefore, as shown in Fig.
2.7, the band gap energy can be obtained by plotting the square of the optical absorption coefficient

o against photon energy hv and extrapolating the linear portion of a2 on the horizontal axis.

2.3.5. Surface step profiler

This instrument measures the thickness of the sample by directly contacting the needle on
the sample surface. The needle is moved horizontally in the contact state, moving up and down
according to the surface. An induced electromotive force is generated in the secondary coil by the

movement of the needle, and a differential transformer amplifies the voltage, and the difference of

I

Secondary coil

Differential : .
output @ C/\Z Primary coil

current

Needle

Figure 2.8 Schematic diagram of surface step profiler.
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the surface of the sample can be measured in the unit of the nanometer. Figure 2. 8 shows the

schematic of the surface step profiler.

2.3.6. Hall effect measurement

Hall effect measurements (Resitest 8300) used to measure the conduction type, resistivity,
carrier concentration and mobility of thin films by using the van der Pauw method at room

temperature. This method is suitable for a thin film or thin semiconductor such as an epitaxial layer.

The Hall effect is owing to the nature of the current in a conductor which is composed of
the movement of many small charge carriers like electrons and holes. When a magnetic field is
applied to the films, these charges experienced a force, termed as the Lorentz force. Due to the
magnetic field, electrons and holes will be deflected in opposite directions. The separation of
charge established an electric filed that opposes Lorentz force. In the meantime, a steady electrical

potential is established as long as the charge is starting to flow.

2.3.7 Vacuum deposition

Vacuum deposition is one of the methods used when a metal is deposited on the surface
of a sample, such as a substrate under a vacuum of about 10 to 10" Pa. Mo or other high-melting-
point metal plates are set to the two heating devices and put the material to be deposited on it.

Thereafter, the raw material is melted and evaporated by flowing a large current of about 50A and
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heating. The evaporated raw material is deposited on the surface of the substrate to produce a thin

film. A schematic diagram of a typical vacuum deposition system is shown in Fig. 2.9.

Substrate
Shutter

] ~ plate

Figure 2.9. Schematic of Vacuum Deposition.
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Chapter 3

Realization of RS-Zn1xCdxO thin films with optical band gap above 3.0 eV by

molecular beam epitaxy

3.1 Introduction

As explained in Chapter 1, TCOs is one of the key components of a solar cell to collect
charge carriers from the illuminated side of the cell. In order to increase a conversion efficiency
of solar cells, it is required to utilize a wide range of photons in the solar spectrum. So far, there
are several reports on the synthesis of ZnCdO [1,2,3,4]. Detert et al. deposited ZnCdO films on
soda lime glass substrates using a pulsed filtered cathodic arc deposition method and reported that
the phase transition occurred at x ~ 0.7 and the largest band gap of RS-ZnCdO with x ~ 0.7 is 2.8
eV [1]. On the other hand, the band gap of the WZ-ZnCdO decreased with increasing Cd down to
a value of ~ 1.7 eV at the phase transition point of x ~ 0.7. Using a non-equilibrium growth
technique such as MBE [5], which can grow high-quality thin films at low temperature, the RS to
WZ phase transition may be extended to a lower Cd composition, leading to further increase of

the band energy.

In this Chapter 3, growth of ZnCdO thin films with a wide range of Cd composition on a-
Al>03 (0001) substrates by MBE are reported. The phase transition and corresponding optical and

electrical properties of ZnCdO thin films are investigates in detail.
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3.2 Experimental

ZnCdoO thin films were grown on a-Al,03 (0001) substrates by a conventional MBE system
with a radio frequency (RF) radical cell. The background pressure of the growth chamber is less
than 6 x 10® Pa. Zn (7N) and Cd (6N) were used as source materials. The a-Al;Os (0001)
substrates were ultrasonically cleaned in organic solvents. The flow rate of oxygen was kept
constant at 0.3 sccm, and the RF power was set to 300 W. after introducing o-Al.O3 (0001)
substrates into the growth chamber, firstly, the substrate temperature was changed from 100 to

250°C with the Cd flux ratio fcq (= [Cd] / ([Zn] + [Cd])) = 0.90 to find out the suitable growth

temperature for ZnCdO thin film. Cd flux fixed at 1.2 x10* Pa, and Zn flux differed depending

on Cd flux. After optimizing the growth temperature, the Cd flux ration fcq was varied between

0.85 and 1 to grow the full range of Cd composition at 250°C substrate temperature.

During the growth, a reflection high-energy electron diffraction (RHEED) pattern was
recorded to monitor the film structure. After the growth, the film thickness was measured using a
surface step profiler. The composition of ZnCdO was measured by energy dispersive X-ray
spectroscopy (EDX) and Rutherford backscattering spectrometry (RBS) using a 3.04 MeV He**
beam. Crystal structures of the films were examined by conventional §-26 X-ray diffraction (XRD)
using a Cu Ka radiation. The transmittance and reflectance were measured using a double-beam
spectrophotometer in the wavelength range of 200 ~ 2000 nm. The band gap energy of the films
was determined by a square plot of absorption coefficient (o) obtained from the transmittance and
reflectance. The electrical properties were measured by Hall effect measurement using the Van der

Pauw configuration with In as ohmic contact at room temperature.
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3.3 Results and discussion

3.3.1 Effects of substrate temperature

Figure 3.1 shows photographs of Zni«CxdO thin film grown with fcq = 0.9 at the
temperature range of 100 ~ 250°C. Relatively thick black films with thicknesses over 1um were
obtained when the substrate temperature was lower than 200°C. However, at the substrate
temperature of 250°C, a yellowish thin film with about 60 nm thickness was obtained. This result
suggests that at a growth temperature lower than 250°C, the substrate does not provide sufficient

thermal energy for the metal atoms to react with the O.

Figure 3.2 shows the XRD patterns of ZnCdO thin films grown on a-Al203 (0001)
substrates at different substrate temperatures. When grown with substrate temperature lower than

200°C, broad diffraction peaks corresponding to metallic Cd at 32°, 34.8° and 38.2° with low

(a) 100°C (b) 150°C
(c) 200°C r - (d) 250°C

Figure 3.1 Photographs of ZnCdO thin films grown on a-Al203 (0001) substrates at
various substrate temperatures.
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intensity are observed, indicating the presence of unreacted Cd and that these films are amorphous
or nanocrystalline. With increasing substrate temperature, the intensity of the diffraction peak
between 33° ~ 34° increased. This peak is located in between the diffraction peaks from RS-CdO
(111) and WZ-Zn0O (0002), and can be assigned as WZ-ZnCdO (0002) as discussed later. A strong
ZnCdO peak is detected from the film grown at 250°C, indicating that with a high substrate
temperature of 250°C ZnCdO films with good crystallinity are obtained. Effects of the substrate
temperature on the crystallinity has also been reported for sputtered ZnCdO films [6] and the
reported results are consistent with our present work by MBE growth. The average grain size of
the film grown at 250°C can be estimated to be ~ 16 nm from the width of the diffraction peak.

Note also that as the substrate temperature increases, the WZ-ZnCdO peak shifted gradually to
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| 111 0002 _

- Subst. temp.
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%O 32 34 36 38 40
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Figure 3.2 XRD patterns of ZnCdO thin films grown on a-Al,O3 (0001) substrates at
different substrate temperature.
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higher angle. Since the ionic radius of Cd?* (109 pm) is significantly larger than that of Zn?* (88
pm), this suggest that less Cd is incorporated in the alloy at higher growth temperature. These
results suggest that with our MBE growth condition, in order to grow crystalline ZnCdO thin films
were grown at 250°C under different Cd flux ratios to investigate the effect of Cd flux ratio on the

properties of ZnCdO films.

3.3.2 Effects of Cd flux ratio on the properties of ZnCdO films.

Figure 3.3 shows the Cd content determined by EDX analyses in ZnCdO thin films on a-

Al>03 (0001) substrates under different Cd flux ratios. The Cd content in the film is below the
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Figure 3.3 Cd content x in ZnCdO thin films grown on a-Al,O3 (0001) substrates
under various Cd flux ratios as measured by EDX
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detection limit of EDX (< 1%), and it is considered the film is pure ZnO with x = 0. As the fcq
increases, the Cd content x in Zn1xCxdO thin films increases gradually up to 1. Thus, ZnCdO films

with different composition can be grown by controlling the Cd ratio.

Figure 3.4 shows XRD patterns of ZnCdO films grown at 250°C with the different Cd
content x. all the films are polycrystalline with a thickness of around 60 nm. In the ZnO film with
x=0 grown at fcq = 0.85, only the peak 34.4° corresponding to WZ-ZnO (0002) diffraction is
observed. With increasing Cd content, this diffraction peak shifted to lower angle suggesting a
larger lattice parameter. This is consistent with the incorporation of more Cd with a larger ionic
radius in the Zn sub lattice in WZ-ZnCdO [7]. On the other hand, at the Cd content x=1, only the
RS-CdO (111) diffraction peak at 33° is observed. With decreasing Cd content from 1 to 0.75 this
RS (111) diffraction peak shifts toward higher 26 due to the replacement of Cd by Zn. In ZnCdO
films deposited on soda-lime glass substrates, a RS-ZnCdO (200) peak was also observed at around
38 ~ 39° [1,7] although it was not detected clearly in this study. Since on a-Al.O3 (0001) was used
as substrates in this study, the RS-ZnCdO is expected to have a (111) preferred orientation. Note
that for samples with Cd content x = 0.51 and 0.62, the diffraction peak becomes very weak and
broad. It has been reported previously that the composition region where both RS and WZ phases
co-exist depends on the growth method and lies in the range of x ~ 0.4 to 0.7 [1,7,8]. Therefore,

the broad weak diffraction for ZnCdO film with 0.51 < x < 0.62 may correspond samples with a
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mixed phase of WZ and RS. At the Cd content x = 0.51, mixed peak from RS-ZnCdO (x=0.61)

and WZ-ZnCdO (x=0.06) are observed by 2 peak fitting as red-dashed line.
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Figure 3.4 XRD patterns of ZnCdO thin films grown on a-Al.O3 (0001)
substrate under various Cd flux ratios.
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In order to investigate the optical properties of ZnCdO thin films, transmittance and
reflectance spectra of ZnCdO thin films were measured by a double-beam spectrophotometer in
the wavelength range of 200 ~ 2000 nm, and the absorption coefficients were calculated using the
Beer-Lambert Law. The absorption spectra for x < 0.5 and x > 0.58 were plotted separately in Fig.

3. 5(a) and (b), respectively.

In Fig. 3. 5(a), the absorption edge energy gradually decreased from 3.27 to 2.35 eV with
the increase of Cd content x from 0 to 0.44, corresponding to the change of the band gap energy
in WZ-phase. With a further increase in the Cd content to x = 0.50, however, the absorption edge
energy shows a drastic increase to ~ 3.0 eV. This can be attribute to a phase transition from the

low gap WZ phase to a high gap RS phase [1]. However, because the increase of absorption
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Figure 3.5 Optical absorption spectra of ZnCdO with (a) x < 0.5 and (b) x> 0.58.
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coefficient near the absorption edge is not very steep as compared to other RS samples, we suppose
this sample has a mixed phase. On the other hands, the ZnCdO with x> 0.58 shows a steep increase
of absorption coefficients above the absorption edge energy, and the absorption edge energy
gradually decreases again with increasing Cd content. Therefore, this region is considered as a

pure RS phase region.

Resistivity (2cm)
]

107, , , , , ,
L0*' E (b) ;

10% Y 3

Electron
Concentration (cm-)
B

Mobility (cm?/ Vs)
~
o
..
([

0 [ ] % . L L L
0.0 0.2 0.4 0.6 0.8 1.0

Cd content x

Figure 3.6 Resistivity, electron concentration and mobility of ZnCdO thin films on
a-Al203 (0001) substrate measured by hall effect measurement.
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The results of Hall effect measurement are illustrated in Fig. 3.6. All the ZnCdO films
showed an n-type conductivity. The resistivity decreased gradually with increasing Cd content x
from 0 to 0.58, then it becomes saturated at very a low resistivity of around 5 x 10* Qcm in the
RS phase. The electron concentration is in the range between 4 x 10%° cm=and 1 x 10%° cm= in
RS phase. The mobility of WZ-ZnCdO was very low and less than 10 cm?/Vs. in contrast, for RS
phase alloys, the mobility increased to ~ 90 cm?/Vs. Such high mobility is consistent with other

report for RS-ZnCdO [1].

The optical band gap of the films was determined by applying the Tauc model [9] or the

Davis-Mott model [10] in the high absorbance region:
ahv = D(hv — E;)" (1)

where D is a constant and n is the power index for direct-allowed transition as n=1/2 was found
to be more suitable for ZnCdO, giving the best linear approximation of the band-edge [11].
Consequently, n=1/2 is employed for fitting of experimental data, and the obtained optical band

gaps were presented in Fig. 3.7 as a function of Cd content x by black circles with error-bars.

When the Cd content x is zero, an optical band gap energy of 3.27 eV was obtained, which
agrees well with the reported band gap energy of WZ-ZnO [1]. The optical band gap energy
decreases gradually with increasing the Cd content x in WZ region. When the Cd content exceeds
around 0.5, the optical band gap energy rapidly increased as mentioned above. In the RS region,

the optical band gap energy decreases again with the increases of Cd content.

According to the theoretical calculation [12,13,14,15], it is reported that the WZ-ZnO (WZ-
CdO) has a higher direct band gap than RS-ZnO (RS-CdO) because, in WZ structure, the valence
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band maxima (VBM) is pushed up due to p-d repulsion resulting from the hybridization of O 2p
state and metal d state, reducing the fundamental direct gap. In the RS structure, the respective
states do not hybridize and the p-d repulsion and the corresponding gap shrinkage vanishes at zone
center (I') because of its symmetry forbiddance. This is the main reason for the rapid increase of
the optical band gap energy by the phase transition from WZ to RS. However, it is also reported
that, in RS structure, in other regions of the Brillouin-zone, the bands are subject to the p-d
repulsion and thereby raised at points away from I', leading the material to the indirect gap
semiconductor. In our optical absorption spectra for RS-ZnCdO, the indirect absorption was not

clearly observed, probably due to a very weak absorption for the indirect transition.
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Figure 3.7 Optical and intrinsic band gap energies of ZnCdO thin films on a-Al.O3 (0001)
substrate under various Cd content. Solid and dashed lines are reported intrinsic band gap
of WZ- and RS- ZnCdO from ref.9 (blue) and ref.14 (green), respectively.
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It should be noted that the higher optical band gap energies are observed for RS-ZnCdO
alloys (~ 3.0 eV for x~0.6) as compared to other reports [1,7,16], which is consistent with the phase
transition composition with lower x than other reports. The stability of the RS phase at such low
Cd content may be attributed to the non-equilibrium MBE growth at a relatively low temperature
of 250 °C. Also, in the mixed phase sample of ZnCdO with x~0.5, the optical band gap is
determined by RS-ZnCdO phase with a smaller band gap energy. Therefore, the obtained band

gap is close to those for RS-ZnCdO with x~0.6.

The obtained optical band gap energies for the RS phase alloys are larger than the reported
intrinsic energies [1,8,16,17,18,19], as shown by blue and green dashed lines in Fig. 3.7. This
arises from free carrier effects in these alloys, namely the Burstein-Moss shift, and band

renormalization, sine the electron concentration is higher than 10%° cm™ for the RS-ZnCdO alloys.

The intrinsic band gaps of ZnCdO were calculated for all thin films by considering free
carrier effects using similar procedures as reported in Ref. 12 and Ref.14, and are shown by red
circle with error-bars in Fig. 3.7. The intrinsic band gap of ZnCdO thin films on a-Al>03 (0001)

substrate by MBE agree well with previous reports [1,20].

Figure 3.8 compares transmittance spectra of RS-ZnCdO and AZO thin films with similar
carrier concentration. It can be seen that RS-ZnCdO thin films has higher transmittance around 80
~ 95% in the wavelength region from 500 nm to 2000 nm as compared to AZO. Especially, the IR
transmission of RS-ZnCdO is much higher than AZO. This is because of lower electron effective
mass, higher static dielectric constant and higher high frequency permittivity of RS-ZnCdO, which

can be expected from those of RS-CdO (me'=0.21mo [21], = 21.9, &. = 5.3[22]), than WZ-ZnO
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(me'=0.29mo [23], £= 8.75, &= 3.75 [24]), leading to the decrease of FCA by a higher mobility

and a longer plasma wavelength [15].

Also, RS-ZnCdO in this study shows around 20% higher transmittance overall than the
reported transmittance of RS-ZnCdO [25]. However, due to the lower intrinsic gap of ~ 2.5 eV,
the transmittance in UV region is limited to < 400 nm as compared with AZO and further
improvement is required. For example, for a RS-ZnCdO with x ~ 0.6, the intrinsic gap is ~ 2.7 eV
and with extrinsic doping to a high electron concentration of 102! cm, its absorption edge can be
increased to > 3.5 eV (or < 350 nm). Also, the RS phase may be extended to smaller Cd region by

growing on a cubic substrate, widely used for MJSCs, instead of hexagonal a-Al.O3 (0001)
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Figure 3.8 Typical transmittance spectra of RS-ZnCdO and AZO thin films with
similar electron concentration.
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substrates. The desirable properties of larger band gap energy, low resistivity, high mobility, and
high transmittance in a wide spectral range make the RS-ZnCdO thin films promising candidate
as TCOs for devices requiring a high conductivity and a wide transparency window, such as

MJSC:s.

3.4 Conclusion

ZnCdO thin films were grown on a-Al203 (0001) substrate by molecular beam epitaxy with
various Cd content. The phase transition from wurtzite to rocksalt is found to take a place at the
Cd content x ~ 0.5 to 0.6. Within the composition region of x ~ 0.5 to 0.6, both RS and WZ crystals
co-exist. Transmittance above 80 ~ 95 % in the visible range is observed for both the WZ and RS
alloys. Optical gap of the WZ alloys decreases from 3.27 eV for ZnO to ~ 2.35 eV (x ~ 0.44). At
the phase transition to RS at x ~ 0.55, the optical gap increases drastically to > 3.0 eV RS-alloys
with a large optical gap of 3.0 eV (an intrinsic gap of ~ 2.7 eV) is achieved for x ~ 0.6. RS-ZnCdO
thin films exhibit a low resistivity of 5 x 10 Qcm with a maximum mobility of ~ 90 cm?/Vs and
a high carrier concentration 4 x 10%° cm™. These properties make RS-ZnCdO potentially useful

TCO materials for full spectral solar cells.
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Chapter 4

Structural, Optical, and Electrical properties of WZ- and RS-ZnCdO

thin films on MgO (100) substrate by molecular beam epitaxy

4.1 Introduction

In the previous Chapter 3, the growth of ZnCdO thin films are established on a-Al,O3
(0001) substrate by molecular beam epitaxy with various Cd content, and large optical band gap
energy of 3.0 eV (an intrinsic band gap energy of ~ 2.7 eV) was obtained in poly-crystalline RS-
ZnCdO thin film. Although this optical band gap is the highest ever reported for RS-ZnCdO
[1,2,3,4], itis still lower than that for other TCOs and further improvement is necessary. Therefore,

several studies have been established to expend the band gap of ZnCdO.

In this study, we have changed substrate from sapphire to Rockslat (RS) -MgO substrate.
Since the band gap of RS-ZnCdO increases with Zn composition in the alloy, it is desirable to
grow ZnCdO on a RS substrate to achieve a single-crystalline RS-ZnCdO alloy with high Zn
content. As the substrate, MgO with a RS structure (a = 4.21 A) is a suitable material. The lattice
mismatch between RS-MgO and RS-CdO is 11.6%, and it decreases with increasing Zn
composition in RS-ZnCdO. In this study, the growth of single-crystalline RS-ZnCdO on RS-MgO

substrate is investigated.
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In this chapter, ZnCdO thin films grown on MgO (100) substrate to promote the crystallinity
and extend the RS phase composition by growing on a RS-MgO substrate by MBE. The structural,
optical, and electrical properties with phase transition of WZ- and RS-ZnCdO thin films were

clarified concretely through a variety of characterization methods.

4.2 Experimental

A conventional MBE system with a radio frequency (RF) radical cell for oxygen was used
to grow ZnCdO thin films on MgO (100) substrates with the thickness of 0.5 mm. Before
introducing MgO (100) substrates inside to the MBE growth chamber, the substrates were cleaned
in organic solvents by ultrasonic cleaner. Cd (6N) and Zn (7N) were used as source materials. The
background pressure was controlled less than 6 x 10 Pa in the growth chamber. The oxygen was

supplied constantly by the RF radical cell as flow rate of 0.3 sccm with 300 W of the RF power.

[Cd flux]
cd flux]+[Zn flux

The Cd flux ratio (fcq = ] ]) was controlled in the range from 0 to 1 to grow different

Cd composition of ZnCdO thin films. During the growth, the substrate temperature was maintained

at 250°C, which is the optimized temperature for the growth of ZnCdO by MBE [5].

To characterize the surface crystallinity, a reflection high-energy electron diffraction
(RHEED) was monitored during the MBE growth. A surface step profiler was used to measure the
thickness of ZnCdO thin films after the growth. The energy dispersive X-ray spectroscopy (EDX)
was conducted to analyze the Cd composition. The crystal structures of ZnCdO thin films were
analyzed using a conventional #-26 X-ray diffraction (XRD) with a Cu Ka radiation. Double-beam

spectrophotometer was used for reflectance and transmittance measurements in the wavelength
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range between from 200 to 2000 nm, and the baseline correction using bare MgO substrates was
performed to eliminate the effect of absorption by the substrate. Optical absorption coefficient ()
was obtained using the reflectance, transmittance, and thickness, and the band gap energy of films
was deduced by a square plot of a. For the characterization of electrical properties, a hall effect
measurement using the Van der Pauw configuration was conducted with In as ohmic contact at

room temperature.

4.3 Results and discussion

All ZnCdO thin films on MgO substrates showed a thickness of around 60 nm. The Cd

composition x in the films by EDX analyses are presented at Fig. 4.1 under the various Cd flux.
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Figure 4.1 Cd composition x in ZnCdO thin films on MgO (100) substrates determined
by EDX measurements.
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As the fcq decreases from 1 to 0.87, the Cd composition x in films decreases steadily from 1 t0 0.1
and 0 at fcqg = 0. This tendency is similar to our previous results obtained for MBE growth of
ZnCdO on sapphire substrates [5]. Therefore, the various composition of ZnCdO films can be

grown on MgO (100) substrates by adjusting the fca.

Figures 4.2 (a) ~ (f) show the RHEED patterns of ZnCdO films under the different Cd
composition x from 0.1 to 0.72 on MgO (100) substrates. ZnCdO films with x > 0.59 showed a
spot pattern corresponding to RS structure, indicating the epitaxial growth of single-crystalline
RS-ZnCdO. For the film with x = 0.56, the RHEED pattern changed to a weak ring pattern with
very weak spot, and at x = 0.51, the spotty patter became predominant although the pattern was
still halo-like. Further decrease of Cd composition x led to a rather clear spotty pattern. These

RHEED pattern in Figs. 4.2 (a) and (b) is similar to that reported for c-axis oriented WZ-ZnO on
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Figure 4.2 RHEED patters after growth of ZnCdO thin films under the various fcq
and Cd composition. The electron beam was reflected along the [011] azimuth.
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MgO (100) with two kinds of domains [6], suggesting the growth of c-axis oriented WZ-ZnCdO

in these Cd composition regions.

Typical XRD profiles of ZnCdO films on MgO (100) substrates with various Cd
compositions are presented in Fig. 4.3 (a). In the CdO film with x = 1, only the peak at 38.45°
corresponding to RS-CdO (200) was observed. The lattice parameter a obtained for this sample
was 4.69 A, consistent with the reported value of 4.696 A [7] for RS-CdO. With decreasing Cd

composition down to x = 0.59, diffraction peak shifted to higher angle side up to 39.11° suggesting
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Figure 4.3 (a) XRD profiles of ZnCdO films on MgO (100) substrates.
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a decrease of lattice parameter duo to the replacement of Cd by Zn. The change of the lattice
parameter along with Vegard’s law under different Cd composition is plotted in Fig. 4.3 (b) as
blue triangles. Along with the decrease of Cd composition, the lattice parameter decreases linearly.
At Cd composition x = 0.56, the diffraction peak was not following the trend but appeared at
slightly lower angle of 38.84° with very weak intensity. This change is consistent with the RHEED
observation, and may indicate a phase transition from RS phase to WZ phase, and at this
composition both phases may co-exist. When the Cd composition decreases further to x = 0.51,
the peak corresponding to the RS (200) diffraction disappeared and a completely different peak

was observed at 33.6° with also weak intensity.

5.6 ' ' T ' I TMixed | T ' T
r < Wurtzite :Phﬁ;} < Rocksalt >
54+ [ \ N
|
< - Q,"" | -
= 52 @ o L -
9 I Lo
| |
e 50L o ]
© L
S 48l L ]
o) b
b | %&M '
E 46 : ‘ -
L | 4
4.4 ® ¢ (WZ-ZnCdO) |-
X A a (RS ZnCdO)
4.2 1 N 1 " 1 il i 1 " 1

0.0 0.2 0.4 0.6 0.8 1.0

Cd combaosition x

Figure 4.3 (b) Calculated lattice parameters by XRD profiles of ZnCdO
films on MgO (100) substrates.
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In the ZnO film with x = 0, only the WZ-ZnO (0002) diffraction peak was observed at
34.4°. This result is consistent with the previous study of ZnO grown on sapphire [5], although the
diffraction intensity is much lower than the film on sapphire substrate presumably due to the
growth on different crystal system. By the increase of Cd composition up to x = 0.47, the diffraction
peak moved to lower angle side down to 33.3°. The change of the lattice parameter is presented in
Fig. 4.3(b) as red circles. The lattice parameter changes almost linearly in this region, indicating
the inclusion of more Cd with a larger ionic radius in the Zn sublattice of WZ-ZnCdO [8,9]. The
observed growth of c-axis oriented WZ-ZnCdO is consistent with the RHEED results. At Cd
composition x = 0.51, the XRD peak appeared at slightly higher angle of 33.6° with weaker
intensity. This change is similar to the film with x = 0.56 in RS-phase side, and may indicate the

phase transition at this composition.

Figure 4.4 shows the resistivity, electron concentration and electron mobility of ZnCdO
films on MgO (100) substrates. The results obtained on sapphire substrates described in Chapter
3 [5] are also shown for comparison. An n-type conductivity was confirmed to all the ZnCdO films.
ZnCdoO films with 0 < x < 0.1 showed high resistivity over 1.3 x 102 Qcm. This is due to the low
electron concentration (< 101" cm™) of these films. With increasing Cd composition, the resistivity
decreases gradually in the WZ phase, and in the RS phase (x > 0.59), it becomes settled at a very
low resistivity of around 2.5 x 10*% Qcm. The RS-ZnCdO films showed a high electron
concentration from 1.3 x 10% to 1.5 x 10! cm™. Although the mobilities of WZ-ZnCdO with 0 <
X < 0.51 was very low and less than 17.7 cm?/Vs, those for RS phase alloys (0.59 < x <1.0)

increased to ~ 51.7 cm?/Vs. Such properties of high electron concentration and high mobility are
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constant with the previous report on sapphire substrates [5] and also other report for RS-ZnCdO

on glass substrates [1].

Figure 4.5 shows the typical transmittance of ZnCdO films on RS phase with x = 0.60 and

0.76 and WZ phase with x = 0.46. High transmittance around 80% in visible region (500 ~ 700nm)
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Figure 4.4 Resistivity, electron concentration, and electron mobility of ZnCdO films.
The results on MgO (100) substrates are presented as black squares whereas those on
sapphire substrates are shown as red circles for comparison.
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and 85% in infrared region (700 ~ 2000 nm) were observed on both RS-ZnCdO thin films, whereas

WZ-ZnCdO thin film show lower transmittance in whole wavelength range.

In Figs. 4.6 (a) and (b), the optical absorption spectra of ZnCdO films for x <0.51 and x >
0.51 are shown, respectively. In Fig. 4.6 (a), the energy of the absorption edge progressively
decreases from 3.3 eV of ZnO to 2.16 eV with the increase fcq composition x from 0 to 0.51,
indicating the change of the band gap energy in WZ phase. Especially, the film with x = 0.51
showed a clear optical absorption spectrum as WZ-ZnCdO without any sub-absorption although it
was suspected to be a mixed phase from RHEED and XRD results. So, most part of this film is
considered to consist of WZ-ZnCdO. However, drastic increases of the absorption edge energy
from 2.16 eV to 3.08 eV are observed when the Cd composition increases from x = 0.51 to x =
0.59 due to a phase transition from the low gap WZ phase to a high gap RS phase [1], as shown in

Fig. 4.6 (b). The film with Cd composition x = 0.56 is considered to have a mixed phase because
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Figure 4.5 Transmittance of RS-ZnCdO at x = 0.76, 0.60 and WZ-ZnCdO at x = 0.46.

66



the absorption coefficient does not increase steeply near the absorption edge compared with other
WZ or RS. Figure 4.6(b), when the Cd composition x increase more than 0.59, the gradual decrease
of absorption edge energy are observed again. Therefore, the film with x > 0.59 is considered to

have a pure RS phase.

Optical band gap energy was determined by the square plot of absorption coefficient (o)

using the Tauc model [26] as:

ahv = D(hv — Eg)n )
where, Eq is the optical band gap energy, D is the photon energy independent constant, hv

is the photon energy, and n depends on the nature of the transition (n = % for the direct

allowed transition, n = % for the direct forbidden transition, and n = 2 for the indirect

allowed transition). For ZnCdO, it was reported that n = 1/2 is more suitable to achieve the
best linear approximation of the band-edge [11]. Thus, n =1/2 is used to fit experimental

data. The optical band gap energy obtained for films with high electron concentration (>
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Figure 4.6 Calculated optical absorption spectra of ZnCdO films with (a) x <0.51 and (b) X >
0.51.
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10%° cm™) is expected to be higher than the intrinsic band gap energy because of FCA
effects including Burstein-Moss shift and band renormalization. The intrinsic band gap
energies were also estimated in consideration of FCA effects using the same processes
reported in Refs.1 and 12.

Figure 4.7 shows the intrinsic (red triangles) and optical (black circles) band gap energies
of ZnCdO films on MgO (100) substrates under different Cd composition. For comparison, the
reported intrinsic band gap energies of WZ- [13] and RS-ZnCdO [1] films are also plotted by solid

and dashed lines, respectively.

At the Cd composition x = 0, an optical band gap energy was obtained as 3.25 eV, in
consistent with the band gap energy reported for WZ-ZnO [1,9]. With increasing the Cd
composition from 0 to 0.51, the optical band gap energy decreases gradually in WZ region. When
the Cd composition exceeds 0.51, the optical band gap energy rapidly increases and the large
optical band gap energy of 3.08 eV was obtained at x = 0.59 where the intrinsic band gap energy
was 2.72eV. Compared to other reports [1,8,13], this is the highest optical band gap energy
reported for RS-ZnCdO films. At the Cd composition x > 0.61, the optical band gap energy
becomes smaller again with increasing Cd composition. As shown by red triangles in Fig. 4.7, the
intrinsic band gap energies of RS-ZnCdO are almost similar to the intrinsic band gap energies

reported so far [1,13].
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According to theoretical calculations [9,14,15,16], the direct band gap of RS-ZnO (RS-
CdO) is higher than that of WZ-ZnO (WZ-Zn0O). The valance band maxima (VBM) in the WZ
structure is pushed up and decreases the fundamental direct gap because of p-d repulsion arising
from the hybridization of metal d and O 2p states. On the other hands, in the RS structure, due to
its symmetry forbiddance, the respective states do not make hybridization and the p-d repulsion
and the shrinkage of the corresponding band gap disappears at zone center (I'). This is the main
cause for the rapid expansion of the optical band gap due to the phase transition from WZ to RS.
Also, the RS structure is reported to be an indirect gap semiconductor because, in other Brillouin-

zone regions, the p-d repulsion occurs and the bands are raised at points away from I'. In the optical
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Figure 4.7 Optical and intrinsic band gap energies of ZnCdO thin films on MgO (100)
substrates with different Cd composition. The intrinsic band gaps of WZ- and RS-
ZnCdO reported in ref. 9 (blue) and ref. 13 (green) are shown by solid and dashed
lines, respectively.
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absorption spectra for RS-ZnCdO, presumably owing to very weak absorption by the indirect

transition, it could not be observed the clear indirect absorption.

By using RS-MgO (100) substrate, the RS-ZnCdO epitaxial films were obtained in Cd
composition 0.59 < x < 1.0, which is similar composition range reported before on sapphire
substrates using MBE [5]. Therefore, it is considered that the phase stability is not influenced
significantly by the substrate. According to the DFT calculation [16], RS alloys are reported to be
more stable in an O-poor growth environment, and this will limit the lowest Cd composition for
the growth of RS-ZnCdO by MBE. Therefore, it may be effective to change the flow rate of oxygen
in order to further clarify the phase stability of ZnCdO by MBE growth. It is worth noting that the
higher optical band gap energy of 3.08 eV was obtained at x = 0.59 on MgO substrate as compared
to 3.0 eV obtained on sapphire substrate. This is due to the enhanced Burstein-Moss shift arising
from slightly higher carrier concentration of the sample on MgO substrate. Therefore, the further
expansion of the optical band gap energy is expected by doping the extrinsic impurity. Such work
is strongly desired in the future because the band gap energy is still lower than other TCO materials
like AZO. In the Chapter 5, Al have been doped to ZnCdO thin films to expand optical band gap
energy. The detail experimental method and results of Al-doped ZnCdO thin films are explained

in Chapter 5.

4.4 Conclusion

ZnCdoO thin films with various Cd compositions were grown on MgO (100) substrates by

MBE. It was found that the phase transition from WZ to RS occurs at the Cd composition x
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between 0.51 and 0.59. In the visible range, high transmittance above 85% was observed for RS-
ZnCdO films (0.59 <x <1.0). In the WZ-phase region, the optical band gap energy decreased from
3.25eV for ZnO to ~ 2.16 eV for WZ-ZnCdO with x ~ 0.51. After the partial phase transition from
WZ to RS at x > 0.51, the optical band gap energy increased intensely and the largest optical band
gap energy of 3.08 eV was obtained for x = 0.59 with an intrinsic band gap energy of 2.72 eV. RS-
ZnCdO films showed a low resistivity around 2.5 x 10* Qcm with a maximum mobility of ~ 51.7
cm?/Vs and a high carrier concentration around 5 x 1022 cm. These characteristics of RS-ZnCdO

are attractive as TCO materials in future full spectrum solar cells.
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Chapter 5

Effects of Al doping on the structural, electrical, and optical properties

of RS-ZnCdO thin films grown by molecular beam epitaxy

5.1 Introduction

In the previous Chapter 4, ZnCdO thin films have grown on MgO [1] substrates by
molecular beam epitaxy (MBE). Because the band gap of RS- ZnCdO increases with decreasing
Cd content x in the alloy, it is important to grow RS-ZnCdO with lower Cd content x. Growth on
MgO substrates [1] was studied under the assumption that the compositional region would expand
by using the RS-MgO structure although the phase stability was not significantly affected by the
substrate. However, it was found that single-crystal RS-ZnCdO thin films could be grown on MgO
despite the 11.6% lattice mismatch between RS-MgO and RS-CdO, which decreased with
decreased Cd content [1]. And an optical band gap of 3.08 eV was obtained in RS-ZnCdO with

Cd content x=0.59 on MgO.

Although this optical band gap has been the highest reported value for undoped RS-ZnCdO,
it was still lower than those of other TCOs. Because further decreases in Cd content (x<0.59) make
it difficult to maintain the RS structure and prevent a transition to the WZ phase, the optical band
gap can be increased via a Burstein-Moss shift by increasing in the electron concentration with
extrinsic doping. Al has been a widely used donor dopant in ZnO [2], but little has been reported

on Al-doping effects in RS-ZnCdO. In this Chapter 5, the electrical and optical effects of Al
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doping that expands the optical band gap in RS-ZnCdO thin films grown on MgO (100) substrates

by increasing the carrier concentration are reported.

5.2 Experimental methods

Al-doped ZnCdO thin films were grown on MgO (100) substrates by a MBE system
equipped with a radio-frequency radical cell. The substrates were ultrasonically cleaned in an
organic solvent prior to film growth. The background pressure in the growth chamber was less
than 6x102 Pa, and Cd (6N), Zn (7N), and Al (6N) source materials were used. Oxygen radicals
were supplied constantly via the radio-frequency cell operating at 300 W and a 0.3-sccm oxygen
flow rate. The substrate temperature was maintained at 250 °C during growth, which was

previously determined to be optimum for ZnCdO films [1,3].

Firstly, the Al cell temperature was varied over the range 775-950 °C, and the Cd flux ratio
(fca=[Cd flux]/([Cd flux]+[Zn flux])) was kept constant at 0.96, where single-crystal undoped RS-
Zn1xCdxO thin films with x~0.88 were obtained previously [1]. The effects of Al doping for
different Cd content by varying the Cd flux ratio over the range 0-1 at a fixed Al cell temperature

of 825 °C are investigated.

During MBE growth, the surface crystallinity was monitored with reflection high-energy
electron diffraction. The ZnCdO film thickness was measured with a surface step-profiler at a
resolution of 0.1 nm. The Cd content x and Al content [=Al/(Zn+Cd+Al)] were determined with
energy-dispersive X-ray spectroscopy. The film crystal structures were analyzed with 626 X-ray
diffraction (XRD) using a 1.5418-A Cu Ka source. A double-beam spectrophotometer was used
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for reflectance and transmittance measurements over the wavelength range of 200-2000 nm. In
the transmittance measurements, a bare MgO substrate was placed in the reference path. The
absorption coefficient (o) was obtained via the Beer-Lambert law using the measured reflectance,
transmittance, and film thickness. The optical band-gap energies were determined using a
previously reported method [4,5]. Electrical properties were characterized with Hall-effect

measurements using the Van der Pauw configuration with In ohmic contacts at room temperature.

5.3. Results and discussion

5.3.1 Al-cell-temperature dependence of the crystallinity, Al concentration, and

electrical and optical properties in RS-ZnCdO thin films

Figure 5.1(a) plots the Cd and Al contents in Al-doped ZnCdO thin films grown at different
Al cell temperatures (Tar)). The Cd content in undoped ZnCdO thin films is also shown for
comparison. Because the Cd content was very sensitive to slight changes in the Cd flux ratio during
growth [1], the Cd content in the Al-doped ZnCdO films was different for samples with x ranging
over 0.78— 0.88 for Tai <900 °C. The Al content increased monotonically with Ta and was 13%
at Tai=900 °C. For Ta>920 °C, there was a rapid increase in Al content and a decrease in Cd

content.
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Figure 5.1 (a) Cd and Al contents determined by energy-dispersive X-ray spectroscopy.
(b) X-ray diffraction patterns of undoped and Al-doped ZnCdO thin films grown at
different Al cell temperatures (Tai).

Figure 5.1(b) shows XRD patterns of undoped and Al-doped ZnCdO thin films. A strong
diffraction peak from the RS-ZnCdO (200) plane was observed in undoped ZnCdO. The peak
intensity was strong up to Ta =825 °C, and then weakened at Ta >850 °C. The peak broadened as

Taiincreased to 875 °C with the film crystallinity deterioration, and then very weak and broad peak

Figure 5.2 Reflection high-energy electron diffraction patterns for Al-ZnCdO thin films
grown with various Al cell temperatures
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was observed at Ta=900°C. Eventually, the film became amorphous at Ta>920 °C, with no
observable diffraction peak, because of excess Al incorporation. Al-related alloys might be formed

at such a high Tai.

Reflection high-energy electron diffraction patterns for Al-doped ZnCdO thin films are
shown in Fig. 5.2. A spot pattern was observed for Ta <875 °C, indicating epitaxial growth. At
Tai =900 °C, the pattern became halo-like with very weak spots, indicating reduced crystallinity.
Films grown at Ta =950 °C exhibited a halo pattern corresponding to amorphous structures. These
results were thus consistent with the XRD analyses, and the upper limit of Tas for single-crystal

Al-doped RS-ZnCdO growth on MgO was 875°C, which corresponded to 7.8% Al content.

Figure 5.3 shows the variation in the electron concentration n and mobility n in undoped and

Al-doped ZnCdO thin films grown at different Tai. The undoped ZnCdO had n~5.0x10%cm . For
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Figure 5.3 Electron concentrations and mobilities of undoped and Al-doped

ZnCdO thin films vs. Al cell temperatures.
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the Al-doped films, n increased with increasing Tai and was n~1.5x10%* cm™ at Tai =875 °C, with
7.8% Al content. For films grown with Ta in the range 825-875 °C, the activation efficiency (ratio
of nand Al concentrations) decreased from 73% to 50%. This may be attributed to the energetically
favorable formation of native acceptor defects as the Fermi level moved higher up at higher n. The
mobilities of all the films grown at Tai <850 °C were in the range of 50-60 cm?/V/s, but decreased
abruptly with further increases in Tai. This could be related to compensation by native acceptors

and degradation of the crystallinity, as shown in Fig. 5.1(b).

The optical band-gap energies for undoped and Al-doped ZnCdO thin films grown at Ta
<900 °C are plotted vs. electron concentration in Fig. 5.4. The dependence of the optical band gap

energy on electron concentration was calculated by considering FCA effects including the

Optical band gap (eV)

2.2 L | L | L | L
0 5 10 15 20

Electron concentration (x10° cm™®)

Figure 5.4 Optical band gap energies for undoped and Al-doped ZnCdO thin films
grown at Tai <900 °C vs. electron concentration. Solid lines are calculated optical band
gaps by considering free-carrier absorption including Burstein-Moss shifts and band
renormalization.
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Burstein-Moss shift and band renormalization, as reported previously [6,7], and are plotted as solid
lines for RS-ZnCdO for x=0.7-1.0 in Fig. 5.4. The experimental optical band gap energies were in

good agreement with the calculations.

5.3.2 Effects of Al doping on the electrical and optical properties in ZnCdO thin

films having various Cd content

To avoid possible deterioration of crystallinity induced by high Al concentrations, we used

a moderate Ta =825 °C (Al content of 3.4%) for various Cd contents. The film thicknesses on the
MgO (100) substrates were 60+3 nm for all Cd content x. Figure 5.5 (a,b) shows scanning electron
microscopy surface images of an Al-doped ZnCdO thin film for Cd content x= 0.61 at 2000x and
8000x magnifications, respectively. The small particle on the surface was In attached during ohmic
contact deposition. The thin-film surface was very smooth and clean, indicating no morphological

defects.

AccV SpotMagn Det WD p——— 2um
150kV 3.0 8000x SE 100

AccV SpotMagn Det WD p—— 10um
150kV 30 2000x SE 100

Figure 5.5 Scanning electron microscope images at magnification of (a) 2000x and (b)
8000x times of Al-doped ZnCdO thin film at Cd content x=0.61. A particle of In was
attached during ohmic contact deposition.
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To investigate the effect of Al doping on the ZnCdO phase stability, XRD analyses were
performed, as shown in Fig. 5.6. At x=0, the XRD peak was observed at 20=34.4°, which
corresponded to diffraction from the (0002) plane of WZ-ZnO. The peak shifted continuously to
33.6° with increasing Cd content up to x=0.54, indicating an increased lattice constant for WZ-

ZnCdO because of Zn replacement by the larger Cd.

The WZ (0002) diffraction peak broadened and weakened with further increases in Cd
content, and an additional peak appeared at 38.4° that corresponded to (200) diffraction from RS-
ZnCdoO. Hence, the 0.56<x<0.63 composition window was a mixed-phase region of WZ- and RS-
ZnCdO grains. Similar changes in the diffraction peaks were observed for undoped ZnCdO thin

films on MgO (100) substrates [1], but with mixed phases observed at a slightly lower Cd content
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% x = 0.56 x5
€ |x=o0s4 | N\ X 2
x =0.47 x2
X = 0.26 AN X 2
x=0 x2
30 32 34 36 38 40

20 (deg.)

Figure 5.6 X-ray diffraction patterns for Al-doped ZnCdO films with various Cd content.

82



(0.51=<x<0.59). Hence, Al doping extended the WZ phase to a slightly richer Cd content. The
reason was not clear, but one possibility was that Al doping reduced stress from the incorporated
Cd atoms, thus extending the WZ phase. Theoretical calculation such as first-principles density-

functional-theory calculations [6] may be required to confirm this.

When x decreased from 1 to 0.69, the RS-ZnCdO (200) diffraction peak angle 26 shifted
from 38.4° to 38.9°, which was consistent with the substitution of smaller Zn atoms in Cd sites
forming RS-ZnCdO random alloys. Except for the slight difference in the mixed-phase region, the
overall Al-doped ZnCdO composition-dependence of the XRD patterns was similar to previous
results for undoped ZnCdO on MgO (100) substrates [1]. Figure 5.7 plots the resistivities o (a),
electron concentrations n (b), and mobilities « (c) of Al-doped ZnCdO thin films on MgO (100)
as a function of Cd content x. The electrical properties for undoped ZnCdO thin films on MgO
(100) are also plotted for comparison. All films, undoped or Al-doped, exhibited n-type
conductivity throughout the entire composition range. In the WZ phase region (x<0.56), the
resistivity was greatly reduced by Al doping. In particular, at x=0 (ZnO), the resistivity decreased

by more than four orders of magnitude after Al doping, and reaches 2.6x10* Q-cm because of the
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Figure 5.7. (a) Resistivity (b) carrier concentration (c) mobility of Al-doped ZnCdO thin
films on MgO (100) vs. Cd content x. Values for undoped ZnCdO thin films are plotted for
comparison.
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substantial increase in n from 3x10'* cm™ to 4x10%° cm, as shown in Fig. 5.7(b), while the
mobility remained essentially constant with Al doping (<10 cm?/V-s). With increasing Cd
content to x>0.27, n of the alloy films exceeded 10! cm™ and the resistivity decreased to <102 Q-

cm. Overall, for the WZ alloys, u<20 cm?/Vs.

In the RS phase region (x>0.63), Al-doped RS-ZnCdO films exhibited a low p of (1-2)x10*
Q-cm, which was lower than that for undoped films. This was attributed to the higher electron
concentration of 10t cm™ from Al doping. In addition, the mobility of the Al-doped films was

higher, especially for alloys with x>0.8 (260 cm?/V/-s).

Transmittance spectra for Al-doped WZ-ZnCdO (x=0.47), mixed-phase ZnCdO (x=0.6),
and RS-ZnCdO (x=0.7) are plotted in Fig. 5.8. The RS-ZnCdO (x~0.7) thin film had a
transmittance >85% in the visible region (470-700 nm) and >90% in the IR (700—2000 nm). WZ-

ZnCdO (x~0.47) and mixed-phase ZnCdO (x~0.6) exhibited slightly lower transmittances over the
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Figure 5.8. Transmittance of Al-doped ZnCdO thin films for x=0.7, 0.6, and 0.47.
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entire spectral range. Furthermore, the RS alloy film exhibited a decrease in transmittance at 400
nm, while that for the WZ and mixed-phase alloys decreased at 500 nm. This indicated that the

optical absorption edge for RS-ZnCdO was much larger than that for WZ-ZnCdO.

Figure 5.9 shows optical and intrinsic band-gap energies for Al-doped ZnCdO films as a
function of Cd content. The intrinsic band-gap energies were obtained by subtracting the high-
energy shift from free-carrier effects from the optical band gap energies, as reported previously
[6,7]. In Fig. 5.9, the optical band gap energy decreased from 3.43 eV to 2.46 eV in the WZ region
with increasing Cd content x from 0 to 0.54, and then increased in the mixed-phase region for
0.56<x <0.63. With further increases in Cd content, the gap decreased again from 3.45 eV to 2.8
eV in the RS region. The intrinsic band gap energy of ZnCdO depended on both Cd content and
crystal structure [1,3]. For both the WZ and RS phases, the band gap decreased with increasing Cd

content, while there was a steep increase of ~1 eV at the WZ-to-RS phase transition. The larger
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Figure 5.9. Optical and intrinsic band-gap energies of Al-doped ZnCdO thin films with
various Cd contents.
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RS-ZnCdO band gap was attributed to the weakened p-d repulsion between metal d and O 2p states,
because of the forbidden symmetry in RS-ZnCdO [8,9,10,11]. The observed band gap change for
ZnCdO was similar to that in previous studies of undoped ZnCdO on sapphire [3] and MgO (100)
substrates [1]. However, the optical band-gap energy of RS-ZnCdO was larger than that of
undoped samples because of the high electron concentration. In particular, at x=0.7, RS-ZnCdO
alloy films had an optical band gap energy of 3.45 eV, with a very low resistivity of 1x10* Q-cm,

and a wide transmission window of up to 2000 nm.

Low-resistivity and good-transmissivity single-crystal RS-ZnCdO films on MgO (100)
could be applicable to high-efficiency multi-junction solar cells that often use cubic-crystal GaAs
(100) or Ge (100) substrates. Ashrafi et al. reported single-crystal growth of CdO layers on GaAs
(100) [12]. Similar epitaxial growth of RS-ZnCdO is expected on GaAs (100). Hence, Al doping

in RS-ZnCdO films could be effective TCOs for devices utilizing the entire solar spectrum.

5.4. Conclusions

Effects of Al doping on the structural, electrical, and optical properties of RS-ZnCdO thin films
on MgO substrates were investigated. The highest Tas at which single-crystal growth of Al-doped
RS-ZnCdO with x~0.83 is possible was determined to be 875 °C, which corresponded to an Al-
doping concentration of ~7.8%. The electron concentration increased with Al doping at increased
Tai, and was n~1.5x102! cm™ at Ta = 875 °C. The corresponding optical band gap energy increased
because of free-carrier effects including Burstein-Moss-shift and band-renormalization.

Furthermore, Al was an efficient donor dopant in both RS-ZnCdO and WZ-ZnCdO thin films.
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Electron concentrations >10%* cm were obtained with Al doping for alloys incorporating Cd
content x ranging from 0.27 to 1.0, regardless of the crystal structure. A large optical band gap
energy of 3.45 eV was observed in the RS-ZnCdO thin film having x~0.7, with a resistivity of
1x10™* Q-cm, and a wide transmission window of up to 2000 nm. Thus, the film was an applicable

transparent conductor for full solar spectrum solar cells.
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Chapter 6

Summary

ZnCdoO thin films have attracted as considerable materials for gas sensors, photocatalysts,
and TCOs. Significantly, the brilliant optical and electrical properties of ZnCdO make it as a
considerable TCO candidate for full spectrum solar cells or MJSCs. The transparent window width
(420~2000 nm) and high transmittance (> 80%) of ZnCdO thin films enables the solar cell to
absorb much more sun spectrum, archiving higher conversion efficiency. The excellent electrical
properties of low resistivity ( < 1 x 10 Qcm) and high mobility (> 60 cm?/Vs) of ZnCdO thin

films lead this material not only for TCO application but also for other optoelectronic devices.

The purpose of this study is to investigate the growth mechanism and characterization of
the ZnCdO thin films on sapphire and MgO substrate by MBE. Also, the way to expand the band
gap energy of ZnCdO thin films are investigated by Al doping. The results obtained in this study

are summarized as follows.

In Chapter 3, ZnCdO thin films were grown on a-Al2O3 (0001) substrate by MBE with
various Cd content. The phase transition from wurtzite to rocksalt is found to take a place at the
Cd content x ~ 0.5 to 0.6. Within the composition region of x ~ 0.5 to 0.6, both RS and WZ crystals
co-exist. Transmittance above 80 ~ 95 % in the visible range is observed for both the WZ and RS
alloys. Optical gap of the WZ alloys decreases from 3.27 eV for ZnO to ~ 2.35 eV (x ~ 0.44). At
the phase transition to RS at x ~ 0.55, the optical gap increases drastically to > 3.0 eV RS-alloys

with a large optical gap of 3.0 eV (an intrinsic gap of ~ 2.7 eV) is achieved for x ~ 0.6. RS-ZnCdO
90



thin films exhibit a low resistivity of 5 x 10* Qcm with maximum mobility of ~ 90 cm?/Vs and a

high carrier concentration 4 x 10%° cm™,

In Chapter 4, ZnCdO thin films with various Cd compositions were grown on MgO (100)
substrates by MBE. It was found that the phase transition from WZ to RS occurs at the Cd
composition x between 0.51 and 0.59. In the visible range, high transmittance above 85% was
observed for RS-ZnCdO films (0.59 < x < 1.0). In the WZ-phase region, the optical band gap
energy decreased from 3.25 eV for ZnO to ~ 2.16 eV for WZ-ZnCdO with x ~ 0.51. After the
partial phase transition from WZ to RS at x > 0.51, the optical band gap energy increased intensely
and the largest optical band gap energy of 3.08 eV was obtained for x =0.59 with an intrinsic band
gap energy of 2.72 eV. RS-ZnCdO films showed a low resistivity around 2.5 x 10* Qcm with a
maximum mobility of ~51.7 cm?/Vs and a high carrier concentration around 5 x 102 cm™, These

characteristics of RS-ZnCdO are attractive as TCO materials in future full spectrum solar cells.

In Chapter 5, effects of Al doping on the structural, electrical, and optical properties of
RS-ZnCdO thin films on MgO substrates were investigated. The highest Taj at which single-crystal
growth of Al-doped RS-ZnCdO with x=~0.83 is possible was determined to be 875 °C, which
corresponded to an Al-doping concentration of ~7.8%. The electron concentration increased with
Al doping at increased Tai, and was n~1.5x10%' cm™ at Ta; = 875 °C. The corresponding optical
band gap energy increased because of free-carrier effects including Burstein-Moss-shift and band-
renormalization. Furthermore, Al was an efficient donor dopant in both RS-ZnCdO and WZ-
ZnCdoO thin films. Electron concentrations >10%! cm were obtained with Al doping for alloys
incorporating Cd content x ranging from 0.27 to 1.0, regardless of the crystal structure. A large
optical band gap energy of 3.45 eV was observed in the RS-ZnCdO thin film having x=0.7, with a
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resistivity of 1x10 Q-cm, and a wide transmission window of up to 2000 nm. Thus, the film was

an applicable transparent conductor for full solar spectrum solar cells.

Table 6.1 show the summary of Chapter 3,4 and 5. The results obtained in this study
demonstrate that low-resistivity and good-transmissivity single-crystal RS-ZnCdO films on MgO
(100) could be applicable to high-efficiency multi-junction solar cells that often use cubic-crystal

GaAs (100) or Ge (100) substrates.

Table 6.1 Summary of Chapter 3, 4 and 5.

High transmittance = Highest optical e . Carrier
lHizs (over 80%) band gap Resistivity LA concentration
Chapter 3 : undoped . e
: :x>0. i : .
ZnCdO on sapphire W Z_ ¥ =03 from 500nm 3.0eV (ummslc' ~5%x10"Qem  ~ 90 ecm?/Vs ~4 % 10% cm™
RS:x<06 band gap - 2.7 eV)
substrate
Chapter 4 : undoped .
. > ™ E
ZnCdO on MgO WZ:x>0.51 from 490nm 3.08¢V (mmnslcv ~25%10%Qcm  ~ 51.7cm?/Vs ~5%10% cm?
RS :x<0.59 band gap - 2.72 eV)
substrate
Chapter 5 : Al-doped L.
WZ :x>0.56 ] 3.45 eV (intrinsic 4 Py N3
ZnCdO on MgO RS - 1< 0.63 from 470nm band gap - 2.8 €V) 107" Qcm 60 cm~/Vs 10" em

substrate
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